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Abstract

An exciting topic in astrophysics revolves around active galactic nuclei (AGNs), as they
count among the most extreme phenomena, with some objects easily outshining whole
galaxies. At the heart of each AGN lies a black hole (BH) that is powered by accretion of
orbiting material in the shape of a disk. Despite the humanly inconceivable mass of the
central supermassive black hole (SMBH) Mgy in AGNs, it is still small in comparison
to the mass of its host galaxy or even only that of the bulge component Mj,yge of the
host. The mass ratio is virtually always and often even by far Mpu/Mpuge < 1%.
Nevertheless, multiple connections between the mass of the SMBH and bulge properties
have been found for inactive and active galaxies. One example for such a connection
that holds for both types of galaxies is the Mgy — o4 relation, where o, is the stellar
velocity dispersion of the bulge. Hence, a co-evolution between the central BH and its
host is assumed to exist, although the basis of this correlation is still debated.

From 2014 to 2016 a series of five papers was published, which analyzed some objects
from the so-called low-luminosity type-1 quasi-stellar object (LLQSO) sample. Multiple
properties of LLQSOs place them between local AGNs of low to moderate emission,
and distant, but powerful quasars, both of which are covered by many studies. One of
the most central topics of the paper series is the analysis of LLQSOs with respect to
the correlation between the BH mass and the bulge luminosity, the Mgy — Lpyge rela-
tion. The authors find that LLQSOs fall below different literature relations for inactive
galaxies, corresponding to undermassive BHs and /or overluminous bulges. Based on the
detection of molecular gas they attribute the deviation to star formation (SF), which
causes overluminous bulges. This work builds upon the previous project by increasing
the number of the analyzed LLQSOs and thus examining the objects in the context of
an overall larger sample.

Observations of the additional LLQSOs took place in February and September 2019,
utilizing the 3.6 m New Technology Telescope (NTT) equipped with the near-infrared
(NIR) instrument Son of ISAAC (SOFI). Depending on each object, the relevant obser-
vation modes were long-slit spectroscopy and/or broad band filter imaging. This work
has a special focus on K-band data.

Here, imaging is the basis to estimate the absolute K-band bulge magnitudes of the
LLQSOs, which constitute substitutes for the respective bulge luminosities. The method
of extracting BH mass estimates is based on the spectra, which are also used for the
identification of diagnostic lines. Due to a translation of a BH mass estimation method
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from the first broad Balmer emission line (Ha) to the Paschen-a (Pa) line, it is possible
to use NIR spectroscopy for BH mass estimates. However, for LLQSOs the P« line is
often located outside the two atmospheric transmission windows, the H-band and the
K-band. In other words, the area that likely contains the P« line is expected to feature
high level noise. A potential aid is the Brackett-y (Bry) line that lies outside the noisy
region. Due to an assumed fixed ratio with the Pa line, the Brvy line can be used as
its substitute. The combined use of both lines makes it possible to obtain BH mass
estimates from all spectra.

The addition of 14 new LLQSOs to the previous sample of 16 objects in the Mpy —
Lyyige diagram shows results that are consistent with the previous studies. With only a
few exceptions, objects from both samples are on average below the literature relations
and show a similar scatter. Multiple spectra contain diagnostic lines, such as the shock
tracer [Fe11] and lines from molecular hydrogen Hs, which indicates active SF within the
bulges. This is in accordance with the notion that LLQSOs might experience an onset of
SF, which shifts these objects in the Mgy — Lpyige diagram towards higher luminosities
and thus away from literature relations for inactive galaxies. A consequence of the SF
in the bulge is a feeding of the central SMBH, which then grows in mass. Another effect
is that the activity level of the AGN rises, which is indicative for duty cycles of AGNs,
i.e., the concept of phases of lower and higher AGN activity. The higher activity leads
in turn to a corresponding feedback from the center that might affect the bulge, which
is an exemplary scenario of a co-evolution.

The inclusion of the redshift as an additional quantity in the Mpy — Lyyge diagram
points to a further aspect. Those LLQSOs that are close to or even agree with the
literature relations appear to follow a trend, which can be generally expected, i. e., larger
distances correspond to higher luminosities and also larger BH masses. In contrast to
this, objects that deviate more from the relations for inactive galaxies appear more
randomly placed with respect to their redshifts. It might be that the change of one
parameter has influence on multiple other parameters, which results in the observed
deviation. There are several scenarios that might initiate the evolution that leads to
this deviation, including different merger events and secular evolution, but a definitive
explanation is still missing.
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Chapter 1

Motivation

The history of astronomy and astrophysics is coined by many changes of the worldview,
some of these changes being drastically in contrast to beliefs that survived for centuries.
For the largest part, humanity was and still is pinned to Earth. The last century has
seen rapid advancements of technology and possibilities. Human-made satellites reached
unprecedented distances and signaled their impressions back to Earth, as well as the
first gravitationally bound steps of a human on another object than Earth took place.
However, to this day, this is still considered exceptional.

A technological advancement of observational capabilities in combination with evolv-
ing physical models also had a great influence on astronomy and astrophysics. The re-
solving power of telescopes is increasing more and more and/or their sensitivities are
heightened. Reasons are the increasing sizes of the primary mirrors of telescopes and
larger baselines for interferometric observations. The advent of techniques, such as ac-
tive and adaptive optics, helps increasing the image quality to new levels, in some cases
allowing for diffraction-limited observations. Space-based telescopes, such as the James
Webb Space Telescope (JWST), avoid atmospheric disturbances altogether. This makes
facing the increased risk of irreparable failure worthwhile, as once these telescopes are
launched, further maintenance is impossible.

One exemplary result from the advancements in the last century is that the initially
only theoretical model of a black hole (BH) is supported by observations, leading to a
wide acceptance of the existence of these objects. A recent culmination of observational
advancements can be found in an event from 2019, which is the release of the first image
of the shadow of a supermassive black hole (SMBH) by the Event Horizon Telescope
Collaboration (EHTC), matching theoretical predictions remarkably well. In order to
achieve this feat, a radio telescope with the virtual size of Earth is used, the Event
Horizon Telescope (EHT). It combines multiple smaller radio telescopes around the
globe. Even more recently, in 2022, an image of another SMBH was released, which lies
at the center of our galaxy, the Milky Way (MW).

Mentioning SMBHs in an astrophysical context often leads to another, related topic,
namely active galactic nuclei (AGNs). AGNs are part of the most extreme and fascinat-
ing astrophysical phenomena. There is a broad agreement that at the core of each galaxy
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hosting an AGN, i.e., an active galaxy, lies a SMBH (e.g., Kormendy and Richstone
1995; Richstone et al. 1998; Ho 1999; Ho 2008). The SMBH is the heart of an engine,
producing radiation on scales that can outshine whole galaxies. Hence, this radiation
might be stronger than the combination of billions of stars. The source of this power is
assumed to be an accretion process, usually modeled in form of an accretion disk around
the SMBH (e. g., Kozlowski et al. 1979; Sakimoto and Coroniti 1981; Norman and Silk
1983).

Although the interest in AGNs grew into a large topic in astrophysics, many questions
about the nature and properties of these objects remain unclear. Where do the vast
differences between SMBHs at the centers of galaxies come from, as some show little to
no activity, while others are extreme sources of radiation? The center of the MW is a
great example for the former, and basically all quasars are examples for the latter. Are
there correlations between the SMBH and its host galaxy, and if so, which relations and
where do these come from? Some respective correlations have been found, where most of
these hint at a connection between the central SMBH and the stellar bulge component of
its host galaxy. However, even considering only the bulge component, the SMBH mass
often makes up only much less than one percent of the bulge mass (e.g., Wandel 2004;
Jiang et al. 2011). The corresponding sphere of influence of the central SMBH appears
too small to have a large impact on the whole host galaxy or even its bulge only. As a
result, an interdependent evolution of the SMBH and the host bulge is concluded. What
are the details and implications of this?

When speaking of BH — bulge relations, these usually refer to the BH mass in com-
bination with a property of the host galaxy. Famous examples for the second quantity
in these relations include the bulge mass Mj,yige, the bulge luminosity Lyyige, and the
stellar velocity dispersion o,. It is not surprising that the basis for these relations is
often found from inactive galaxies, i.e., galaxies that do not harbor an AGN, as these
are the closest objects and accordingly most easily spatially well resolved. Some studies
include considerations for the morphological nature of the host, e. g., early- vs. late-type
galaxies, or classical bulges vs. pseudobulges. Numerous studies describe the correlations
that are empirically found and described by models, as well as a connection between the
nuclear activity and more host galaxy properties. These hint towards the aforementioned
co-evolution of the central SMBH and the host galaxy, possibly via self-regulated BH
feeding and feedback (e.g., McLure and Dunlop 2002; Somerville et al. 2008; Alexander
and Hickox 2012; Heckman and Best 2014; de Nicola et al. 2019; Ding et al. 2020; Yesuf
et al. 2020). Merger processes are thought to be related to the activity of the SMBHs.
However, as nearby AGNs are often found in morphological late-type host galaxies, it
is unlikely that these objects experienced major merger events. On the other hand,
minor merger events could not only influence the central activity levels, they are also
not easily identified, marking them as a viable option for activity regulation. Another
source for regulation might be internal to the host galaxy, such as flows from bars or
spiral arms, which leads to the conclusion that secular evolution should be the basis for
the controlling principle (Kormendy and Ho 2013).

More studies seem to concentrate on the closest Seyfert galaxies and other local



AGNs of relatively low to moderate emission, as well as properties of powerful quasars
at large cosmological distances. While morphologies of the former can be resolved and
analyzed accordingly, these might not represent the whole population of AGNs. For
higher redshifts the order of power of AGNs and star formation rate (SFR) is expected
to increase. However, even modern technology does not allow for resolving very distant
powerful quasars, including the assumed peak of activity for AGNs and star formation
(SF) at z = 2 (Aird et al. 2015).

In contrast to these studies, a subsample is selected from the Hamburg/ESO Sur-
vey (HES) (Wisotzki et al. 2000), a wide-angle survey for bright UV-excess quasi-stellar
objects (QSOs) and Seyfert-1 nuclei. The subsample is chosen with a limiting red-
shift of z < 0.06, which leaves the 99 closest low-luminosity type-1 quasi-stellar ob-
jects (LLQSOs) from the HES. Hence, given a telescope with appropriate capabilities, it
should be possible to spatially resolve these sources. The LLQSO sample is farther away
than close AGN samples of very low redshifts and moderate emission. Despite the higher
distances, the objects from the LLQSO sample are more luminous, which partially com-
pensates for the lower resolution. Accordingly, the objects from the LLQSO sample are
supposed to form a connection between the local AGN population and distant, luminous
quasars. Several parameters of LLQSOs support their placement in the spot between
the other classifications.

A series of five publications between 2014 and 2016 analyzes some objects of the
LLQSO sample (Busch et al. 2014; Busch et al. 2015; Tremou et al. 2015; Busch et al.
2016; Moser et al. 2016). One of the major results from the publications is based on near-
infrared (NIR) observations and analyses of 16 objects from the LLQSO sample with
respect to one of the BH — bulge relations, the SMBH mass Mpy — bulge luminosity Li,yige
relation. Following a placement of these objects in a log — log representation of a Mg —
Liyige diagram together with respective literature relations for inactive galaxies (Marconi
and Hunt 2003; Vika et al. 2012; Graham and Scott 2013; Kormendy and Ho 2013), the
authors find that on average the LLQSOs do not agree with the suggested relations,
but show either undermassive BHs or overluminous bulges. Based on indications for SF,
they propose overluminous bulges as the more probable explanation for the deviation.
However, more objects from the LLQSO sample are needed to strengthen the finding.

This work builds upon the described project, with the major goal of enlarging the
sample of LLQSOs that are analyzed with respect to the My — Liyige relation. Two
periods of NIR observations using the Son of ISAAC (SOFI) instrument mounted at
the New Technology Telescope (NTT) took place in 2019, one in February and one
in September. Each observation involves broad band filter imaging and long-slit spec-
troscopy acquisitions. The goal of the former is to find bulge luminosities, that of the
latter to estimate BH masses and potential other characteristics from diagnostic lines in
the spectra. Although problematic observing conditions reduced the number of objects
that can be added to the previous sample in the Mpy — Liyge diagram, the total sample
size is still approximately doubled.
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Chapter 2

Theoretical Background

In this chapter I summarize the basic theoretical background for the rest of this thesis.
Each section is a brief description of the respective topic and should not be considered
exhaustive literature. However, an interested reader will find that the references therein
do provide lots of reading material to an almost arbitrary degree of detail.

A common theme found in astronomy & astrophysics, is that many topics underwent
a strong evolution over time, as theoretical knowledge spread and advanced faster, and
technological developments opened doors that were shut before. While this still appears
to be and keep being valid, it already led to initially well-working classifications and
explanations for objects and phenomena becoming outdated and not as well-working
as before. Some terms for certain classifications are used interchangeable by now, or
sub-classifications were added as necessary. Depending on the exact topic, it is some-
times hard to keep naming conventions consistent, especially when considering different
literature. In the following I try to keep classifications reduced to the most important
ones, and descriptions and terms consistent with each other.

While this chapter is based on a multitude of literature sources, which are duly cited,
there are three books that create a broad basis for essentially all topics covered in the
following. These books are An Introduction to Active Galactic Nuclei (Peterson 1997),
The Physics and Evolution of Active Galactic Nuclei (Netzer 2013), and Eztragalactic
Astronomy and Cosmology: An Introduction (Schneider 2015). Accordingly, citations of
these books appear more often and refer to broader paragraphs.

2.1 Galaxies

Galaxies are universally described as very important building blocks in the universe as
we know it. They are gravitationally bounded accumulations of stars, gas, dust, and
more matter & objects, appearing in many shapes and having different properties. Often
they contain more than hundreds of million of stars. By now it is widely accepted, that
most galaxies harbor a SMBH at their centers. This is connected to one fundamental
classification of galaxies into inactive & active galaxies. More on that topic can be found
in Sect. 2.2, including some historical aspects in Sect. 2.2.1. Here, I want to focus more
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on the description of a galaxy itself, rather than its center.

We are residing on planet Earth, which is part of the Solar System, orbiting around
the Sun. The Sun, or rather the whole Solar System, is part of our Galaxy, the MW. It is
classified as a barred spiral galaxy (cf. Sect. 2.1.1), mainly consisting of a thin and a thick
disk, a central bulge and a bar, and an almost spherical halo. According to Schneider
(2015), the latter contains not only gas and old stars, but also most of the globular
clusters, which are luminous spheroidal and gravitationally bound accumulations of stars.
At an estimated distance of about 8 kpc™®) from the center of the MW, the Sun travels
at about 220km/s. This velocity is significantly higher than the estimated velocity
of about 160km/s, based on visible matter only (Schneider 2015, p. 6). In order to
explain this difference, as well as other phenomena related to the rotational velocities
of objects in galaxies, dark matter was introduced. It is supposed to consist of material
that is barely luminous, thus being invisible to us, and increasing the mass contained
in galaxies to high enough levels that explain the observations. Its exact nature, and
even its existence at all, is still a mystery to this day. Lately, alternative theories which
modulate the established explanation for gravity, such as MOND (Modified Newtonian
dynamics, Milgromian dynamics) (e. g., Banik and Zhao 2022), gain more traction. Being
part of the MW, it is much harder to infer properties about it than observing other
galaxies from the outside. Such observations revealed that many galaxies are part of
even larger structures, galaxy clusters, where usually more than hundreds of galaxies are
gravitationally bound. On even larger scales are the probably largest known structures in
existence, galaxy filaments. These are then separated from comparatively large regions
with nearly no galaxies at all, called voids(®).

In the context of galaxies and especially in the context of this work it makes sense
to highlight one of the previously mentioned features of the MW, which can be relevant
for almost all types of galaxies, the bulge. It is a central component of galaxies, usually
assumed to consist of mainly old stars without much gas and dust that could fuel large-
scale SF. In contrast to this, other areas of galaxies, such as for example the spiral arms
in spiral galaxies, are typical places of SF. It depends on the galaxy type which part
is assumed to be the bulge. For example the bulge component in elliptical galaxies is
often associated with the whole galaxy. In case of the MW its bulge as assumed to be
shaped like a peanut, with a characteristic scale-length of ~ 1kpc and a scale-height
of ~ 0.4kpc (Schneider 2015, p. 64). There are different classifications of bulges, with
the two most important categories being classical bulges and pseudobulges. Classical
bulges are similar to elliptical galaxies, their name being connected to the historical
assumption about the nature of bulges, that they are elliptical galaxies with a disk
component. Stars in classical bulges follow basically random orbits, giving rise to the
aforementioned elliptical shape of classical bulges, which can be seen as an indicator
for merger events. Their formation process is assumed to be fast, potentially externally

WA parsec (pc) is a typical astronomical unit of distance, 1 pc ~ 3.086 - 10*® m. It is based on another
common distance, the astronomical unit (AU), 1AU ~ 1.5 - 10'* m, which corresponds roughly to the
distance between Earth and Sun.

(More information on this topic can be found in Chapter 1.2.5 & Chapter 7, Schneider 2015.



2.1. GALAXIES 7

driven, and to occur early in the galaxy formation (Athanassoula 2005). Although not a
definite criterion, a large mass of the bulge in comparison to the disc is often a sign for a
classical bulge. In contrast to this, pseudobulges are often on much smaller scales than
their hosts, and their stars follow orbits in a disk structure, similar to spiral galaxies.
Hence, these are also called disk-like bulges. There are different explanations that might
describe the formation of these bulges, including a scenario where gas concentrates in the
inner part of the galactic disk, eventually forming stars within this central area. While
there are proposals for more classifications, only one more type of bulges is mentioned
here, box/peanut bulges. These are thought to be connected to the natural evolution
of barred galaxies, of which the bar is partially observed when seen nearly edge-on
(Athanassoula 2005).

2.1.1 Galaxy Morphological Classifications

The advent of extragalactic astronomy can be associated with the famous astronomer
Edwin Powell Hubble, who derived in 1925 a distance for Cepheids in the Andromeda
galaxy of 285 kpc. While this does not match the more current estimate of its distance,
it was seen as a proof for the existence of extragalactic objects (Schneider 2015, p. 101).
The influence of Hubble on extragalactic astronomy & astrophysics is immense and can
be seen in many aspects, including a famous classification scheme for galaxies based on
their morphologies (Hubble 1926). This classification scheme is known as the Hubble
sequence of galaxies or, especially when associated with a visualization, as the Hubble
tuning fork, as can be seen in Fig. 2.1.

Although by now the Hubble classification scheme is seen as outdated, its general
idea still holds. The basic distinction is between elliptical (E) and spiral galaxies. Spiral
galaxies are subdivided into “normal” spirals (S) and barred spirals (SB), i.e., spirals
with a central bar structure. Each group is divided into more specific classes of objects,
either via a number or another letter. Trailing numbers indicate the level of ellipticity,
that is observable by the isophotes® of ellipticals, where EO is a circular galaxy(4) and
E7 shows a highly elliptical shape. This trailing number n is based on the measurable
ellipticity, ¢ = 1 — b/a, where a is the semi-major axis and b the semi-minor axis of
the elliptical shape. It is n = 10 - € (Schneider 2015, p. 103). Subgroups of normal
and barred spirals are marked via the letters ‘a’, ‘b’, and ‘c’, with ‘a’ indicating tightly
wound spiral arms and ‘c’ loosely wound spiral arms. Sometimes a class for the letter
‘d’ is included as well. In the context of this work it makes sense to note that a tighter
spiral arm structure is often assumed to correlate with larger, and thus more luminous,
central bulges. As an example, a typical luminosity ratio of bulge and disk for an Sa
galaxy is Lyuige/Laisk = 0.3, whereas for an Sc gaalxy it is only ~ 0.05 (Schneider 2015,
p. 116). A case for a third and even fourth class of galaxies can be made, for lenticular
and irregular galaxies, respectively.

®) Contour lines of constant surface brightness.

(M1t is important to note that projection effects play a crucial role in these morphological classifications.
For example an actually highly elliptical galaxy might be oriented such that an observer from the MW
only sees a circular shape.
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Figure 2.1: The Hubble classification scheme visualized as the Hubble tuning fork. It
shows the principle idea behind the distinction between two classes of galaxies, ellipticals
and spirals, of which the latter are again split into two categories, those with and those
without a bar. Objects on the left are called early-type galaxies and accordingly objects
on the right side are called late-type galaxies. This does not actually reflect any property
related to their ages or evolution, but is based solely on historical reasons. The example
sketches enhance the visibility of the principal shape, and images next to these sketches
show how actual galaxies might look like. Credit: NASA & ESA (CC BY 4.0) (In this
version some text was removed from the upper left corner in comparison to the original
image.)


https://esahubble.org/images/heic9902o/
https://creativecommons.org/licenses/by/4.0/
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Lenticular galaxies are designated as SO galaxies. They are an intermediate class
between ellipticals and spirals, connecting the two-pronged spiral classification with the
line of ellipticals in the Hubble tuning fork. These objects are often associated with
a prominent bulge component, and have an outer disk without spiral arm structures.
Irregular galaxies match their descriptive name and do not follow any of the mentioned
classifications. Furthermore, all classes can be extended by even finer distinctions, and
mixed cases such as barred lenticular galaxies (SB0) are possible. Historically, there is a
naming scheme of early- and late-type galaxies, where elliptical and lenticular galaxies
are early-types, and spirals are late-types. The same distinction is then again found
within spiral galaxies, e.g., an SBa galaxy is an early-type barred spiral, whereas Sc is
a late-type spiral. However, in either case this does not actually indicate any property
related to the age or evolution of the galaxies.

Following the description by Schneider (2015), there is a multitude more of finer
classes. In the case of elliptical galaxies a few of those are giant ellipticals (gE), in-
termediately luminous ellipticals (E), compact ellipticals (cE), dwarf ellipticals (dE),
extremely luminous and large galaxies (cD galaxies), blue compact dwarf (BCD) galax-
ies, and dwarf spheroidals (dSph). As for spiral galaxies, it makes sense to also mention
another sub-class, which is described as at least somewhat irregular. This class is de-
noted by an ‘m’, which stands for ‘Magellanic’, as known for example from the Large
Magellanic Cloud. Spiral classifications are then extended for example by Sdm, SBm, or
Sm, that might connect to classifications that are titled as irregular, such as Im or IBm.
When describing the brightness profiles of some sub-classifications of ellipticals, espe-
cially considering normal ellipticals and the innermost part of cD galaxies, and that of
classical bulges, these tend to follow a de Vaucouleurs profile®. In contrast to this, the
brightness of pseudobulges and the disk component of spirals tend to follow exponential
profiles.

The name de Vaucouleurs leads directly to another classification scheme, the de Vau-
couleurs system (de Vaucouleurs 1959). This system is effectively an extended version
of the Hubble classification scheme, based on the presence or absence of bars, rings, and
spiral arms. Especially the introduced notation for spirals without bars (SA), and an
intermediate class for weakly pronounced bars (SAB) can often be found in literature
and databases. The presence of ring structures is indicated by ‘(r)’, the absence of such
by ‘(s)’, and intermediate cases by ‘(rs)’. The previously known denotation as early-type
(7) or late-type () objects is also applied within the groups of elliptical and lenticular
galaxies.

Yet another classification system is the Yerkes system, which is mainly based on the
stellar populations of galaxies (Morgan 1958, 1959). An important concept of this scheme
is that of “Form Families”, which are mainly denoted by single letter specifiers, and a
few families being specified by two letters. One example is that of peculiar ellipticals

()The surface brightness I as a function of the (projected) distance r from the center is given by
log (I(r)/Is) = —3.3307 [(r/re)1/4 — 1], where e is the effective radius, i.e., the radius at which half of

the emitted luminosity is contained, and I is the respective surface brightness at this radius, Io = I(re)
(Schneider 2015, p. 65).
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(Ep) that contain dust absorption patches. Without explaining all remaining families,
one specific Form Family has to be mentioned here as it appears later on this work, the
family of D galaxies. These are galaxies that show a rotational symmetry, while having
neither a spiral nor an elliptical structure.

2.2 The Active Galactic Nucleus

In the history of astronomy and astrophysics, observations of galaxies showed that there
are different types of galaxies, where the spectral distribution of radiation varies a lot for
different objects. The spectral energy distribution (SED) of a “normal”, i.e., inactive,
galaxy is dominated by spectra of its stellar populations, which are mainly intermediate
to old stars. Their spectra depend on the surface temperatures of the stars and they are
well presented by black body (BB) radiation, i.e., Planck curves (see Eq. 3.1). Usually,
the temperatures reach from some thousand to a few tens of thousand Kelvin, which
mainly covers the range of the NIR and optical spectrum, but also reaches into the
ultraviolet (UV) regime (Schneider 2015, p. 105). Starburst galaxies show much higher
star formation rates, possibly even by a factor of about 30 more. As a result, their
spectra are affected by the larger amount of young stars, that are prominent in spectral
sections from blue up to UV. However, most often this cannot be observed directly, as
star formation is bound to its fuel, such as dense molecular clouds which also contain
dust. This prevents the radiation from the young stars to be directly observable, while
it does heat the dust and enables thermal emission in the infrared (IR) regime. A third
type of galaxies are active galaxies, which harbor an active galactic nucleus (AGN) at
their center. Their SEDs differ from those of inactive or starburst galaxies, as even a
superposition of stellar spectra cannot describe their shapes, often showing large energies
in all sections of the electromagnetic spectrum. The underlying processes count among
the most energetic phenomena in the whole universe known to this day.

The probably shortest and simplest definition for an AGN describes its physical
nature, stating that it is an object associated with a region that contains an accreting
SMBH at its center. However, depending on the context, this might not be a practical
definition. As an example, the SMBH at the center of the MW appears to be accreting
matter, even showing flares, i.e., outbursts of larger luminosities than during quiescent
phases. Despite this, it is seldom considered to be an AGN. The reason for that is its
luminosity, which is much lower compared to other galactic cores or even just the stellar
cluster at the Galactic Center, depending on the regarded wavelength regime. Literature
provides different approaches to defining and using the term AGN. Netzer (2013) chooses
a purely observational definition, and remarks in their work that an object is classified
as an AGN in case it fulfills at least one of the following conditions, noting that this
includes objects that others would not consider to be AGNs:

1. It contains a compact nuclear region emitting significantly beyond what
is expected from stellar processes typical of this type of galaxy.

2. It shows the clear signature of a nonstellar contiuum emitting process
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in its center.

3. Its spectrum contains strong emission lines with ratios that are typical
of excitation by a nonstellar radiation field.

4. Tt shows line and/or continuum variations.

(Netzer 2013, p. 2)

Following this definition, objects are not fixed to be an AGN. For example, if their
luminosity falls below an according threshold or rises from below to a luminosity above,
these objects are not considered to be an AGN anymore or count from that moment
as part of this AGN classification, respectively. Showing some overlap, but not exactly
the same definition comes from Peterson (1997), who introduces AGNs as a reference
“to the existence of energetic phenomena in the nuclei, or central regions, of galaxies
which cannot be attributed clearly and directly to stars” (Peterson 1997, p. 1). Less of
a direct definition and more of a description of the phenomenon of an AGN is that it
is associated with a small central region of a galaxy, then called active galaxy, which is
the source for a broad energy distribution that shows “significant emission in the full
range from radio wavelengths to the X-ray and even gamma range” (Schneider 2015,
p. 211). This also strengthens the important aspect, that an AGN is not restricted to
only the SMBH, but a whole structured region, including different components. These
components are mentioned in the following sections, matching the respective context.

2.2.1 History of Active Galactic Nuclei

The idea of a supermassive black hole (SMBH) at the center of each galaxy is, to a
large extent, driven by the discovery of quasars. In order to explain these powerful
sources, it is assumed that accretion of matter onto an extremely massive and at the
same time very compact object takes place, with SMBHs being not the only, but rather
likely candidates. Initially, potential candidates included very dense stellar clusters or
boson stars, among other ideas. By now however, the existence of SMBHs is commonly
accepted throughout the scientific community. In order to explain how it came to this,
knowledge about the history of AGNs is helpful.

It is hard or likely even impossible to pinpoint each first occurrence of novel ideas with
alarge impact. An example for such an idea is that that Earth is part of the Solar System,
which is in turn part of our galaxy, the MW, being made up of hundreds of billions of
stars. Additionally, the existence of other, extragalactic objects, such as galaxies with
similar or quite different morphologies as the MW needed time to consolidate. Examples
for plenty of people with ideas and thoughts of this scale can be found in all documented
history. However, these people were often ignored or even faced harsh consequences,
especially in case their ideas conflicted with the world view of that time. In the context
of AGN it is more sensible to skip directly to the 20th century, in order to reduce the
risk of missing milestones and keeping it to the most directly relevant of them.

In 1999 Shields (1999) published an article, in which the history of AGNs up to
the point of publication is briefly summarized. Based on this article and some further
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sources, which are marked accordingly, here follows a summary of the historical mile-
stones.

In the very early 20th century it was not certain yet, whether the objects that were
called “spiral nebulae” at the time were close, gaseous objects, e.g., nebulae such as
the Orion Nebula, or rather accumulations of many stars at a large distance, making
these appear unresolved. To address this question, Fath (1909) aimed at testing a
claim concerning the spectrum of these spiral objects. In case of a collection of stars
the spectrum is expected to be continuous, while the spectrum of a gaseous nebula
shows a line spectrum according to the atoms and molecules the gas consists of. After
constructing a spectrograph and taking photographic spectra of multiple of these spiral
nebulae, most of the resulting spectra showed a continuous form. Thus, they indicated
accumulations of unresolved stars similar to the Sun. However, one object differed,
as its spectrum showed a continuum, but also bright lines and absorption lines. The
corresponding object is NGC 1068, which is a famous source as it is relatively close and
well-studied by now. In the following years, more researchers found and examined the
emission lines of NGC 1068 and more objects. For example, Slipher (1917) found the
emission lines to cover a non-negligible range of wavelengths, while Hubble (1926) noted
that some of his analyzed objects with stellar nuclei, which include NGC 1068 among
other sources, show a planetary nebula-like spectrum.

The advent of a systematic analysis of emission lines from the nuclei of galaxies is
attributed to Seyfert (1943), as Seyfert found that the spectra of six galaxies are of a
stellar-like nature, while emission lines are on top of those. Each line profile turned out
to be different from each other as well as between different objects, reaching widths of
multiple thousands of kms~!, which Seyfert assigned to Doppler shifts. Not the least
due to the names of very common classifications of certain types of galaxies, Seyfert is
well known among astronomers and astrophysicists, especially in the context of active
galaxies.

Despite these findings around the optical regime, another part of the electromagnetic
spectrum was needed to strengthen AGNs as a focus of research. This leads directly to
another famous person with a large impact on astrophysics, the physicist and radio
engineer K. G. Jansky. While trying to find sources of static that affect trans-Atlantic
radio communications, Jansky (1932) was able to build and make use of a rotating
antenna and a receiver which works at a wavelength of about 14.6 m to systematically
search for static from any direction. This allowed him to narrow the static to three
sources, close thunderstorms, distant thunderstorms, and a faint but steady static, like
a hiss, of which the origin was unknown. At first, Jansky attributed the hiss to the Sun,
but after continued measurements over the course of the following year, Jansky (1933)
found that the signal actually came from the center of the MW. In order to be able to
reach this conclusion the long-term measurements were necessary, as these showed that
the source moved along the azimuthal angle almost once a day, but not exactly every
24 hours, i. e., the time and direction of its maximum changed over the course of a year.
According to Shields (1999), the impact of this finding within the circle of professional
astronomers was still minuscule, and the free time project of an engineer, Grote Reber,
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was necessary for further progress. After building a 31foot (~ 9.45m) reflector that
operates at 160 MHz, Reber was able to create a radio sky map, making some special
notes of maxima, a major one in the Sagittarius constellation and some minor maxima,
including for example one in the Cygnus constellation (Reber 1940a,b, 1944).

After World War II ended, multiple radio engineers and groups of such were able
to make use of the tools left from the war and advance radio astronomy even further.
Attempting to find and analyze discrete sources, it was possible to limit the angular
diameter of the aforementioned radio source in the Cygnus constellation from an initial
upper limit of ~ 2° (Hey et al. 1946) later down to 6 arcmin (Ryle and Smith 1948).
In combination with optical identifications of these discrete sources (Bolton et al. 1949),
advancements started to accelerate. The use of interferometers grew more common and
even structural measurements of radio sources became possible (e.g., Hanbury Brown
et al. 1952). Further steps included the first categorizations of these sources, and more
attempts at theoretical explanations and predictions, consolidating the notion of syn-
chrotron emission as the basis of extragalactic discrete sources. The third Cambridge
survey (3C), consisting of observations at 159 MHz (Edge et al. 1959), its revision a
few years later at 178 MHz (Bennett 1962), and surveys following afterwards helped im-
mensely providing more accurate radio positions, thus clearing up previous confusions
and aiding optical identifications. With time AGN identifications also spread to other
regimes of the electromagnetic spectrum, including the UV continuum, IR, and X-ray.

Although the notion of radio galaxies established itself with enough observational
evidence (e. g., Minkowski 1960), the idea of AGNs took more time to develop. Multiple
radio sources were found to be at the same positions as sources resembling stars in
optical images, coining the term “quasar” (quasi-stellar radio source), also known as
quasi-stellar object (QSO)(©).

An important discovery was made by Maarten Schmidt, based on their observations
in late 1962 of a supposed foreground star. Its spectrum did not resemble an ordinary
star, leading Schmidt to the idea that a redshift of z = 0.16 could explain some spectral
features. In a collaboration with their colleagues, J. L. Greenstein and J. B. Oke, obser-
vations of the same object at other wavelengths as well as another object, of which the
spectrum could be explained by the same idea, but with another redshift of z = 0.37,
led to a promising solution to the question of the origin of quasars (Greenstein 1963;
Hazard et al. 1963; Oke 1963; Schmidt 1963). However, the explanation for the redshift
was still not certain, including other puzzling features, such as a very high luminosity
and surface brightness for some objects. Although observations implied the possibility
of a small, but very massive object, nowadays known as a BH, the idea appeared un-
likely, especially including theoretical considerations from that time. Still, Greenstein
and Schmidt (1964) elaborated further on different ideas, including one in which a high
central mass gives rise to a glare that outshines a possible host galaxy.

The following years saw rapid advancements concerning AGNs, for example giving
birth to new search techniques for quasars, finding more classifications of objects, and

©)The terms quasars and QSOs are sometimes used synonymously, while at other times these refer to
different objects. More information can be found in Sect. 2.2.2.
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observations of larger redshifts. The accepted nature of the redshifts turned more and
more towards a cosmological origin, i.e., a cosmological redshift instead of rapid motion
or gravitational redshift (e.g., Gunn 1971). Eventually, it was also accepted that quasars
are surrounded by host galaxies. Different classifications, such as Seyfert galaxies and
quasars, were able to be connected via the now common name AGN. Some descrip-
tions and explanations of certain AGN characteristics in the following sections contain
information on further historical progress, which in some cases led to a wide consensus
concerning AGNs.

However, two relatively recent publications that are linked to the context of SMBHs
should not be missed here, as both can be considered modern milestones. These are
based on two observations by the EHTC, a global consortium of different radio telescopes
that effectively make up one Earth-sized telescope, the EHT. In April 2019 the EHTC
released the first ever image of a SMBH, or rather of its shadow, as the BH is an entirely
dark object. The SMBH lies at the center of galaxy Messier 87 (M87). About three years
later, in May 2022, a similar image of the center of the MW was released by the EHTC,
showing the object Sagittarius A* (Sgr A*), which is associated with a SMBH as well.
Both images are shown in Fig. 2.2, including some more information. Given the size of
these extremely massive objects, as well as their matching appearance compared with
simulations, these images might be considered a final proof for the existence of SMBHs.

2.2.2 Classifications of Active Galactic Nuclei

Over time, the number of classes of AGNs grew and new designations were introduced.
Some of these classifications share an overlap and the meanings of some classifications
changed to some degree, or at least the way the respective terms are used. In order to
avoid confusion, some authors resort to using only very broad terms, as for example in
the publication by Netzer (2013), where they rely on only two categories, type-1 and
type-2 AGN, as well as only a few names and abbreviations. These two classifications
are generally distinguished by the presence or absence of narrow and broad emission
lines, where type-1 AGNs contain broad emission lines, and type-2 AGNs only show
narrow emission lines. The exact distinction differs in literature and in some cases
special findings were coined as intermediate types, such as types 1.5, 1.8, or 1.9. As
an example, Netzer (2013) gives slightly more detailed explanations for the two main
types, describing type-1 AGNs as objects with broad, strong emission lines at optical
and UV wavelengths, whereas type-2 AGNs have prominent narrow emission lines and
in case there are traces of broad emission lines, these are at most very faint. A type-2
AGN is also expected to show a large column, which blocks especially X-ray emission.
An according model that is a potential explanation for these differences, including short
descriptions of the building blocks, is described in Sect. 2.2.3. Furthermore, there is
another scheme for subdividing AGNs into two groups, which is their radio-loudness,
i.e., whether a source is considered to be radio-loud or radio-quiet. Here, I introduce a
few AGN classifications, which are probably the most important ones to mention.
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Figure 2.2: On the left: The center of the galaxy Messier 87 (M87) as seen with the Event
Horizon Telescope (EHT) at a wavelength of 1.3 mm. This image is often referred to as
the first ever image of a black hole (BH), although the BH itself is not actually visible,
but only its shadow. The bright ring surrounding the BH at the center is associated
with glowing gas from the accretion disk. It does not appear uniform due to events that
create variations in the signal as well as distortion effects from the extreme gravitational
environment. The size of the central, dark spot could easily contain the Solar System a
few times. Credit: EHT Collaboration (CC BY 4.0) (cropped image) ; On the right: The
BH at the center of the Milky Way (MW), Sagittarius A* (Sgr A*). Despite the similar
appearance to the center of M87 in the left image, this BH is about 1000 times smaller,
i.e., the outer edge of the bright ring has a similar size as the orbit of planet Mercury.
However, as it is much closer to an Earth-bound observer, its size appears to be similar
as on the right. While the gas orbiting the two BHs moves at similar velocities close to
the speed of light, the gas around Sgr A* has a much shorter orbital period, related to
the smaller size of the BH. Variations change accordingly on smaller timescales, leading
to a different pattern of bright spots. Credit: EHT Collaboration (CC BY 4.0)


https://www.eso.org/public/images/eso1907a/
https://creativecommons.org/licenses/by/4.0/
https://www.eso.org/public/images/eso2208-eht-mwa/
https://creativecommons.org/licenses/by/4.0/
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Quasars/QSOs

While sometimes treated as the same objects, quasars and QSOs are often distinguished
(see also Sect. 2.2.1 for some historical context). The potentially distinctive characteristic
between these two types of AGN is the respective radio-loudness. A quasar is essentially
always considered to be a radio-loud AGN, whereas a QSO might be marked as a radio-
quiet AGN, i.e., being barely or not at all detectable at radio wavelengths, which in turn
depends on the sensitivity of the observations. Both types show blue colors, meaning
here a low value of the U — B color index(”), and their optical properties and SEDs are
essentially the same. The latter point is related to the history of these objects, as one of
the criteria for finding these objects was their blue color index (Schneider 2015, p. 221).
In either case, these objects tend to be very luminous, potentially even in comparison
to whole galaxies, and show strong and broad emission lines. When combining their
high luminosities, where the nucleus might easily outshine the whole host galaxy, with
their often high distances from the MW, these objects might appear like point sources
in the optical. This led to their names as quasar (quasi-stellar radio source) and QSO
(quasi-stellar object). According to Peterson (1997, p. 23), quasars have optical (blue)
nuclear magnitudes of My < —21.54+51og(hg/100km s~ Mpc~!), where hg is the Hubble
constant.

Seyferts

Similar to the previous classification, this one is already mentioned in Sect. 2.2.1. While
the name “Seyferts” can indicate this class of AGNs, it is also often used to refer to
Seyfert galaxies, i.e., galaxies that host such an AGN. The class of Seyferts is associated
with AGNs of low-luminosities. Seyfert galaxies are usually found to be spiral galaxies
with a bright core. The nuclear spectrum features strong emission lines, with a broader
width than typical for velocities in galaxies. Their sub-division into Seyfert-1 and Seyfert-
2 classes are a great example for the general distinction between type-1 and type-2
objects. Seyfert-1 have both, narrow and broad emission lines, while Seyfert-2 show
only narrow lines. In both cases, even the narrow emission line widths are often around
multiple hundreds of km /s, exceeding for example typical rotational velocities in galaxies
(Schneider 2015, p. 222). Matching the criterion given by Peterson (1997) for quasars,
Seyferts have central magnitudes of Mg > —21.5+5log(ho/100 kms~! Mpc™!) (Schmidt
and Green 1983). Depending on the exact criteria defining QSOs, particularly those that
are radio-quiet, the transition between Seyfert-1 and these QSOs is smooth. There are
suggestions that these two classes only differ by their redshifts (e.g., Weedman 1976).
Observations of Seyferts showed that the broad emission lines are variable, and thus,
changes of the classification might happen. If for example the AGN of a Seyfert-1
galaxy becomes fainter and the broad emission lines seem to disappear, an observation
of such a source in the later state might have triggered a classification as a Seyfert-2.
However, the broad emission line components do not actually vanish completely, but

(M This color index is based on the magnitudes of an object using different filters. Here, these are the
U and B filters, standing for Ultraviolet and Blue wavelengths, respectively.
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only become very faint (Penston and Perez 1984). This also explains why the previously
mentioned intermediate types of AGNs, namely objects of types 1.5, 1.8, and 1.9, are
especially relevant for Seyfert galaxies.

There is an idea for another class of galaxies, the narrow-line X-ray galaxies. These
were found in early X-ray surveys, exhibiting characteristics similar to Seyfert galaxies.
They show high-excitation lines, just as Seyfert galaxies, but at lower luminosities (Ward
et al. 1978). Later, these turned out to be Seyferts, of which the optical spectra are
strongly influenced by dust in the galaxy, which dims and reddens radiation.

Radio Galaxies

As the name of this classification implies, these galaxies are characterized by strong
signals at radio wavelengths from nucleus, i. e., these are radio-loud sources. Again, there
is a distinction between type-1 and type-2 objects via broad-line radio galaxies (BLRGs)
and narrow-line radio galaxies (NLRGs), respectively. Radio galaxies are associated with
elliptical galaxies, that are usually very large. Otherwise these objects share a similar
phenomenology with Seyferts, i.e., BLRGs and NLRGs might be considered radio-loud
variants of Seyfert-1 and Seyfert-2 galaxies (Schneider 2015, p. 222).

LINERs

LINER is an acronym for low-ionization nuclear emission-line region, defined by Heck-
man (1980). These objects show very low luminosities when compared with other classifi-
cations of AGNs. Depending on the underlying criteria, low-ionization nuclear emission-
line regions (LINERs) are not considered to be an actual type of AGN, as for example
similar spectra to those of LINERs can be found in early-type galaxies that do not harbor
an AGN. Thus, a possible explanation for their spectra might be star-formation, instead
of an AGN. Other explanations include an accreting cooling flow of gas, possibly from
the galactic halo, and shock-heated gas from collisions (Heckman 1987). The spectra of
LINERs are similar to Seyfert-2 galaxies, but overall at the end of lower luminosities,
which gives rise to another interpretation of LINERs as low-level Seyferts with a diluted
non-stellar continuum. However, low-ionization lines are relatively strong in LINERs.
These types of objects are also very common, as “at least one third of all nearby galaxies
contain a LINER in their core, characterized by emission lines from neutral atoms or
ions with rather low ionization energies” (Schneider 2015, p. 222). Their emission lines
are even less broad than the narrow lines from Seyfert galaxies.

As Peterson (1997) describes, the spectra of LINERs, Seyfert galaxies, and H11-
regions cannot be distinguished for certain via a single flux ratio of any two emission
lines. It turns out that two ratios, i.e., two pairs of lines, can be used for such a
distinction, as shown by BPT diagrams, named after the three people that published
their finding, Baldwin, Phillips, and Terlevich (Baldwin et al. 1981). This enables the
distinction between the aforementioned H II-regions, Seyferts, and LINERs, but also
distinctions of other types of objects.
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Blazars

While all AGNs show a continuum variability along the observed ranges of the electro-
magnetic spectrum, the variability of blazars is on shorter timescales and much larger,
e.g., in only a day the magnitude in the visible regime might change by Am > 0.1 mag,
and they show larger fractions of polarization than other AGNs, namely a few percent
against less than one percent (Peterson 1997, p. 43). Blazars are radio sources, i.e., they
are all radio-loud, and they show strong highly energetic radiation, including y-radiation,
which exhibits fast and strong variations as well. Here, there is also a subdivision into
two classes, but not based on type or radio-loudness. First, there are optically violent
variables (OVVs)(®). Their names imply an important characteristic, which is fast and
strong variations in the optical regime. These sources include strong emission and ab-
sorption lines. This characteristic is an important factor to distinguish OVVs from the
second class, called BL Lac objects. The designation comes from the observation of
a paradigm for this class, the soure BL Lacertae, which was initially assumed to be a
highly variable star. Given a very high signal-to-noise ratio (S/N), even in the case of BL
Lac objects it might be possible to detect traces of stellar absorption or nebular emis-
sion lines, i.e., features of the host galaxy, allowing for otherwise problematic redshift
estimates. The sub-classifications, OVVs and BL Lac objects, might be connected. Ac-
cording to Schneider (2015) BL Lac objects can appear like OVVs in epochs of relatively
low luminosities, as emission lines might then be observable.

2.2.3 Unified Model

The idea behind the unified model, or rather unified models (also: unification models)
in general, is that different classifications of AGNs can be explained by correlations be-
tween those. This is in turn based on the principle of Occam’s razor, i.e., the thought
that explanations should strive to contain only a small set of elements. In the case
of AGNs this is applied by connecting different types of AGNs via the change of ob-
servational parameters, i.e., the same object might appear different to a respectively
changing observer. After getting to know some classifications of AGNs in Sect. 2.2.2,
some fundamentals for unified models are given already. A particular common theme
should be obvious by now: the distinction between radio-loud and radio-quiet AGNs,
and the distinction between type-1 and type-2 AGNs.

To understand the idea behind unification models, some further characteristics of
AGNs are necessary to know. Here, I describe two important building blocks of an
AGN, as they are widely found in literature, namely the narrow-line region (NLR)
and the broad-line region (BLR). The following descriptions are mainly based on the
respective sections of the books by Peterson (1997) and Netzer (2013).

NLR The NLR is a region of low density gas (~ 10* cm™3). Its column density is po-
tentially low enough to be optically thin in some wavelength ranges, including

(®)Sometimes these are also called optically violently variables. Both terms are optionally followed by
the word quasar.
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the helium and hydrogen Lyman continuum, which then again boosts the overall
ionization level. The size of the NLR can be of the order of kiloparsec, e.g., a
luminous AGN might have a NLR that extends up to ~ 3kpc. Thus, depending
on the distance of the respective object, the NLR might be spatially resolved in
the optical. Additionally, it is the largest region which is mainly ionized by the
central engine of the AGN. The NLR is assumed to consist of gas clouds as well as
dust in some regions, as the temperatures there can be below the dust sublimation
temperature. That the NLR has a clumpy composition can be inferred from profile
structures of high-resolution spectra. Spectra of the NLR include strong forbidden
lines, as the respective transitions are not suppressed by high densities. This emis-
sion is assumed to be isotropic, because of the negligible amount of self-absorption
in narrow lines.

The exact range for potential line widths of spectral lines from the NLR differs
in literature. Based on the full width at half maximum (FWHM) of velocities
associated with the lines the range and typical values, as given by Peterson (1997),
appear to reflect a wide consensus. This range is given as 200 km s71 < Avpwam S
900 kms~! and typical values are expected to be around 350 — 400 kms~!. Due to
stronger bases and potential asymmetries, narrow emission line profiles cannot be
described accurately by a Gaussian. This is especially relevant for high-resolution
spectroscopy, but less so at low resolutions. Emission lines from the NLR are used
in diagnostic diagrams, such as the BPT diagram (see Sect. 2.2.2).

The morphology of a NLR is usually axisymmetric. If the source shows extended
radio emission, this axis of symmetry coincides with the radio axis, which is sug-
gestive for a connection between the thermal emission from the NLR and the non-
thermal radio emission. The non-thermal, radio-emitting plasma interacts with
the gas in the NLR, influencing the ionization levels, such that the total ionization
level in the NLR is composite. A major amount is based on the central SMBH, but
the plasma and the respective ionization via collisions contributes a non-negligible
part (see also Viegas-Aldrovandi and Contini 1989). An additional note can be
made that the radio axis, and by extension the NLR axis, seems to be oriented
randomly with respect to the rotation axis of the host galaxy.

There is a concept called extended narrow-line region (ENLR), based on observa-
tions of cone-shaped ionization regions with anisotropic behavior. However, this
region is assumed to be primarily ionized by stars, and thus should be distinguished
from the NLR as described before. Its size can be more than ~ 100 kpc.

In contrast to the NLR, the BLR shows broad line widths, just as its name im-
plies. Broad emission line profiles are diverse, and cannot be described easily
by one profile only. Again, line width specifications depend on the literature,
especially the upper limit of broad lines. Following the scheme for line widths
for the NLR, broad line widths from the FWHM of velocities are expected to
be between vpwpm ~ 500km s_l, i.e., similar to some narrow line widths, and

vpwaMm > 104kms™. The open end indicates some uncertainty as to an upper
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limit. Typical values are stated to be around ~ 3000 — 5000kms~!. However, it
is necessary to mention that emission line widths may vary even within the same
spectrum, which is potentially linked to a dependence on the region it originates
from. As an example, optical emission lines might come from a region at smaller
radii than IR emission lines, leading to smaller line widths for the IR lines. This
simplified picture is not a sufficient explanation for all differences, though. Another
example for varying line widths is that the helium lines He 11 A4686 and He 1 A5876,
which are around the same wavelengths as some hydrogen Balmer lines, are often
broader than these Balmer lines, even at any relative intensity level. BLR spec-
tra are based on photoionization by continuum radiation from the central SMBH,
which can be inferred from the response of the emission lines to changes in the
continuum (see also Sect. 2.4.1).

The width of the emission lines cannot be explained by thermal motion, as for
example a model calculation for a gas at 102K results in a line-of-sight (LOS)
velocity dispersion of just ~ 10kms~!. Flipping the calculation around, to reach
the typical broad emission line width of ~ 5000 kms™!, the gas temperature would
need to be > 10° K. Thus, Doppler shifted gas is usually assumed to create the
broad emission line widths.

Although the exact properties, such as the geometry and kinematics, are still
unknown, in general the BLR is assumed to consist of gas clouds with high densities
of for example ~ 10 —10' cm™3. While even this density range is only valid for a
quite specific scenario, it is sufficient to emphasize the vast difference to the NLR.

Despite its larger density, the BLR is assumed to be of order of magnitudes less
massive than the NLR, which is related to the much smaller size of the BLR.
However, as the BLR is by far more efficient concerning emission, the amount of
emission lines from both of these regions is comparable. Individual gas clouds travel
in bulk motions around the central source, which creates the range of velocities
found in line profiles. The BLR is closer to the central source and thus, more
affected by it than the NLR. The strong gravitational effects and the radiation
pressure are in constant competition.

The size of a BLR is not certain, as it depends on the SMBH at the center. Thus,
BLRs cover a range of sizes. A typical size estimate is of the order of 10 light
days, with small BLRs around 1 light day and big BLRs around > 100 light days
(e.g., Wandel et al. 1999; Peterson et al. 2004; Kaspi et al. 2005; Mandal et al.
2021). There are suggestions for a continuous transition between the BLR and
the NLR, without a specific segregation. Another explanation for the transition
between these regions relies on dust, and explains that the volume between the
BLR and the NLR is filled with gas & dust.

There are two more building blocks related to an AGN, the accretion disk and the
dusty torus. A short description of the accretion disk follows in another small section
(see Sect. 2.2.3).
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The dusty torus is at a further distance from the center than the BLR, but a smaller
distance than the NLR. Following this assumption, Netzer (2013, p. 205) describes
accordingly interpolated gas densities and a typically expected order of velocities in
the toroidal region as 10* — 107 cm ™ and 1000kms™ !, respectively. However, details
depend on the influence of the central SMBH on its surroundings, for example based on
the BH size. The torus lies outside the dust sublimation area and hence, it is thought
to contain dust and molecular gas. One very important characteristic, which gives the
dusty torus sometimes also the name ‘obscuring torus’, is its high opacity at essentially
all wavelengths. A possible exception could be the IR in combination with relatively
small column densities, allowing for some transparency in that regime. The obscuration
is especially important in the context of unified models, as can be seen in the following.
While its exact structure is still unknown, e.g., a continuous model against a clumpy
model, the toroidal shape with a small opening in the center and a much larger outer
radius is commonly applied in models for this region. Still, other explanations cannot
be ruled out, such as a warped disk, which might be connected to an inflow on large
scales. The dusty torus might be connected to the anisotropy found for the ENLR, but
even in that case, it is not clear how. On the one hand it could be that the torus blocks
radiation in certain directions, while on the other hand collimated radiation from within
might create the central opening and thus give the torus its shape as such. Lastly, the
torus might not exist for all AGNs, as observations indicate that some objects might not
contain such a dusty structure. With only one more component, that has been hinted
at previously, and an additional detail about the building blocks of an AGN, unified
models are more easily understandable: the continuum radiation comes from a central
region right around the SMBH, the accretion disk, and some sources feature a strong jet
coming from this central source.

The prior descriptions for parts of AGNs are all related to their morphologies and
introduce a respective common theme in unified models. The analysis of AGN morphol-
ogy might show that only a few parameters are needed to explain differences between
different types of AGNs. In other words, different types of AGNs might be intrinsically
the same, and observational parameters influence the resulting classification. Depending
on the model, more or less parameters account for actual intrinsic differences in the
sources. There are strong and weak unified models, where this “strength” accounts for
the amount of unification via actual physical differences. A weak model unites only few
types of objects via the assumed underlying physical traits, and thus leaves room for
more inherently different classifications. In contrast to this stand strong models, which
assume fewer intrinsic differences and base classifications more on external parameters.
According to Peterson (1997), an example for such a weak model might rely on the
optical and radio luminosity, so two intrinsic parameters, whereas a strong model might
connect both luminosities via the total luminosity, a single intrinsic parameter. Both
models explain any remaining distinctions via apparent differences, such as for example
the viewing angle of an observer.

There are two examples for early identifications of such orientation effects. The first
is given by Osterbrock (1978), trying to tackle the question why Seyfert-2 galaxies do



22 CHAPTER 2. THEORETICAL BACKGROUND

not show broad emission lines. The second comes from Blandford and Rees (1978),
connecting blazars with an alignment between the observer and the radio axis. The
premise of the former example addresses an important question, as the assumption that
Seyfert-1 and Seyfert-2 galaxies should actually be united came early from a finding
in observations of both types of sources. Seyfert-2 galaxies do not only miss broad
emission lines, but also often show a lower ratio in AGN continuum to stellar continuum
in comparison to Seyfert-1 galaxies. The dusty torus plays an important part in trying
to explain this, as well as a medium that is able to scatter central radiation in other
directions. Unified models that explain the difference between type-1 and type-2 objects
based on the inclination between the observer and the source also help in understanding
the emergence of intermediate types, as the previously mentioned types 1.5, 1.8, and 1.9.
As an example, Netzer (2013, p. 141) mentions that the types 1.8 and 1.9 might emerge
from heavy LOS reddening, connected to a stronger obscuration of the BLR.

One type of unified model is wide-spread and thus the most encountered in the sub-
ject, although it is not considered to be a final and detailed description for all AGN-type
related phenomena. This unified model is depicted in Fig. 2.3. The basic assumption
of this unified model is that there are two intrinsically different types of AGNs, which
depend on the radio-loudness. A radio-loud AGN is thought to feature a jet, which in
turn is missing in a radio-quiet AGN. The latter might still have a jet, but it would be
of such low intensity that it cannot be observed. This unified model explains all remain-
ing differences between types of AGNs as depending on the observer, in particular the
viewing angle towards the source. In this model blazars are radio-loud sources for which
the jet is aligned with or at least very close to the LOS of the observer, explaining the
strength of these AGNs and their high variabilities. At a larger angle, i.e., not as much
aligned with the jet anymore, an observer sees a quasar. Depending on the distinction
between quasars and QSOs this might also be labeled explicitly as a radio-loud quasar.
Increasing the angle from the jet even further shows a radio galaxy to an observer. How-
ever, as the center is not obscured by the dusty torus yet, the BLR is still visible and
the radio galaxy would classified as a BLRG. For even larger angles the dusty torus
blocks the view of the BLR and only signals from the NLR remain visible, resulting in
a classification as a NLRG. Following this simplified scheme, the obfuscation of broad
emission lines is rather obvious in case the viewing angle of the observer is within the
plane perpendicular to the jet component, but also for slight deviations from that plane,
depending on the size of the obscuring torus, i.e., its thickness. The same principle
can be found for the radio-quiet AGNs. The counterpart to a NLRG is then a Seyfert-2
galaxy, where the BLR is again blocked from view by the dusty torus. Accordingly, if the
BLR is visible to an observer, they would find the radio-quiet counterpart to a BLRG,
wich is a Seyfert-1 galaxy. Finally, for a direct view on the center of a radio-quiet AGN
an observer might see a QSO. If the terms quasar and QSO are used interchangeably,
this might be labeled as a radio-quiet quasar.
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Figure 2.3: Visualization of a wide-spread unified model. The inherent characteristic
that splits multiple types of AGNs into two classifications is the radio-loudness. Radio-
loud sources, i.e., sources that feature a jet from the central region, are shown in the
top half; radio-quiet sources are shown in the bottom half. The model is based on these
5 to 6 AGN components: dusty torus, accretion disk, central SMBH, BLR, NLR, and
in case of a radio-loud source also a jet. As indicated in the lower left, this depiction
is not to scale and only intends to visualize the schematic idea. Inspired by a combi-
nation of the schematics from Urry and Padovani (1995, Fig. 1) and Emma Alexander

https://emmaalexander.github.io/resources.html.
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Accretion

As it is a very central part of how an AGN is visible at all, a short description of the
respective accretion process is reasonable. Previously it was hinted at that a SMBH is
the central engine of an AGN. One question that may arise is why there is any signal at
all coming from a BH, as these objects are famous for their high gravitational potentials,
which do not let anything escape from within their event horizon®). The answer to this
question is accretion, a basic process in astrophysics that can be encountered in many
cases. In general the term refers to a gravitational accumulation of matter into a central
massive object. Although this is relevant for many formation processes, including stars
and planets, due to the context of AGN I concentrate here mainly on BHs. In essence,
the first step is that gravitational potential energy is converted into kinetic energy. A
straight fall into the central object should be the exception, as for almost all matter there
is some angular momentum involved. Due to conservation of the angular momentum
there needs to be another process involved, which makes the particles lose their angular
momentum, as for example contact with, and momentum transfer to, other particles,
i.e., friction. This heats the matter surrounding the central massive object. In turn, the
internal energy can be a radiation source, which is observable.

The radiation creates a pressure that pushes against surrounding matter, which in-
cludes accreting particles. The accretion process can proceed as long as the gravitational
force is larger than the force from the radiation acting outwards. If the forces are equal,
there is a balance for which the luminosity is defined as the Eddington luminosity Lgqq.
It is thus the maximum luminosity that an object can reach via steady accretion over
long periods of time. Nevertheless, on short timescales, such as right after outbursts,
the luminosity might exceed this limit. The accretion rate, i.e., the amount of mass
swallowed in an accretion process over a certain period of time, depends on the given
luminosity. A higher luminosity is connected to a higher accretion rate and the accre-
tion rate given for the Eddington luminosity is called Eddington accretion rate, Mygq.
There are different types of accretion, including the probably simplest case: spherical
accretion, which is also called Bondi accretion (Netzer 2013, p. 41).

However, a much more common assumption is that accretion occurs in a disk instead
of a sphere. The mechanism that turns the potential energy into radiation is viscous
dissipation within this disk. As the gravitational force should be much larger than the
forces caused by friction, the particle velocities are expected to be of the order of local
Kepler velocities. The velocities within the disk are differential, meaning that the angu-
lar velocity depends on the radius, which causes internal friction, i.e., a deceleration of
particles (Schneider 2015, p. 225). Due to being slowed down the particles move inwards,
i.e., the cycle of energy conversion starts over. According to the virial theorem 50 %
of the gravitational potential energy is turned into kinetic energy, i.e., the rotational

) The event horizon is a boundary that encloses a region which cannot affect anything outside of this
region. It is often described as that region around a BH from which not even light can escape, as gravity
at this boundary is strong enough to bend light at such a curvature, that no distance from the central
BH larger than the event horizon can be reached anymore. The Schwarzschild radius, also sometimes
called gravitational radius, is the radius that defines the event horizon.
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movement of the disk, whereas the other 50 % is turned into internal energy, i.e., heat.
The emergence of radiation from the internal energy seems to be a very efficient process,
as “[f]or a given mass, the accretion onto a black hole is about ten times more efficient
than the nuclear fusion of hydrogen into helium” (Schneider 2015, p. 11). Complemen-
tary to this, Netzer (2013, p. 43) cites an efficiency from ~ 4% up to ~ 42 % for the
energy conversion into radiation.

Accretion disks can appear in different shapes, relating to their thickness, and with
different opacities. The latter depend on the column or surface density and the ionization
level. A common assumption about the accretion disk of a BH is that it is geometrically
thin and optically thick. In order to get a feeling for the meaning of geometrically thin,
Netzer (2013, p. 44) notes that this is the case for a thickness to radius ratio of potentially
even much less than 0.1. It appears that only three fundamental parameters suffice to
describe a few important characteristics of the accretion disk. The three parameters
are the accretion rate of matter that is processed in the disk, the central BH mass, and
the spin of this BH. The characteristics that these describe include the disk geometry,
temperatures in the disk, the total luminosity, and the spectrum.

In an approximation the total spectrum of a geometrically thin, optically thick disk
can be described as a superposition of BB spectra, where each single spectrum describes
an isothermal ring at a respective radius. The low and high frequency end of the oth-
erwise roughly flat spectrum of the disk depend on the lowest and highest temperature
in the disk, resembled by its outer and inner radius, respectively. As the major part of
radiation comes from smaller radii, the inner disk region and how far it reaches towards
the central BH is important for the overall luminosity. This inner radius has a physical
limit, as the disk would be ripped apart by the extreme gravitational pull at smaller
radii. The outer disk radius might be connected to self-gravitational effects, i.e., the
particles might form clumps at larger radii than the outer disk radius. One aspect that
appears counter-intuitive is that the highest temperatures in accretion disks of more
massive BHs are expected to be lower than in less massive BHs. For many AGNs ra-
diation from the hottest regions is part of the UV regime, for some smaller BHs this is
potentially the soft X-ray. However, considering that the average density of the region
inside the event horizon decreases for larger BH masses, which is another example for
a similarly counter-intuitive behavior of BHs, the lower temperatures do not appear as
strange anymore. The effect of tidal forces on the accretion disk is simply weaker for a
more massive BH.

The assumed geometrically thin, optically thick accretion disk is still just a simplified
model. Actual disks might very well be non-uniform, potentially driven by strong and
complex magnetic fields in the disk. These fields might also affect or even cause large
parts of the viscosity in accretion disks. Another connection might be hot coronas,
reaching temperatures that result in strong X-ray radiation. The topic of accretion
disks is still evolving, with numerical simulations becoming better and more prevalent.
Currently, though, there are still many unknowns and simplistic pictures need to suffice
for lots of situations. However, advancements on this topic can be expected in the near
future. In a very recent publication, Lu et al. (2023) find a connection between a jet and
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the accretion flow of the SMBH at the center of M87, which is known from Fig. 2.2.

2.3 Central Black Hole — Host Galaxy Bulge Relations

Empirical analyses have shown that there can be multiple relationships assumed between
the central SMBH and its host galaxy. Several studies have found that these correlations
hold better when considering only the central bulge component of the host galaxy. Addi-
tionally, there is essentially a single BH property, which can be quantified for numerous
objects with the current level of technology and knowledge, the BH mass. Put together,
this is the reason why nowadays, when a relation between the central BH and its host
galaxy is mentioned, it is often explicitly a reference to a BH mass — bulge property
relation, i.e., a Mpg—bulge relation. What exactly constitutes the bulge is a question
of galaxy type. As described in Sect. 2.1.1, some galaxy classifications are expected to
show a prominent bulge component, such as lenticular galaxies. Spiral galaxies might
also feature a distinctive spheroidal bulge component, whereas elliptical galaxies them-
selves are considered to be the bulge. This could be seen as intuitive, because of the
similarity between classical bulges and ellipticals, in contrast to pseudobulges, which is
potentially relevant later on. Bulge properties that appear to scale with the BH mass
are presented in this section.

An important aspect, which is implied by all these relations, is that there appears
to be a co-evolution of the central SMBH and at least the bulge component of its host
galaxy. Although SMBHs are extremely compact objects with inconceivable masses of
more than 10° M@(m), in some cases even more than 10° M), their spheres of influence,
e. g., concerning gravity, appear small in comparison to the scale of their host galaxies.
As was shown earlier, even the NLR, and especially the ENLR, can show a strong
influence of surrounding stars and is thus much less dominated by the central SMBH as
for example the BLR. With this in mind, it is already clear that the bulge component
of the galaxy should not be dominated in any way by the central SMBH. In fact,
considering only their total masses, it becomes quite puzzling why the central SMBH
mass should scale at all with bulge properties, as the BH mass is virtually always less
than 1% of the total bulge mass, and often even much less than that. Examples for this
are the studies by Wandel (2004) and Jiang et al. (2011). The former find in a sample of
quiescent galaxies, that the BH masses are only about 0.2 % of their respective bulges.
The latter find in their sample a factor of more than 1000 between the bulges and the
BHs, i.e., the SMBH masses are even less than 0.1 % of the bulge masses. As a result,
a joint evolution of the central SMBH and the bulge of its host galaxy is necessary for
relations to develop between both. Some form of feedback that influences the growth
of either, the SMBH and the bulge, has to take place, which connects both components
and in turn leads to a question about the activity in the center of the galaxy. Are these
correlations valid only for inactive or active galaxies, or possibly both? This question
becomes even more important when considering that lots of relations have been found

9Ty astrophysics the mass of the Sun, Mg, is a common unit of mass. It is 1 Mg =~ 1.99 - 10" kg.



2.3. CENTRAL BLACK HOLE - HOST GALAXY BULGE RELATIONS 27

empirically from samples of close, inactive galaxies.

One of the earlier findings and probably the most famous relation found between
the central SMBH and the host bulge is the Mpy — o, relation, where g, is the stellar
velocity dispersion of the bulge. Two papers about this relation were published within
the same volume of the same journal, i.e., these were effectively published at the same
time (see Ferrarese and Merritt 2000; Gebhardt et al. 2000). The relation has undergone
a few adjustments over time (e.g., Tremaine et al. 2002; Giltekin et al. 2009) and it is
considered as one of the most fundamental Mpp—bulge relations. Based on the tight
nature of this relation, as it shows only relatively small scatter of ~ 0.25 — 0.3dex
(Tremaine et al. 2002), it was and is still used to gauge other Mpp—bulge relations.
Further analysis also revealed that this relation holds true for both, inactive and active
galaxies, showing that here the level of activity of the central SMBH does not matter
(e.g., Woo et al. 2010).

Two more Mpg—bulge relations, which have been found even prior to the Mgy — 0,
relation and analyzed together in some publications, are the Mgy — Mpyge Telation and
the Mpn — Liulge relation (for example Kormendy and Richstone 1995; Magorrian et al.
1998; Marconi and Hunt 2003; Héring and Rix 2004; Sani et al. 2011). The former
relation connects the aforementioned mass of the central SMBH and the stellar mass
of the bulge component, while sometimes the dynamical bulge mass is used instead of
the stellar mass. The second relation considers the bulge luminosity instead of its mass.
One reason why these two relations are sometimes analyzed jointly is that the two bulge
properties are linked via another tight correlation, the Mgy, — Lyuige relation. It connects
the dynamical bulge mass with the bulge luminosity and shows only a small intrinsic
dispersion of ~ 0.1 dex (Sani et al. 2011).

There is another relation, which connects the BH mass with the Sérsic index n,
the Mpy — n relation (Graham and Driver 2007). The Sérsic index is a parameter
in the formula of a Sérsic profile, which is a generalized version of a de Vaucouleurs
profile (Sérsic 1963). The intensity profile is given by I(r) = Iyexp (—srl/”), where 7
is the distance from the center, and Iy is the intensity at the center (r = 0). Often
the parameter s is split into two parameters in order to consider the half-light radius.
The Sérsic index n is used to account for the galaxy morphology, although the relation
usually still refers to the central bulge component only. In contrast to this stands the
Mpu—spiral arm pitch angle relation. This is a measure of the tightness of a spiral
structure, as possibly given in the case of disk galaxies, and thus a parameter of the
host galaxy instead of a bulge component. The idea for the relation emerged from
the discovery of AGNs in disk galaxies without a central bulge, where two possible,
alternative factors that relate to the BH mass are halo concentration and virial mass
in the host galaxy. As the mass concentration in the galaxy appears to determine the
spiral arm pitch angle, the relation between the latter and the central SMBH mass can
be assumed and was found accordingly (Seigar et al. 2008).

More relations between either the central SMBH mass or a property of its host galaxy
and other quantities related to either of them are assumed to exist. An example for such
a relation concentrates on the AGN only, as it connects the central BH mass and the
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AGN luminosity (Peterson et al. 2004).

Another noteworthy correlation, although again not a Mpp—Dbulge relation, is that
the widths of narrow emission lines from the NLR appear to correlate with the bulge
luminosity of the host galaxy, especially if no jet component is present. This indicates a
virial origin of these lines, related to the stars in the bulge (Peterson 1997, pp. 104 sqq.).

2.4 Black Hole Mass Estimation Methods

Following the current understanding of BHs, these objects can be described by three
independent parameters, which can be observed externally?): charge, spin (i.e., angular
momentum), and mass. As mentioned in the previous section (Sect. 2.3), the BH mass
is the most prominent quantity regarding an analysis based on observations. An obvious
question following this statement is how to find a BH mass from observations. The main
focus of this section addresses two methods in some detail and mentions some more
possibilities. A special case of one method is important for this work, as it is applied in
the analysis that follows later.

2.4.1 Reverberation Mapping

While reverberation mapping (RM) is only indirectly relevant to the work presented
here, its importance within the general context of BH mass estimation methods is not
to be underestimated. The term RM was introduced by Blandford and McKee (1982) as
an indirect method, which allows the “mapping [of] the emission line regions of Seyfert
galaxies and quasars having variable line intensities” (Blandford and McKee 1982). In
essence, RM describes a response of the BLR to continuum variations from the nuclear
BH. However, the principle has been used even earlier for studies of other objects.
Blandford and McKee (1982) write that using a flash of radiation and its response from
the ambient gas has been used as early as 1901 in order to explain the apparent expansion
of Nova Persei, also known as GK Persei (Couderc 1939). The first verifiable time that
someone analyzed reverberations in emission lines of Seyferts and quasars was done by
Bahcall et al. (1972). Assuming a spherical distribution of gas, they calculated the
response to the total line intensity. As mentioned before, while the principle of RM has
been applied to other objects as well, it frequently refers to measurements of the BLR of
an AGN. Additionally, it is often combined with spectroscopic measurements in order
to apply Newton’s law of gravity and find the mass of the central BH.

A slightly more detailed description of RM is as follows: each AGN shows a contin-
uum spectrum, which is a central source of ionizing radiation that affects its host galaxy.
However, the influence is especially concentrated to matter in the vicinity of the dense
nuclear source, which is nowadays almost certainly believed, and in some cases even con-
firmed, to be a SMBH. As a result, emission line spectra from sources, such as quasars

(D This is the so-called no-hair theorem, where other information about matter that formed the BH
is metaphorically described as “hair”. As this information is unavailable, the BH does not have “hair”,
leading to the naming of no-hair theorem.
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and Seyfert-1 galaxies, are explained as gas from a region around the central source, that
is irradiated by the very same source. At this point it is useful to remember the prevail-
ing assumption about the morphology of galaxies hosting an AGN, i. e., especially one of
the two major regions where emission lines originate, the BLR. All type-1 AGNs show
variations in the optical-UV continuum luminosity, at least when given enough time and
“[g]iven longer time, such a statement can also be made about the broad emission lines”
(Netzer 2013, p. 158). These continuum variations can also be seen as line variations,
which follow the former, e. g., an increase of the continuum luminosity is followed by an
increase of almost all broad emission lines. If both variations can be observed, then the
given time lag between them is an indicator for the size of the BLR. Some simplifying
assumptions for RM are:

1. The light-travel times across the BLR are in the range of days to months.

2. The time scales for response of individual clouds to changes in the ion-
izing flux are given by the recombination and ionization times. Given
the BLR typical density, this is of order 1 hour or less, that is, much
shorter than the typical time scale for continuum variations.

3. The BLR structure and kinematics are constant over the duration of
the RM experiment.

4. There is a known relationship between the observed UV or optical con-
tinuum and the ionizing continuum that is driving the emission-line
variations.

(Netzer 2013, p. 158)

Comparison of the light curves for the continuum and emission lines can yield infor-
mation about the gas & ionization distribution, and kinematics of the gas. The function
that describes the mapping from the continuum light curve to that of the emission lines
is called transfer function. A pulse of the continuum is evident from a response of the
gas. Here, the gas is assumed to be in a distribution that resembles a thin shell. The
transfer function then takes the shape of a box, limited by the two times tg.t = 0 and
tend = 2R/c, where R is the radius of the gas distribution and c is the speed of light.
Gas within the LOS is assumed to respond instantly, i. e., at ¢ = 0, whereas the response
of gas at the opposite side is delayed by 2R/c. This simplified picture can be enhanced
by refining the assumptions. As an example, the distribution of the gas can be extended
such that an inner and outer radius are defined, R;, and Rout. The shape of the transfer
function changes accordingly, e. g., a thick spherical shell can be represented by combin-
ing transfer functions of multiple thin shells. In this example the transfer function shows
a decline from Ry, to Royut. The shape of the declining transfer function depends on the
respective gas emissivity at each radius (for more information see Netzer 2013, p. 160).
Figure 2.4 shows a basic sketch of the idea behind the time delay 7 in RM, where the
LOS is within the orbital plane. This case enables the largest possible time delay. Then
the extra distance d that a signal needs to travel, and the according delay 7, i.e., the
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reverberation, is given by

T = Uy (1 + cos(6)) (2.1)

d=R+cos() - R=R-(1+cos(0)) }

c=4
-

Figure 2.4: Sketch of the reverberation mapping (RM) scheme for the case that the
LOS is within the orbital plane. The observer is assumed to be on the right side, which
is indicated by the arrowheads. As a large distance between source and observer is
assumed, the two shown lines towards the observer are effectively parallel. The three
dots indicate the extra distance that signals have to travel in comparison to radiation
directly from the central source. The connection between the two filled dots corresponds
to the radius of the BLR clouds R. In combination with the hollow dot the additional
distance which is parallel to the LOS is also marked.

Nowadays, RM is largely associated with the estimation of nuclear BH masses in
galaxies. BH mass estimates from RM are considered to be a baseline for other mass
estimation methods. The accuracy of BLR size measurements by their luminosity plays
a large part in reaching this status, although the details of the geometry, kinematics,
ionization structure, etc. of the BLR are still unknown and their influence on the BH
mass estimates is not certain. However, other methods fall short in other ways, as
for example the use of stellar kinematics appears promising, but due to limitations by
instrumentation only has been applicable to objects inside the Local Group so far (Jiang
et al. 2011). Probably the most important use case for stellar kinematics is the SMBH
at the Galactic Center, i.e., at the center of the MW (e.g., Eckart and Genzel 1996).
Other methods, such as BH mass estimators that use narrow emission lines, might be
significantly affected by non-gravitational forces (Ho 1999). Effectively, RM is the only
direct measurement of the BH mass, which makes other methods often not as highly
regarded as RM. With all this in mind, the only remaining question is why would other
BH mass estimation methods be used at all? This is related to a large downside of RM,
namely the associated overhead. The continuum from an AGN typically varies in the
optical /UV regime on timescales between days and months (Ho 1999). As a result, RM
is very time-consuming, as it requires long-term spectroscopic observations, thus being
expensive with respect to the usage of resources such as observation time, which is a
critical point in astronomy.
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2.4.2 Single-Epoch Measurements

In contrast to time-consuming RM there is a possibility to use the virial mass formula,
which enables the estimation of BH masses based on single-epoch measurements. Based
on the assumption that gas in the BLR obeys the virial theorem, RM is tightly connected
to the virial mass (e.g., Peterson and Wandel 1999). This explains why RM is still
considered as the baseline for BH mass estimation methods. Nevertheless, observations
via single-epoch measurements are far easier to conduct and in turn provide a more
appealing approach. As an example, the virial equation is given here for a BH mass
Mg, )

Mgy = f - Myir = [ - V2 M GRVIra
where f is the virial factor, M, is the virial mass, V is the (circular) velocity at the
virial radius Ryir, and G is the gravitational constant. If the virial factor f is fixed by
certain assumptions (see Sect. 4.2.1), there are two unknown parameters left, the velocity
V and the radius Ry;,. Here, a connection to RM is useful, as BLR sizes are determined
via RM measurements and then in turn used to calibrate a relation between the BLR
size Rprr and its luminosity, e.g., using Lsioo (e.g., Kaspi et al. 2005). The radius
— luminosity relation is then given in the form of Rprr o< L§|qy, Where « is a fitting
parameter (e.g., o = 0.64, Greene and Ho 2006). A basis for this relation can be found
in Dibai (1977), where the author applies simplifying assumptions and finds that the
characteristic size depends on two parameters, the electron density and the geometry of
the gas. They come to the conclusion that the luminosity per energy relates to the cube
of the effective radius, e. g., L(HB)/E(HB) ~ R? for the HS line. An even more simplistic
approach is to scale the luminosity with the area of the luminous object, i.e., L oc R?
(e.g., Netzer and Laor 1993). In either case, the relation effectively takes the shape
Rox L* & Lo RY, where o =1 /. Different results have been found for the exact
scaling. It is assumed that the function for AGNs that describes the effective ionization
parameter might be decreasing with luminosity (Kaspi et al. 2000). To be able to make
use of the virial mass formula a second quantity is needed, which is the velocity or, as
with the luminosity, another quantity as its substitute. A candidate for this substitution
is the FWHM of an emission line from the fast moving region. This FWHM is expected
to be proportional to the velocity, V.o« FWHM. With this knowledge the virial mass
formula can be rearranged for easier recognition of fitting parameters,

(2.2)

2 . .
Mgy =f My = f- % (2.3)
& log (Mpn) = log (é) + log (V?) + log (Ryir) - (2.4)

The aforementioned correlations between the parameters for substitution are accord-
ingly
V « FWHM (2.5)
= log (V) = log (FWHM) + const.



32 CHAPTER 2. THEORETICAL BACKGROUND

for the velocity and

L xR (2.7)
= log (R) = alog (L) + const.

for the radius. Inserting these substitutions into Eq. 2.4 yields

log (Mpn) = log <(j;> + 2log (FWHM) + alog (L) + const. (2.9)

Eq. 2.9 has the form of
log (Mpn) = log (a) 4+ b log (L) + ¢ log (FWHM) (2.10)
& Mgy = al’FWHM®. (2.11)

There are only three parameters left, namely the overall normalization a, the expo-
nent of the luminosity term b, and the exponent of the velocity term c¢. From the virial
theorem a value for ¢ is expected as ¢ = 2, whereas b depends on «.

Greene and Ho (2005) find well-defined, empirical correlations between Balmer emis-
sion line luminosities and Lsigg, as well as between the FWHMSs of the two Balmer
emission lines Ha and HB. By combining their findings the authors derive mass estima-
tors that are based solely on properties of either the Ha or the HB emission line. Despite
stating a clear preference for using the Ha over the Hf emission line, the authors provide
an equation for each case:
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Using the properties of a single emission line to get BH mass estimates is hugely
advantageous in comparison to RM. The differences with respect to the needed overhead
are vast and thus, single-epoch measurements are a powerful and practical tool in the
context of AGNs. The principle of single-epoch BH mass estimators is found again in a
part of the analysis, in Sect. 4.2.1, where a special use case for NIR spectra is described,
including more information on the virial factor (see Sect. 4.2.1).



Chapter 3

Data Sets and Reduction

In this chapter I describe the data sets, which are the basis for this work. The foundation
of this topic is the telescope and its instrument that is used to acquire the data. The
accordingly used regime of the electromagnetic spectrum is a part of the near-infrared
(NIR), and the reason why this can be beneficial is explained as well.

Although the reduction script for the long-slit spectroscopy data set is already a
major part of my master thesis, it makes sense to repeat a general description of this
script. This is due to a slight rework for general improvements and in order to make
it applicable to the additional spectroscopy data set that is added to the set from the
master thesis. Imaging data is also added in the scope of this work, which is why the
respective reduction process for this data is described as well.

3.1 Telescope and Instrument

This section covers the technical part of the observations, including a description of
the telescope, the NT'T, as well as the instrument, SOFI, used for data acquisition for
this work. Before that, the topic of the NIR regime of the electromagnetic spectrum is
covered, as all data in this work is related to the NIR.

Unless there is an indication stating otherwise, the primary sources for the following
discussions of the NIR, the NTT, and SOFT are the SOFI user manual (SOFI User’s
Manual), the websites for the NTT and SOFI including some links therein (The ESO
New Technology Telescope (website); SOFI (website)), and the according publication for
the commissioning of SOFI (Moorwood et al. 1998).

3.1.1 The Near-Infrared

The NIR is a part of the infrared (IR), which in turn is a small part of the full elec-
tromagnetic spectrum. Electromagnetic radiation in general is usually characterized by
either its wavelength A\ or its frequency v, while these quantities are effectively equiv-
alent due to their connection via the speed of light ¢, where ¢ = X\ - v. The energy of
electromagnetic radiation scales linearly with the frequency. Radio waves cover a very

33
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large range of wavelengths and reach the largest wavelengths of > 100 km, i. e., the low-
est energies. The other end of the electromagnetic spectrum is populated by gamma
radiation, which corresponds to wavelengths of the order of ~ 1 pm and thus the highest
energies. In between these regimes are — from lower to higher energies — microwaves, IR,
visible light, UV, and X-ray.

The NIR covers the shortest wavelengths of the IR, in contrast to the other two
parts of the IR, the mid-infrared (MIR) and the far-infrared (FIR). Exact values for the
range of NIR wavelengths and frequencies vary in literature, just as for other parts of
the electromagnetic spectrum, including the neighboring visible light. As an example,
the wavelength range for visible light might be given as 350 — 780 nm, which sets the
shortest NIR wavelength accordingly to 0.78 um. However, other limiting wavelengths
can be considered just as valid, e. g., 700nm = 0.7 um as the wavelength parting visible
light and the NIR. For the upper wavelength limit of the NIR it makes sense to consider
the astronomical context. There is a photometric system in astronomy, which designates
letters to different passbands, just ‘bands’ for short. These letters help in communication,
as for example when referring to wavelength ranges of telescope instruments. Depending
on whether the L-band is included in the NIR or not, a wavelength of ~ 4 um or ~ 2.5 um
can be considered as the upper wavelength limit of the NIR, respectively. There are
three NIR bands which are encountered quite often, the J-band, H-band, and K-band.
Yet again, the exact wavelength coverage of each band depends on the literature, and
potentially even on variants of each band, such as for example the K -band as a slight
variation of the K-band. These three aforementioned NIR bands span roughly from
1 pm to 2.5 pm, which is relevant for the SOFI instrument later on (see Sect. 3.1.2).

The IR is commonly known from a thermal context, e.g., in heat lamps, medical
thermometers, or thermal imaging. This is related to the BB spectrum, which can be
expressed by a Planck curve, and accordingly Wien’s displacement law. Planck’s law is
often expressed as the spectral radiance B, of a body"),

2h3 1
2 exp(hv/kpT)—1’

B,(v,T) = (3.1)
where v is the frequency, T' the absolute temperature, kg the Boltzmann constant, h the
Planck constant, and c the speed of light. Wien’s displacement law describes accordingly
either the wavelength or frequency at which the spectral radiance of a BB peaks for a
given temperature. However, it was found based on wavelengths and is still most often
expressed as follows,

)\max = b/T7 (32)

where b is a constant of dimension m-K. From this follows directly, that a temperature of
about 16.5°C = 289.65 K, which is a typical average temperature at inhabited places on
Earth, corresponds to a maximum wavelength of 10 um. Another example of application
for the IR is that of a considerable amount of remote controls, e. g., those for television

(DWhen expressing the spectral radiance in terms of the wavelength A instead of the frequency v, it
is important to consider the relation B,dv = BxdJ, i.e., effectively the differential 3—3, or its inverse,
depending on which spectral radiance is calculated.
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devices usually operate in the NIR at wavelengths close to visible light. The sensors
of many digital cameras are sensitive to these wavelengths, which is why such cameras
allow humans to visualize the emission from respective remote controls. Coming back to
the astronomical and astrophysical context, a prominent use case for NIR observations
is if high extinction in other parts of the electromagnetic spectrum is encountered, which
is given for example as soon as observations through dust are involved. A non-specific
statement can be made that NIR radiation penetrates dust without much effect, i.e.,
there is barely interaction between the dust and the radiation. This is specifically true
if compared to some other parts of the electromagnetic spectrum, as for example visible
light. However, Earth-bound observations in the NIR suffer a much higher and more
variable background than in visible light, as the atmosphere shows not only stronger
absorption, but there is also telluric emission contributing to the overall noise. Fig. 3.1
shows the amount of atmospheric absorption for a part of the electromagnetic spectrum,
including visible light and the IR. Those areas that show a low absorption, i.e., a high
transmittance, are called atmospheric windows. Besides those shown in the diagram,
there is another important atmospheric window for astronomers in the radio regime.

atmospheric
absorption

0.2 10 70
wavelength / um

Figure 3.1: Atmospheric absorption between 0.2 and 70 um. The filled, grey area in-
dicates the amount of absorption at respective wavelengths. Regions of low absorption
show a high transmission of respective electromagnetic radiation through the atmo-
sphere. Starting on the left, it is evident that radiation of shorter wavelengths than
0.3 um is fully absorbed, which corresponds to a part of the UV radiation. Larger wave-
lengths up to ~ 0.7 pm correspond to visible light, where the atmosphere shows a high
transmittance. However, the major part of wavelengths covered here show a part of the
IR. For wavelengths between ~ 0.7 um and slightly larger than 10 um, there are ranges
of different sizes with either very low or high transmittance. This includes the NIR,
and its respective passbands. All shown wavelengths larger than that, i.e., the far right
of the diagram, are essentially completely absorbed, comparable to the UV on the left.
Credit: Adaptation of a work licensed under (CCO 1.0).

The diagram shows that not all wavelengths between 1 and 2.5 um have a high trans-
mittance through the atmosphere. T'wo molecules are especially prominent with absorp-
tion features in this regime, water (H2O, as vapor in the air) and carbon dioxide (COz).
Both show variability and depend non-linearly on the airmass, which is a measure for
the amount of air in the atmosphere that an observer has to look through for seeing any


https://creativecommons.org/publicdomain/zero/1.0/

36 CHAPTER 3. DATA SETS AND REDUCTION

object in the sky relative to the amount of air when observing right at the zenith. From
the perspective of an observer the background can be split at a wavelength of 2.3 um into
two regions. For wavelengths below 2.3 um non-thermal emission is dominating. Part
of the background is driven by molecular emission lines, such as those from vibrational
excitation states of the OH molecule. It is important to note that this emission is highly
variable, changing in just a few minutes. Thermal emission dominates at wavelengths
above 2.3 um. Its origin can be the telescope and its components, sky emission, or other
sources of thermal emission. According to SOFI User’s Manual, changes of temperature
between summer and winter influence the background of the K -band by a factor of 2,
which is, however, still more stable than the background of the J-band and H-band,
changing within a few minutes. Often there is high atmospheric absorption between
bands. The corresponding areas are labeled here as “band gaps”. This high absorption
is also encountered in the band gaps between the J-band and H-band, and the H-band
and K-band/K,-band.

Previously, dust has been mentioned as a reason to observe in the IR, and dust
is arguably the major reason for the amount of telescopes and respective observations
in the IR. This is emphasized by lan S. Glass in their book Handbook of Infrared
Astronomy, as the author devotes one whole chapter out of just six chapters in total to
dust. An example from their introduction of that chapter quantifies the importance of
IR observations: An Earth-bound observer of the Galactic Center finds visible light to
experience extinction of about 30 mag. This means that out of a number of 10'? photons,
on average only about a single photon reaches the observer. Switching to the NIR, more
specifically the center of the K-band at ~ 2.2 um, this changes drastically. The extinction
decreases to only about 2.5 mag, which corresponds to ~ 10 % of all photons reaching the
observer (Glass 1999, p. 105). Extinction is largely driven by scattering of radiation on
these dust particles, whereas absorption of radiation also contributes, but less so than
scattering. However, absorption does impact dust temperature, based on absorption
of highly energetic radiation and the subsequent cooling via emission of IR radiation.
For a qualitative description of both, absorption and scattering, the relation between
wavelength A of the radiation and particle size d is important. It appears that using a
simplified model is successful at describing scattering of radiation by interstellar dust,
if these particles are assumed to be spherical, of varying sizes, and show on average
dielectric behavior. For the previously mentioned two regimes of the electromagnetic
spectrum, visible light and the IR, two cases have to be considered. If the particle sizes
and wavelengths are of a comparable order of magnitude, A ~ d, the theory of Mie
scattering works best for describing the processes, as it includes resonances between the
radiation and the particles. This is valid for dust scattering of visible light. In contrast
to this, IR wavelengths are larger, and thus A > d. Another scattering theory works
well at describing this case, the Rayleigh scattering theory, which results in an isotropic
scattering (Glass 1999, pp. 107 sq.). As the Mie theory is more complete than that for
Rayleigh scattering and especially the NIR includes some wavelengths very close to those
of visible light, Mie scattering has been used to calculate extinctions of NIR bands.

Additionally, there appears to be a relation between the extinction and polariza-
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tion. This might be related to a more realistic assumption concerning the shape of dust
particles, that they are actually non-spherical and have a long axis. Considering their
dielectric nature and a magnetic field in the interstellar medium, the particles can then
align with the field lines. Radiation scattered from those oriented particles is accordingly
linearly polarized.

Last but not least, another obvious reason for IR observations is in case that emis-
sion or absorption lines within this regime should be identified and analyzed, or the
cosmological redshift of distant objects causes such lines from shorter wavelengths to be
shifted to wavelengths in the IR.

3.1.2 The New Technology Telescope and Son of ISAAC

The European Organisation for Astronomical Research in the Southern Hemisphere
is more commonly known as European Southern Observatory (ESO), and provides a
number of observing facilities that are used by many groups of astronomers and astro-
physicists. One of those facilities is the La Silla facility, located in northern Chile. This
site still features two major ESO telescopes, the 3.6 m telescope and the New Technol-
ogy Telescope (NTT), of which the latter is important for this work, as all observations
were performed using the NTT. Son of ISAAC (SOFI) is an instrument mounted at
the NTT. The name implies the existence of another instrument, ‘ISAAC’. Both in-
struments are tightly connected, even though they were made for different telescopes.
Infrared Spectrometer And Array Camera (ISAAC) was constructed for the Very Large
Telescope (VLT), a telescope at the Paranal facility, while SOFI was constructed for the
NTT with the intention to test some implementations of ISAAC before mounting this
instrument at the VLT.

While ESO operates two major telescopes at the La Silla facility, the site hosts
more telescopes that are not or only partially operated by ESO, such as the 2.2 m Max-
Planck telescope, the 1.2m Swiss Telescope, the 1.5 m Danish Telescope, the ESO 1m
Schmidt telescope, and some more. The facility is located at the southern part of the
Atacama desert at an altitude of ~ 2400 m. The choice for this place is purposely remote
from inhabited areas, in order to reduce influences that interfere with observations to
a minimum. While light pollution is overall an increasing problem in many places of
the world, showing impact on flora and fauna, the sensitivity of astronomical facilities
magnifies the effect to another level. A night sky that is as dark as possible is an essential
necessity to operate instruments as those from the La Silla facility. Additionally, the
place is very dry and in combination with the relatively high altitude this minimizes
influences as for example from water molecules in the air (see Sect. 3.1.1).

The NTT is built at an altitude of 2375 m and was commissioned in March 1989.
ESO describes the telescope as “an Alt-Az, 3.58m Ri[t|chey-Chr[é|tien telescope which
pioneered the use of active optics” (ESO 2014). The first important information from
this is that the telescope is an alt-azimuth telescope, which means that the mount of
the telescope allows for rotation along two axes — one to change the altitude, i.e., a
vertical setting, and one to change the azimuth, i.e., a horizontal setting. The second
information concerns the size of the primary mirror, quoting a diameter of 3.58 m. This
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is an important characteristic that correlates with the sensitivity of a telescope, as a
larger area for collecting radiation increases the chance to detect faint objects. Thirdly,
the telescope follows the Ritchey-Chrétien design. These types of telescopes have at least
two mirrors, a primary and a secondary mirror, which are both hyperbolic. The aim of
this design is a reduction of optical errors, such as spherical and comatic aberration(?).
Finally, the quote indicates one of two major breakthroughs of the NTT, the introduction
of an active optics system. While nowadays state-of-the-art telescopes also feature a
similar technological characteristic, adaptive optics, the active optics system of the NTT
is claimed to be the first of its kind. Active optics is a standard in big telescopes for
over two decades by now, as it is a system that can compensate for deformation effects
of a mirror. Reasons for these deformations are manifold, but can mostly be split into
thermal influences and mechanical stress. Some possible causes include inhomogeneous
temperatures that cause thermal expansion or contraction, wind, or even just gravity.
The latter is especially relevant for telescopes with large size mirrors, as these cannot hold
their shape for all orientations on their own. In comparison to an adaptive optics system,
the deformation corrections from active optics happen on larger timescales of around
1Hz. Thus, even with these corrections, active optics can only reach image quality
of the ambient seeing. Adaptive optics is also a mirror deforming system, but much
faster, with more than 100 Hz possible, in order to correct for atmospheric effects. Using
adaptive optics can allow for diffraction limited image quality. Both systems rely on
actuators that control the respective mirror shape. By using a detector for assessing the
image quality, a feedback loop arises due to the combination with the actuator controls.
The active optics system of the NTT controls the shape of the primary mirror using 75
actuators with three fixed points. Additional 24 actuators allow for lateral corrections.
The secondary mirror can be moved in all three spatial dimensions. Movement in the
plane perpendicular to the optical axis of the primary mirror is used to correct for
comatic aberration, while movement along the optical axis sets the focus.

As previously hinted at, the NTT marks another important milestone. It was the
first telescope with such an enclosure design, being placed in an octagonal housing,
which allows for a very compact setup. The height of the dome is only about 18 m, while
the diameter is about 17m. This optimization is considered a large technological ad-
vancement. In combination with the overall reduced mass and a relatively light primary
mirror, this allows for a rigid structure, which in turn enables more accurate pointing
of the telescope. The whole building that contains the telescope is able to rotate, and
initially this included the control room where observers resided and controlled the ob-
servation procedure. In 2003 the control room was moved to a new building close to the
bottom of the ramp that leads to the NTT.

An improved quality of observations can also be reached by optimizing the air flow
across the NTT. A ventilation system of the telescope chamber based on flaps has exactly
this purpose. To reduce the internal thermal influence from telescope components, many
parts have an active cooling system. For the motors of the telescope and hydraulic

) These are typical errors found in optical systems. If the system is spherical and/or incoming light
is not aligned with the optical axis, then optical errors are introduced.
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systems there is water cooling, while electronic boxes close to the telescope are insulated
and cooled simultaneously.

Between July 1996 and July 1997 the NTT experienced a major upgrade, the so-
called “NTT Big Bang”. Many parts, including computers, controllers, motors, cameras
for auto-guidance, and quality and analysis tools, were replaced and upgraded. Some of
these upgrades are linked to identical components of the VLT, as the NTT was used to
test some systems and features which were then also applied at the VLT.

In addition to the mentioned primary and secondary mirror of the telescope, there
is a tertiary mirror. The main purpose of the third mirror is to switch between the two
Nasmyth®) focus platforms, as the NTT allows for mounting two instruments simulta-
neously. This means that the only two instruments remaining in operation to this day
can take up these spots). These instruments are EFOSC2 (ESO Faint Object Spec-
trograph and Camera (v.2)) and SOFI, mounted at the Nasmyth B and A focus of the
NTT, respectively.

The SOFI instrument was installed at the NTT in December 1997. Just as the
previously mentioned related instrument ISAAC, SOFTI is essentially a focal reducing
instruments with the same capabilities. These cover imaging, spectroscopy, and even
polarimetry. Except for the latter, both, imaging and spectroscopy, are relevant for this
work.

The intended purposes of SOFI at commissioning encompassed the creation of deep
field surveys for galaxies at high redshifts and low mass stars. Fitting the context of
this work, spectroscopy of galactic nuclei is also mentioned. Additional spectroscopy
includes that of supernovae and other sources, especially those that can be found in the
Deep Near-Infrared Survey of the Southern Sky (DENIS).

In the case of imaging, SOFI offers two plate scales, each with a respective mode,
the 0.288” /px Large Field and the 0.273” /px Spectroscopic Field®). The band filters
exist as narrow and broad variants, covering wavelengths between 0.9 & 2.5 um. There
is fast imaging and a burst mode available, which corresponds to detector integration
times of around only a few tens of milliseconds. In that case hardware windowing is
used to significantly reduce the detector array size to the order of a few tens of pixels
per side.

Spectroscopy is offered in form of long-slit spectroscopy for two low resolution grisms
and a medium resolution grism(®. The resolving power is given as R = X /AN = 600 and
R ~ 1500, respectively, where in both cases more precise resolution estimates depend

®)Nasmyth is a type of telescope design, where after the primary and secondary mirror follows a
tertiary mirror that reflects the collected light to the side of the telescope.

W Former instruments, that are decommissioned by now, are SUSI-1 (Superb Seeing Im-
ager/Instrument), SUSI-2 (Superb Seeing Imager/Instrument - 2), EMMI (ESO Multi-Mode Instru-
ment), and IRSPEC (Infrared Spectrometer).

()This work follows a standard notation for angles, using ’ to denote arcminute (1’ = 1/60°) and ”
for arcsecond (1” = 1/60’). These might also appear in words as their shorter variants “arcmin” and
“arcsec”, respectively. Additionally, pixel might be shortened as “px”.

() Grism is the short term for a grating prism, i. e., the two optical components diffraction grating and
optical prism, both used for the diffraction of light. A grism combines the optical properties of both
components.
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on the exact wavelength (see also Tab. 3.1 for more information). In either case, the
slit length is 4.92” =~ 290" and the slit width can be chosen as 0.6, 1, or 2”. For the
medium resolution mode, spectroscopy is limited to the H-band and K-band, whereas
the low resolution mode offers an overall wavelength range of 0.93 — 2.52 um. Only one
of the low resolution grisms is important for this work, the ‘red’ grism (see Tab. 3.1).
The given wavelength range of the red grism roughly covers the H-band and K,-band,
as well as the band gap in between those.

Table 3.1: Basic information about the two low resolution grisms, including each wave-
length range and resolution for the 0.6” slit width. As the resolution scales inversely
with the slit width, for example the red grism GRF has a respective resolving power
of ~ 590 when using the 1” slit and < 300 for the 2” slit. Taken from SOFI User’s
Manual, p. 9.

Grism Order Sorting Wavelength  Resolving Dispersion
Number Filter Range (pm)  Power A/px
Blue GBF (Grism Blue Filter) 0.95 —1.64 930 6.96
Red GRF (Grism Red Filter) 1.53 —2.52 980 10.22

Instead of a complete description of the optical layout, here I mention only a few
components. SOFI’s optical layout is based to a large extent on using wheels. From the
point of view of incoming radiation, the first encountered component that is mentioned
here is a mask wheel. This wheel includes for example the three slit masks of different
widths for long-slit spectroscopy. Two filter wheels contain each different band filters, in
total 5 broad band filters and 16 narrow band filters, excluding the two low resolution
grisms. More details about the broad band filters related to this work can be found in
Tab. 3.2. Additionally, the filter wheels feature a fully open and a fully closed position,
and even a few more options. Then follows a grism wheel and finally an objective
wheel. The pixel scale depends on the used objective, as for example in imaging mode
there are the aforementioned Large Field Objective and the Spectroscopic Objective.
As a reminder, the former has a pixel scale of 0.288" /px, which ultimately results in
an according field of view (FOV) of 4.92’ x 4.92, and the latter has a pixel scale of
0.273" /px, and a respective FOV of 4.66' x 4.66".

For the calibration of spectroscopic observations there is a designated calibration unit
inside the telescope adaptor. The unit includes different lamps, either with the purpose
of flat fielding, which is done by a halogen lamp, or for the calibration of wavelengths
based on known emission lines, which works using a xenon and a neon lamp. The
xenon and neon lamps are also called arc lamps. Even though both lamps are used for
medium resolution spectroscopy, the xenon lamp alone is sufficient for low resolution
spectroscopy. In the case of imaging, flat fielding is done using the respective dome flat
field lamp.

The heart of any instrument is its detector. In the case of SOFI, this is an IR
bolometer of array type Hawaii Hg:Cd:Te (Mercury:Cadmium:Tellurium) in a 1024 x 1024
format, that is split into four quadrants. Some general array properties can be found in
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Table 3.2: Three of the SOFI filters relevant to the imaging observations connected to
this work. All shown filters here are broad band filters, as can be seen by their filter
widths. The remaining two broad band filters are Z and Js;. There are 16 available
narrow band filters, having widths of 0.010 — 0.031 um. However, as these are not
important in the context of this work, they are not listed here. Taken from SOFIT User’s
Manual, p. 7.

Filter Central Wavelength Filter Width Peak Transmission

Name [pm] [nm] (%]
J 1.247 0.290 n/a
H 1.653 0.297 83
K, 2.162 0.275 88

Tab. 3.3. A few of these properties have been re-evaluated a few times in the past. The
SOFI (website) includes a section about detector characteristics, where this evolution
can be seen. The readout noise for all four quadrants of the array changed effectively only
little between 2005 and 2012, showing a slight tendency towards lower Analog-Digital
Unit (ADU) values. A similar situation is given for the gain, that also roughly kept its
average value in the same time frame. The non-linearity of the detector even decreased
between 2005 and 2010, from < 1.5 % between 50 and 10000 ADU to < 0.5 % in the same
range of ADU. Only the total number of bad pixels increased by a noticeable amount
between 2003 and 2012. While this can be expected due to degradation of the detector,
the number is also based on the shape of the vignetted detector region. This vignetted
area changed since the earlier dates. Additionally, the evaluation of the number of bad
pixels is independent of previous assessments and a different choice of limiting accuracy
naturally leads to a different number of bad pixels. The total number of bad pixels for
2003 is given as 9666 and for 2012 as 14884, but the previous arguments need to be
considered for a meaningful comparison.

In order to avoid external and internal thermal influences, such as those mentioned
earlier, the detector is cooled by a cryo-mechanical system. For this purpose, it is
positioned in a vacuum tank, that is cooled to a temperature of around 77K ~ —196 °C
by using a closed-cycle cooler. This low temperature is reached using a circuit of liquid
nitrogen, that helps with the initial cooling down from higher temperatures.

There is a possibility for different readout modes of the detector, as each of its pixels
can be read out independently and columns are individually reset. In case of SOFI there
are two available readout modes:

1. Double Correlated Read:
Following the implication of its name, the voltage is read out two times. The first
readout is at the beginning of the integration, the second readout at the end of it.
An application scenario is given for a high background, i.e., when the background
is the most prominent source of noise, and accordingly short integration times are
connected with this readout mode. However, there is a minimum integration time
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Table 3.3: Properties of the detector array that is a key component of the SOFI instru-
ment. These detector properties are based on information of the manufacturer, Rockwell
Scientific, which has been acquired in 2006 by another company, Teledyne. Some values
depend on the context, as for the example the readout noise depends on the applied
readout mode. By now the stated numbers are in some cases only rough indications,
as these values changed due to degradation or other changes concerning the instruent.
Taken from the SOFT (website) (2023-03-26).

Array Format Hawaii HgCdTe 1024 x 1024
Pixel Size 18.5 um
Quantum Efficiency ~ 60 %
Gain ~5.4e”/ADU
Readout Noise ~ 2.1 ADU
Bad Pixels ~ 10000
Non-Linearity < 1.5 % over 0 to 10000 ADU
Dark Current < 0.le” /s

of 1.182s.

2. Non-Destructive Read:
The procedure of this readout mode follows the principle of Fowler sampling and
is only applicable to spectroscopic modes. Here, the voltage is sampled multiple
times after a reset, i.e., multiple times during each integration time. A linear fit
is made for each pixel using the sampled voltages as a function of time. The slope
of the linear fit represents the average photon rate for this pixel, and is then used
in combination with the total integration time to find a respective final voltage for
this integration. This causes heat from the reading at the array borders, which
means the number of samples has be kept under a certain threshold (here: 60),
on order to avoid the noise from this effect to dominate. An additional measure
to reduce the influence of noise is to sample the analogue signal multiple times for
each reading. This method creates a larger overhead per integration. Accordingly,
it is more advantageous for larger exposure times. The shortest integration time
can be calculated by the factor 1.64 times the number of samples per integration.

Overall, the NTT with SOFI cannot compete with bigger, modern telescopes and
more sophisticated instruments, that operate at the same wavelengths and offer similar
features. Some other instruments and telescopes have already been decommissioned,
even though these were younger than the NTT and/or SOFI. However, observation time
with a telescope and instrument of a higher or even similar class is incredibly valuable to
lots of astronomers and astrophysicists, and as long as both stay operational, the NTT
and SOFT will keep on acquiring important data.
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3.2 The Sample and Observations

This work treats a sub-sample of a larger, specific kind of object sample, the so-called
low-luminosity type-1 quasi-stellar object (LLQSO) sample. Based on knowledge from
previous sections, the name of the sample gives a rather clear picture of what it con-
stitutes. Starting at the end, the objects from this samples are considered to be QSOs.
Based on the previously presented unified model (see Sect. 2.2.3, Fig. 2.3), these objects
are thought to be radio-quiet AGNs that are viewed essentially face-on. Considering
the first part of the name of the LLQSO sample as well, i.e., QSOs of low luminosi-
ties, it makes sense to see this only as a rough classification. The fact that this sample
is expected to consist of type-1 objects underlines the assumed face-on view. How-
ever, radio-quiet type-1 objects do not necessarily need to be viewed strictly face-on, as
Fig. 2.3 shows that the Seyfert-1 classification could be valid as well. In the context of
low-luminosity QSOs this makes even more sense, as Seyferts show rather low luminosi-
ties in comparison to almost all other types of AGNs. Thus, it is not surprising that
a considerable amount of objects from the LLQSO sample is classified in literature as
Seyfert-1 objects.

All objects of the LLQSO sample are chosen from, and are thus a part of, the
Hamburg/ESO Survey (HES), or more accurately in this context its flux-limited sample
of 415 QSOs and Seyfert-1 galaxies (Wisotzki et al. 2000). The HES covers a large part
of the southern hemisphere, in total close to ~ 10000 deg?. Observations were done with
the ESO Schmidt telescope, which is also known as the ESO 1-metre Schmidt telescope,
hosted at the La Silla observatory, just like the NTT. Objective-prism photographs were
taken with the ESO Schmidt telescope and then subsequently digitized and analyzed.
The HES is a wide-field survey for bright QSOs, which here means that their optical
magnitudes are within an interval of 13 < By < 17.5 in the B passband. The redshifts
of these objects are limited to 0 < z < 3.2. AGNs that satisfy these criteria and that
show broad emission lines with FWHM > 1000kms™! are included in their sample
of QSOs. According to the authors, based on the flux and redshift limits, their QSO
sample is spectroscopically 99 % complete and well-defined, i. e., it includes all AGNs for
the given criteria. The inclusion of low-redshift QSOs is described as particular, since
many other surveys discriminate against extended sources.

The LLQSO sample is essentially based on a selection of Bertram et al. (2007). The
authors choose all objects from the previously mentioned HES sample after applying a
limiting redshift of z = 0.06. This choice of a redshift limit should principally ensure
that a certain feature can be found in NIR spectroscopic data — the CO band heads, or
more specifically the diagnostic CO(2—0) rotation vibrational band head absorption line.
However, the characteristic and especially the detectability of this band head absorption
line depends on each object and the observation, including aspects like S/N. In case a
detection of the line is possible in the K-band, the stellar population of the AGN host can
be analyzed. By applying the redshift range of 0 < z < 0.06 to the HES sample of QSOs
and Seyfert-1 galaxies, a total of 99 objects are considered part of the LLQSO sample.
Bertram et al. (2007) call the sample “nearby low-luminosity QSO sample”, while arguing
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that the objects are not necessarily classified as QSOs. They state that judging by a
traditional boundary between QSOs and Seyfert-1 galaxies from literature, which is
in their case an absolute magnitude of Mp ~ —22 (see also Sect. 2.2.2), their selected
sample consists of rather lowly luminous QSOs, showing absolute By magnitudes that are
larger than —22, i.e., less bright. The label of the sample slowly evolved, via a mention
of “low-luminosity type 1 quasi-stellar objects (QSOs)” (Konig et al. 2012), to “low-
luminosity type-1 QSO sample” (Busch et al. 2012), which was then finally abbreviated
as the LLQSO sample. This name stuck when a series of papers was published, in which
some of the objects of this sample are analyzed (Busch et al. 2014; Busch et al. 2015;
Tremou et al. 2015; Busch et al. 2016; Moser et al. 2016). The total number of 99 objects
in the LLQSO sample also made it convenient to introduce a two-digit identifier (ID)
for each object, which is often much shorter and more practical than the full name of a
source according to HES.

This work constitutes the continuation of the analysis of a certain aspect from the
paper series, the Mpna — Lpylge relation (see also Sect. 2.3). Including the last paper
of the series, Busch et al. (2016) analyze a total of 16 objects from the LLQSO sample
with respect to the My — Lyuge relation. Here, I expand this analysis by adding more
objects from the LLQSO sample.

Observations for data acquisition took place in 2019. Two different time frames
of observations are given, one in February and one in September. These observations
are tagged by a respective program identifier (PID). The PID of the observations in
February is 0102.B-0114 (A) . While the total time frame of observations for this program
is from February 14 to 24, there is a gap of one day at February 20, i.e., two nights,
which means the time frames with observations each night are February 14 to 19 and
February 21 to 24. This corresponds to a total of 8 nights of observations. For the
observations in September the PID is 0103.B-0055(A). Overall this program took even
longer, from September 7 to 24, but the time frames with observations during each night
are different, namely September 7 to 11, September 12 to 13, and September 21 to 24. In
total this corresponds again to 8 nights of observations. However, during the nights from
September 8 to 9 and from September 22 to 23 the telescope stayed closed, such that only
calibration files were taken and no observations of science objects took place, reducing the
effective number of observation nights down to 6. Weather conditions also did not allow
for all planned observations, such that for example some objects might only have imaging
files and no corresponding spectroscopic files. In other cases the observation block (OB),
i.e., data acquisition of multiple files that belong together, could not be finished and
the respective data sets for some objects are incomplete. Whether an incomplete data
set can still be processed in some way, to be able to make meaningful measurements,
depends on each situation and has to be decided individually. More information on this
can be found in the respective sections about the reduction procedures for imaging and
spectroscopy files.

All raw files are accessible in the ESO archive(”) for raw data(®. Arguably the easiest

(Dhttps://archive.eso.org/
<8)https ://archive.eso.org/eso/eso_archive main.html
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method to find all relevant files is to use each PID in the respective search fields, i.e.,
0102.B-0114(A) for the February observations and 0103.B-0055(A) for the September
observations.

Here, both applied modes of SOFI, i. e., spectroscopy and imaging acquisitions, have
the same pixel scale of 0.288” /px. For imaging the Large Field Objective is used,
resulting in a FOV of 4.92 x 4.92’. Each object observed in imaging mode is supposed
to be covered using the J-band, H-band, and the Kg-band filter (see Tab. 3.2). For
spectroscopy the slit mask, which corresponds to a width of 1”, is applied. Its slit
length is fixed as 4.92’. In combination with the red grism GRF, the resolving power is
given as about 600, and the dispersion is 10.22 A/px (see also Sect. 3.1.2 and Tab. 3.1).
The xenon lamp alone is sufficient for acquisition of spectroscopic calibration files.

3.3 Reduction Procedures

The following two sections are descriptions of the reduction procedures for spectroscopic
data as well as imaging data. The intended way of reduction is to use software provided
by ESO, so-called recipes, which effectively make up a pipeline for data reduction.

In case of the spectroscopic data set, the respective recipe does not work properly —
a situation that was already encountered and needed to be overcome when other data
from the same telescope and instrument had to be reduced for the paper series about
the LLQSO sample (see Sect. 3.2). Accordingly, a script was created in order to reduce
the data semi-manually and extract spectra from the reduction output. This turned out
to be a boon and a bane, as can be seen in Sect. 3.3.1. In contrast to this, the ESO
pipeline does work for the imaging data and the description of this reduction procedure
is accordingly shorter.

As is often the case for astronomical data, files are given in the Flexible Image
Transport System (FITS) format. This format can store many different other data
formats, especially tables and multidimensional image arrays, e. g., even data cubes from
integral field spectrographs. Each file consists of at least one Header/Data Unit (HDU),
the Primary HDU, which might contain any of the mentioned data formats. An arbitrary
amount of HDUs can be appended to each file in form of extensions that follow the format
of the Primary HDU. While the name of an HDU implies the existence of both units,
only a Header Unit is necessary for each HDU, whereas the additional Data Unit is
optional. The Header Unit contains keywords with respective values and potentially
also comments. It is analogous, or at least very similar, to Exif (Exchangeable image
file format), and stores metadata. In essence, the Data Unit is self-explanatory, as
it can store any of the permitted data formats. The FITS files, which are important
for this work, can all be displayed as 2-dimensional arrays, i.e., similar to classical
photos. For imaging this comparison is not far off, while for spectroscopy it is a bit
more complicated. The following sections provide some exemplary visualizations and
according explanations.
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3.3.1 Long-Slit Spectroscopy

The following describes a reduction script that is a major part of my master thesis.
As previously described, the pipeline provided by ESO does not work for the data sets
that this work is based on. In particular, the recipe that reduces raw spectroscopy
files does not work, while the reduction of calibration files is possible. This is also
the case for earlier work on the LLQSO sample using SOFI data, which is why it was
possible to recover an incomplete version of a substitute reduction script. Accordingly,
the script was modified multiple times. It was essentially rebuilt for the spectroscopy
data from February 2019 within the scope of my master thesis. This work includes a
smaller modification in order to make the script applicable to the spectroscopy data from
September 2019 as well. As a result, the following description of the reduction procedure
is similar to the respective description in my master thesis.

The reduction script is written in the high-level programming language PyTHON®),
and it makes frequent use of IRAF(19) via the PYTHON package PYRAF(D_ In order to
display FITS files I mainly use SAOIMAGEDS9 (Joye and Mandel 2003), often referred
to as DS9 for short, a software written at the Smithsonian Astrophysical Observatory.
As DS9 is easily connected to IRAF, occasionally both are used together to work on
files.

In this case, an important aspect of the data acquisition of long-slit spectroscopy files
is that a nodding pattern is used. An object is observed multiple times during one OB,
where the position of the object can be changed for example between different integration
times. One integration time can be treated as one raw image, as these images here are
created by a single integration. A possible nodding pattern, which is encountered here,
is to change the orientation of the telescope only after n integration times at the same
position. Then, the telescope is moved, i.e., nodded, between different positions along
the slit, while keeping the object within the slit coverage. The positions of the object are
typically denoted as A and B, and the combination of observations at both positions is
called a cycle. In other words, one cycle might consist of observations with the telescope
nodded from A to B (AB), or the other way around, first B and then A (BA). For n = 3
images at each position A and B, the respective cycle would be

A A, A3 B1 By Bs.

In turn, a full OB consists of multiple cycles. The previous nodding position is kept before
switching again, as this avoids an unnecessary overhead of readjusting the telescope,
i.e., a pattern of AB BA AB BA ..., with an essentially arbitrary amount of cycles. An

@ Python Software Foundation, https://www.python.org/

(19Tmage Reduction and Analysis Facility (IRAF) was initially developed by the National Optical As-
tronomy Observatory (NOAO) and constitutes a software system for reducing and analyzing astronomical
data. Maintenance by NOAO ended in 2013. By now it is maintained as community software on the
hosting service GitHub, https://iraf-community.github.io/.

(UPYRAF is a command language developed at the Space Telescope Science Institute (STScI), until
development and support stopped in 2019. The language is now maintained within the framework of
the IRAF community, https://iraf-community.github.io/pyraf.html.
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example observation pattern for a full OB of 40 images consists of n = 4 images at each
position, which corresponds to cycles of 8 images, and 5 cycles in total in this exemplary
OB.

The reason for using a nodding technique is of practical nature. Sensitive observa-
tions, especially those with a scientific aim such as finding accurate flux densities, suffer
from external and potentially even internal influences. A description of some environ-
mental influences, as well as sources of noise from the devices themselves, can be found
in Sect. 3.1.1 and Sect. 3.1.2. The contribution of radiation from the sky is usually not
only non-negligible, but can in fact be easily dominating. Removing sky contribution is
an accordingly essential step during data reduction. One possibility to do this is using
sky images, i.e., observations of supposedly empty fields in the sky that do not contain
any sources. The respective sky contribution can then be accounted for in the images
that contain the scientifically interesting target(s), i.e., “science objects”. By using the
nodding pattern it is possible to circumvent the overhead of acquiring sky images. The
FOV that contains a science object usually encompasses large, empty areas. When a
nodding pattern is applied, these empty areas are purposely used to serve as substitutes
for the sky images. Moving the science object around within the FOV results in different
sky areas, potentially in all available directions from the science object. With enough
different images, the sky areas can even contain other, nearby sources, as well as bad
pixels and other image artifacts, as any impact from these is removed when applying an
average. An example for the view of an observer on two of the galaxies covered in this
work and potential respective slit positions can be found in Fig. 3.2.

To maximize the impact of a nodding pattern between different positions, such as
A and B from before, these positions are not fixed, but allow for a small random offset.
It makes sense, and is very close to the actual reality for these observations, to imagine
the science object being at position A as the object actually being at an arbitrary, fixed
place in one half of the image, while position B corresponds to another arbitrary, fixed
place in the other half of the image. Consequently, one cycle corresponds to two offsets,
one for position A and one for position B, respectively. After acquisition of a full cycle
that contains 2n images, i.e., n images at each position with their fixed offsets, the
next cycle reuses the offset from the last n images that share the same position, but
changes the offset when switching to the other position. An example might make this
more clear. The following exemplary pattern Pfy of; for different positions P is given for
n = 3 images , two cycles (N = 2), and includes offsets marked via indices “off” with a
trailing number ¢ that indicates different offsets:

1 1 1 1 1 1 2 2 2 2 2 2
AI, offl AQ, offl A3, offl Bl, off2 BQ, off2 B3,offZ Bl, off2 B2, off2 BB7 off2 AI, off3 A2, off3 A3,off3‘

The introduced exponent indicates the current cycle to help differentiating between
images from different cycles, although these are taken at the same position. In principle
the first two offsets “offl” and “off2” can be omitted, such that the positions A; 1
and B; o2 (i € [1,n]) are treated as the points of reference for the positions A and B,
respectively. In that case only subsequent cycles show actual offsets from these reference
points. An example for this nodding pattern as it is actually applied can be found in
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I
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4' = 240"
Figure 3.2: 2-dimensional images of two objects, which show the positioning of the slit
for long-slit spectroscopy. The slit is indicated by the red line, which is for scale, i.e.,
the length corresponds to 290" and its width is ~ 1”. Both images show the actual
angle of the slit for which these objects have been observed. The slit position on the left
shows two reasons for choosing a certain angle of the slit. First, other nearby, extraneous
sources are avoided. Second, the slit roughly follows the shape of the galaxy. On the
right, the slit is chosen at an angle that purposely includes another nearby source, which
is located close, south-southeast to the main target. In order to create the nodding
observation pattern, the slit is moved along its long axis. The compass in the lower right
and the ruler on the left are valid for both images. More information on these objects

can be found in Sect. 4.1. For completeness, their names are still given here: object 64
(HE1108-2813) is on the left, and object 67 (HE1143-1810) is on the right.
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Fig. 3.3, which is simultaneously a general example for a 2-dimensional visualization of
slit-spectroscopy files, i. e., slit-spectroscopy images.

Previously, indications for problems during observations are described. If problems
arise while observing, i. e., during an OB, and the current cycle is subsequently aborted,
the intended number of images in an OB might not be reached. As a result, cycles
might be fully or partially missing at the end of an OB, potentially also giving rise to
an incomplete number of images m at the respective position A or B, where m < n. In
some cases such problems arose during an observation, which was aborted and then as
soon as possible continued, giving rise to incomplete cycles and/or an irregular number
of images m # n at position A or B during an OB. Such a case might even cause
m > n, i.e., more images at one position than originally planned. Additionally, the
offsets might become irregular, especially in such a case as resuming the observations
after an interruption, but also simply because the telescope stops moving at one position
instead of following the designated pattern. All raw files were manually examined and
the observation pattern accordingly noted, such that as many files as possible can be
used in the reduction process, independently of regular or irregular patterns.

Based on this knowledge it is possible to find different approaches at reduction proce-
dures — those that work for complete, regular OBs and those that work around incomplete
and/or irregular OBs. An according description can be found at the respective step in
the reduction process. The different steps are described in the following.

Step 1 — Rectification: Science & Calibration Images

Although it is not immediately evident from a quick look at the 2-dimensional visual-
ization of slit-spectroscopy images (see Fig. 3.3), these images suffer from a distortion,
similar to a photograph taken with a fisheye lens. A schematic visualization can be
found in Fig. A.1, which shows the problem in an exaggerated manner. The first step is
mainly addressing this problem.

Each first image at position A and B is used for the rectification of all images from
the same OB. As an example, if the number of images at one position is n = 5,
then the first image and the sixth image is used, as these two images correspond to
the positions A and B, respectively. These two images are combined two times. For one
combined image, pixels below and above certain thresholds are rejected while calculating
a weighted average image using the IRAF task imcombine. The other combined image
is found by the same task, i.e., a weighted average of both images, but without rejecting
any values. After this, the combined image with rejected pixels is subtracted from the
combined image without rejecting any pixels, resulting in a new image that effectively
shows both positions, A and B, of the object. This image can be used to trace these
positions, i.e., find their position as well as the curvature, that is expected to exist in
the image. The user is expected to help with finding the initial, rough positions of the
object by marking these interactively in a diagram. These positions are effectively two
values on the x-axis, as the y-axis corresponds to the dispersion axis, and the rectification
should follow the y-axis. Based on the initial guesses of the user, another IRAF task
automatically re-identifies the object at both positions along the dispersion axis and
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» spatial axis

Figure 3.3: Examples for visualizations of raw slit-spectroscopy files via a heat color
map. The axes indicator in the lower left is valid for all four images, i.e., the classical
x-axis corresponds to the spatial axis, while the y-axis shows the dispersion. Each
image spans a total of almost 295" along its spatial axis, while the wavelengths range
from 1.53 to 2.52 um. Longer wavelengths are at the lower parts of the images, which
can be recognized by the increasingly strong contribution of thermal effects. As these
images show raw observation files, there are many image artifacts and other unwanted
influences. The bright vertical line in each image is the target galaxy, which is here
object 29 (HE0253-1641). When viewing the images in a clockwise rotation, starting
from the top left, as indicated by the letters and arrows in the middle, the nodding
pattern for different offsets can be seen. In reference to the variables from the text, for
this object there are n = 3 images created at each of the four positions. The top row
corresponds to the first cycle, where the left shows position Ayg1, and the right position
Bofie. The bottom row shows the second cycle, that starts on the right where the second
position, Bogo, is kept for the first half of this cycle, i.e., the next three images. The
other half of the second cycle is again at position A, but for a different offset, Aygs.
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notes respective z-values, i.e., the spatial center of the object for each wavelength. An
according diagram displays the found z-coordinates along the dispersion axis and the
task lets the user assess and, if deemed necessary, tweak or accept the results. These
coordinates are the basis for correcting any possible distortion. In form of a coordinate
map, they can be applied to and thus transform all images from the OB, which is called
rectification here.

Before actually applying the coordinate map and transforming all images, another
correction needs to be done, the flat field correction. Even when illuminating the detector
with perfectly homogeneous light, the result deviates from a respectively homogeneous
image. This can be simply due to different sensitivities for each pixel, but also from
other influences during image acquisition. In case of SOFI, a halogen lamp is used to
create a flat field (see Sect. 3.1.2). The raw flat field images directly created by SOFI
are not the same as the flat field that should be applied to raw files. Here, a pattern for
flat fielding is used, where four images are needed to create one final flat field. In two of
those images the halogen lamp is switched on, in two of those images it is switched off.
While this is in general a good practice, it might even be necessary, in order to account
for thermal signals that are especially relevant for wavelengths above 2.3 um. Then
the flat field image accounts for this thermal component and can correct raw images
accordingly. However, atmospheric features play only an insignificant role here, as the
lamp is relatively close to the detector, and respective corrections for these effects should
be found another way.

A part of the full ESO pipeline for reducing raw spectroscopy files from SOFI is a
recipe that extracts a ‘master’ flat field from the aforementioned raw flat field images.
This part of the pipeline works as expected, and thus creates according, normalized
master flat fields. Coming back to the previous topic, all raw images are divided by the
master flat field before the transformation based on the coordinate map takes place. This
rectification is also applied to the arc file, i. e., a file taken with a lamp of known emission
lines that helps calibrating the wavelengths (see Sect. 3.1.2). Here, this is a xenon lamp
that shows distinct emission lines at wavelengths of 1.54226 wm, 1.60577 pm, 1.67327 pm,
1.73305 pm, 1.87932 um, 2.02678 um, 2.14759 um, 2.31996 um, and 2.48315 um. An in-
tensity diagram in SOFI User’s Manual, p. 63 displays the according spectrum, which
can be used in combination with the created arc file to detect the positions of multiple
emission lines. Using the same principle as before, the user provides an initial guess for
these positions and an automated re-identification is executed. Again, the result can
be evaluated and potentially adjusted by the user. After performing the respective fit,
certain pixels are connected to respective wavelengths. From this, any wavelength can be
identified along the dispersion axis, provided it is within the given range of wavelengths.
The accuracy of wavelength detection is also limited by the spectral resolution of the
instrument, which is 10.22 A /px for the red grism used here. This correction might also
be considered as a rectification.

The final part of this step is to subtract images within one cycle from each other,
where one image has the object at position A and the other at position B. This makes
use of the previously described advantages of the nodding technique, i.e., removing
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sky contribution and other image artifacts. Here, the irregularity of some observations
becomes relevant. Based on the previously introduced notation for an image at each
position in a cycle, PnN ofi» it makes sense to show the scheme of an arbitrary cycle N.
The offsets can be omitted as these are not relevant within a single cycle. Then the cycle
looks like this,

ANAY ANBNBY .. .BY,

where in case of an uninterrupted, regular cycle m = n. Whether the order of positions is
AB or BA does not matter and is interchangeable, effectively just depending on whether
N is even or odd. Based in this information, the script is built to allow for two options:

1. For this option, each image k at position A,iv has a partner image [ = k + n at
B{V and vice versa. These two images are subtracted from each other, such that
all 2n images from a cycle have a new image, where the object is still at the
same position as in the original image, but also a “negative” object from the other
position is apparent in this subtraction image. This option is only available in case
of complete and regular cycles, as only then each image has one specific partner
image that it does not share with any other image. For the previous schematic
this can be seen here,

\ 2NN /
ANAYN ANBYBY BN,
L S—
L S—

where m = n as the cycle is regular.

2. This option connects all images at either position A or position B with a single
image from the respectively other position, in order to execute the same subtraction
as in the former option. Expressed via the previous notation, this means that all
images k € [1,n] at position Afcv share their partner image, which is image 1 from
the second position, BY. Accordingly, all images [ € [1,m] at position BZN share
the image at position A as their partner image. The two images AY and By are
chosen, as these are chronologically closest to the images of the same cycle that
are at the respectively other position. Again, for the given schematic this can be
seen here,

ANAY ANBYBY ... BY,

where it is possible that n # m. The large, empty arrowhead indicates, which
image is used as a partner for the images at the other position. As the number of
images at positions A and B does not need to be the same, this option can also be
applied to irregular cycles.

The advantage of option 1 is that one single image does not influence multiple other
images, and thus its overall impact is smaller. In case the observations did not experience
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any problems and all images follow the expectation, this does not matter much. However,
it does happen that a single image may randomly show much stronger artifacts than other
images. In that case option 1 helps to mitigate the influence. The largest drawback of
this option is that it relies on regular cycles, which are not always given. Option 2 on
the other hand does work on irregular cycles as well, potentially even cases where there
is an arbitrary number of n images at position A, but only a single image at position
B. The potential disadvantage of this has just been described, as if that single image at
position B has bad quality, it affects all n images at position A.

Here, it turns out that the influence of relying on a single image per position in a
cycle does have only a negligible impact. Option 1 is a good measure against unwanted
side effects, but option 2 is necessary to use in cases of irregular cycles during an OB.
Overall, the given data sets allow for option 2 in all cases. At this point, for all images
there is a respective subtraction image, in which the sky-subtracted object is at an
unchanged position and a “ghost” is found at the position of the partner image.

Step 2 — Rectification: Standard Star Images

Accurate measurements of quantities like for example flux or flux density are very chal-
lenging. This procedure is much easier and thus, more applicable to many situations,
when a reference object can be used to gauge these measurements. Another very impor-
tant point for IR spectroscopy, or here more accurately NIR spectroscopy, is the impact
of the atmosphere of Earth, which can change significantly even on timescales of minutes.
Although far from perfect, there is a solution which enables both, gauging measurements
via a reference object and reducing atmospheric effects in the final spectroscopic image.
Standard stars come into play for this, sometimes also called telluric standard stars, as
they are used for the correction of telluric contamination.

Due to the fast changes, observations of a standard star are expected to take place
right before and right after observing the scientific target. In order to describe the
atmosphere as accurately as possible, standard stars are chosen to be close to the actual
target. This results in a similar airmass with similar atmospheric conditions as for the
target observations. However, these standard star observations can be much shorter
than those of the science object and still be sufficient for corrections. In the scope of the
observations for this work, there is one cycle before and one after the science observations
per standard star. Additionally, each cycle consists in total of two images, i.e., only one
image at position A and one at position B. In short, for each OB of a scientific target
there are two OBs of the standard star, each consisting of one cycle of A; By only. Then
the same rectification procedure as described in step 1 is also applied to the standard
star images, i. e., all science images are in principle replaced by the standard star images.

Step 3 — Combination: Standard Star Spectra

This step is based on the spectra of the standard stars, which means that these have
to be extracted from the files first. In order to extract a spectrum it is necessary to
choose a spatial segment around the object of interest and find the object in there. The
choice for the size of this segment is tricky. In a best case scenario, the point spread
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function (PSF) is known and can be used for that. The PSF is a function that describes
how an astronomical point source looks like when being observed with a telescope. It
consists mainly of two components. The first component is diffraction, a quantity that
is physically inherent for any finite aperture and gives rise to an Airy disk pattern, a
concentric pattern of minima and maxima, of which the latter decrease in intensity for
larger distances from the center. The second component is aberration, a previously
introduced concept of errors in geometrical optics. In a model best case, for example
of perfect weather and ideal optics conditions, these types of errors would not exist.
Meanwhile, in reality, they do exist, but to a very different extent that depends on the
given parameters. Some telescopes use systems that effectively allow them to work at
the diffraction limit, given the environment does not interfere too much.

Although it is related to atmospheric effects as well, astronomical seeing is not to
be confused with the PSF. Seeing is the effect caused by the atmosphere that perturbs
signals from the outside, which affects all Earth-based detectors, especially including
telescopes. A perfectly planar wave that passes the atmosphere is subject to perturba-
tions, such that an observer does not register a planar wave anymore. The underlying
conditions in the atmosphere typically change on timescales shorter than a second. Al-
beit not the case for the NTT, some telescopes are equipped with adaptive optics to
counter this effect (see Sect. 3.1.2). A measurement of the seeing via a differential image
motion monitor (DIMM) is a typical standard for astronomical observations, as is also
the case for the data here. In this particular case, the header of each FITS file contains
two keywords that describe the measured seeing in arcseconds, once at the start and
once at the end of creating the respective file, i.e., image. It appears that in some cases
the DIMM might not have worked or other problems were involved, as values are given
as ‘—1.0°, which is not a sensible number in the context of seeing. These values are
avoided in further steps of reduction and analysis.

This step starts with finding the mean seeing from all seeing measurements for all
files involved here, i.e., the standard star images before and after the science target
observations. Although not a perfect substitute for the PSF, this measure is used to
estimate the spatial scale, i.e., the aperture, for the extraction of a spectrum. This
choice is supported by a circumstance that becomes more apparent later on, but for
completeness is described here. Most seeing measurements are above 1” with some even
above 2", while the smallest single seeing measurement is > 0.5”. As the NTT does
not have an adaptive optics system, the size of the PSF is impacted by atmospheric
conditions, which are in turn estimated by the seeing measurement. After converting
the seeing measurement via the pixel scale given here, i.e., 0.288"” /px, and applying a
ceiling function for a sensible amount of pixels, even the smallest seeing values result in
aperture widths larger than most FWHM measurements from each PSF in imaging data
of the same observations. Put differently, the seeing-based aperture size as it is chosen
here is expected to be larger than a PSF measurement. For the extraction of standard
star spectra the impact of the sky-subtracted background surrounding the source is low.
In case of extended sources, such as the host galaxies of the AGNs that are the actual
scientific targets here, a respective justification can be found in the description of the
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next step (see step 4).

The procedure described here is applied to the two images of the standard star
from before and after the scientific target observations. In both subtraction images the
expected spatial position, i.e., the z-value, of the standard star is found via an offset
value from a respective FITS header keyword. This value follows yet again the principle,
that it only constitutes a first estimate of the position. It is used in combination with
the fit of a Gaussian profile to find a more accurate position estimate. The Gaussian
profile G is fitted based on four parameters, a, b, ¢, and d, as the intensity along the
spatial axis, i.e., the x-axis,

Gupeal(t) = —m— - exp <—W> +d, (3.3)

2mc? 2¢2

where the parameter b corresponds to the position of the profile maximum. The intensity
values, i. e., the y-values, that are necessary for such a fit are found via taking the median
value along the dispersion axis for each pixel along the spatial axis. Based on the fitted
position of the standard star it is possible to shift its position to the center of the spatial
axis. As the shift from the fitting result to the new position might not be an integer
value, an interpolation algorithm takes care of finding respective new values per pixel.
While this cuts off a part of the image and adds an artificial area, these parts do not
influence any following procedures, provided the object is not very close to one end of
the spatial axis before being shifted to the center. This is done for both subtraction
images.

From these two new images, in which the standard star is centered, spectra are
extracted. The aperture size that defines the spatial extent used for the extraction is
based on the seeing, as described previously. The seeing is converted from arcseconds to
pixels, multiplied by a factor for manual control of the aperture size, and finally applied
to a ceiling function, i.e., rounded up to the closest larger integer. Correlating spectral
features with each other can be sensitive with respect to even small misalignments.
Thus, the user is shown both spectra that are extracted from the two images in a single
diagram, where the dispersion axis, i.e., the previous y-axis, is now the new x-axis. It
is then possible to spot a slight misalignment of spectral features and correct for this by
providing shifts, possibly again on sub-pixel scales, until both spectra appear aligned.
Although it is not necessary yet, as the source object is the same in both spectra, the
spectra are normalized for this step. The cumulative shift found by the user is applied
to the respective spectrum, that is not normalized, and both spectra are added here.
This step is important to note, as it combines the integration times of both images. A
conversion of pixels as the spectral z-values to wavelengths is done via the specifics given
for the SOFI instrument. These values are also found in the header of the FITS files.

As a reminder, this procedure is applied to each set of two standard star images from
before and after the scientific target observations. Hence, there are two spectra, each
created by combining two prior spectra. The last part of this step is the combination
of these two spectra. Again, they are normalized, shifted as necessary, and added onto
each other. This resulting standard star spectrum combines four initial spectra, each
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corresponding to an integration time of 10s. The combined spectrum can be treated
accordingly as conforming to an integration time of 40s.

Step 4 — Extraction: Science Object Spectra
This step is similar to step 3. The goal here is to extract a spectrum for the scientific
target, i.e., the AGN, and potentially some more information from off-center spectra.

As a first step, a seeing value is chosen which defines the aperture size for the ex-
traction of spectra. In order to be consistent with respect to calibrations based on the
standard star, the same seeing is chosen as previously, i.e., the average seeing that is
measured for all standard star acquisitions before and after the target observations. As
before, the subtracted images are taken and the position of the object in each image is
fitted, based on respective offset values from the headers of the FITS files as an initial
guess. Similar to the previous procedure for each spatial pixel, i. e., along the z-axis, the
median of the values along the dispersion axis is taken, creating a substitute intensity
profile in which the object can be found. Again using Eq. 3.3, a more accurate position
of the object is found by the Gaussian fit. This position is being fed into an interpolation
algorithm to shift the object from the subtraction images to the center. Accordingly,
each raw file has not only a corresponding subtraction image, but also a shifted image
in which the target is centered. A difference between this step and the previous step
is that there is no extraction of a spectrum for each of those shifted images, but the
shifted images are all combined. The combination is done by taking the median, which
overall improves the S/N of the output image, based on the number of images that are
combined. Effectively, all raw files from the respective OB are merged to create a single
image, from which spectra can be extracted.

For the extraction of a spectrum the unit of the dispersion axis is again converted
from pixels to wavelengths. The choice of aperture is partially different than for the
standard star. A spectrum that is calibrated can only be extracted when using the same
aperture as for the standard star. As the standard star is expected to be an unresolved
point source, just as the AGN at the center of the galaxy, the aperture size is also the
very same. The seeing is converted from arcseconds to pixels, multiplied by the same
factor as before, and applied to a ceiling function. Previously, it was discussed why
an aperture that is expected to be slightly larger than the PSF should still work for
extracting the standard star spectrum. Here, the situation is different, as the AGN
is not surrounded by a sky-subtracted background, but its host galaxy. Still, the same
aperture size can be assumed to work here as well, because the contribution from light of
the host galaxy is expected to be low enough that it is negligible, even when considering
an analysis of contaminated emission line fluxes (Kim et al. 2010). As the host galaxy
should be spatially extended, it is possible to extract more spectra. In this case an
off-center spectrum might be of interest, as it represents a spectrum of the host galaxy
of the AGN. The script places two apertures at a manually defined distance to the
left and right of the AGN position, and extracts spectra from both apertures. These
off-center spectra are averaged and result in an according mean off-center spectrum. It
is important to note that the choice of aperture size can be different than the aperture



3.3. REDUCTION PROCEDURES 57

for the standard star and AGN. While this prevents a meaningful calibration of the flux
density levels, the spectrum can in principle still show the course of flux density levels
in arbitrary units. An according spectrum thus allows for the identification of emission
and absorption lines, at least if the wavelengths are corrected for a respective redshift
of each object.

Step 5 — Spectra Alignment: Standard Star & Target

This step is essentially a part of the procedure found in step 2. Previously, the extracted
spectra from the different standard star images have been aligned. The same procedure
is applied here, but for the combined standard star spectrum and the scientific target
spectrum of the AGN. To allow for meaningful redshift corrections of the AGN spectra
later on, these are fixed and treated as the basis. A comparison of the spectra is only
possible if these are on similar levels. Thus, both are normalized and displayed to the
user. By showing visual feedback within a looped process, the user shifts both spectra
possibly even on sub-pixel scales, until spectral features are aligned. As these are two
different types of objects, not all features are comparable, and according parts of the
spectra have to be found, where this is possible. The cumulative shift is then applied
via interpolation to the actual, i.e., non-normalized, spectrum of the standard star.

Step 6 — Spectra Alignment: Standard Star & Sun

In this step another spectrum is introduced, that of the Sun. The Sun spectrum, or
solar spectrum, is important for the following step, where a more detailed explanation
of the reasoning can be found. For this step here it suffices to say that the necessary
Sun spectrum, that is converted to match the required resolution of these spectra, is
only available for the H-band and K-band. The wavelengths covered by the available
spectra are ~ 1.497 — 1.799 um and ~ 1.942 — 2.468 um, leaving a gap between the two
bands. A BB curve is approximated and scaled, such that it can be used as a substitute
for the Sun spectrum within this gap. The approximation is based on a typical surface
temperature of a type G2V star, i.e., the spectral classification of the Sun, which is
around 5770 K.

With the solar spectrum and the standard star spectrum from the previous step
being available, these two spectra are aligned here, following the same procedure as in
step 5. Involved procedures include displaying the normalized spectra, ask the user for
shift estimates in form of a feedback loop, and then shifting the Sun spectrum to match
the standard star spectrum.

Step 7 — Calibration

Finally, the spectra from all previous steps can be offset against each other. The pro-
cedure for standard star corrections follows the method described by Maiolino et al.
(1996). The authors argue that a simple division of the spectrum of an object by the
spectrum of a standard star is insufficient, and they show an alternative procedure based
not only on a standard star, but also the Sun. In order to be able to apply this procedure,
the standard stars need to be comparable to the Sun. According to the authors their
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suggested procedure works for early GV or late FV stars, as the characteristics of stars
with these spectral classifications are close enough to G2V stars. The observations that
this work is based on follow the instructions from the publication, e.g., observing the
standard star before and after the target observations, and using standard stars of the
mentioned spectral classifications. Here, these classifications range from F5V to G5V
for the observations in February and from G1V to G3V for the September observations.
However, Maiolino et al. (1996) also mention limitations based on “blind” sections in
the solar spectrum, i.e., parts of the spectrum where atmospheric effects are too strong
to be considered properly. This matches the reality found in step 6. Another influence
of the low transmission within the gap between transmission bands can be seen in the
extracted spectra, as the noise at respective wavelengths is often dominating the spec-
trum. This band gap noise cannot be considered completely and its amount and scale
depends on the specific conditions during the observations as well as the relative S/N
per source. The suggested procedure corrects for the influence of a BB curve within the
calibrated spectrum and those lines, that are introduced by the standard star spectrum.
The respective equation is shown later in the description of this step.

The spectra as they are present from the previous steps have calibrated wavelengths,
which can be accounted for accordingly. Nevertheless, the intensity values are effectively
still counts of the detector, except for the solar spectrum, which is scaled to the standard
star spectrum. In order to convert the target spectrum to show a more physical quantity,
such as a flux density, a calibration is necessary. The other spectra are effectively tools
to gauge the target spectrum.

A general calibration principle in astronomy is based on the relation between the
absolute magnitude M and the luminosity L of a source of radiation. For a target
object the equation that connects its absolute magnitude M,p,; and its luminosity Lop;
to the reference values of a known object, Myor and Lyef, is given as

Lop;

Mopj = Myt — 2.51l0g ( L" J) : (3.4)
ref

However, these quantities are usually not directly available from observations, such that

substitutes have to be used instead. Usually these are the apparent magnitude m and

the flux F', or often the flux density f. In that case the equation is

Mobj = Miref — 2.5 10g10 <L§Obj> (35)
ref
g fobj = fref : 1070.4(m0bj7mr6f)- (36)

In order to apply such an equation here, it is necessary to know the respective values
for a reference object and either the target flux density or its apparent magnitude. A
typical reference source is the star Vega, as it already has been extensively analyzed and
is even used to define the zero point for the apparent magnitude in some photometric
systems. Considering that the Two Micron All-Sky Survey (2MASS) is a typical source
for literature values of sources in the NIR, which is also the case for this work, it makes
sense to base the Vega reference values on the according 2MASS photometric system.
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Vega is also used to define the 2MASS zero magnitude (Cohen et al. 1992, 2003). An
online tool(!?) for a conversion between magnitudes and flux densities in different pho-
tometric systems provides for the 2MASS zero point magnitude in the Kg-band a flux
density of ~ 4.29 - 107 W / (m?um). It is important to note that this value is valid
for the K -band and a calibration factor needs to be applied accordingly at the central
wavelength of this band, which is at 2.159 um. The apparent magnitudes of the standard
stars in this work are known from the 2MASS catalogue. Their flux densities can be
found from applying Eq. 3.6, using myet = 0 and fref = 4.29 - 10710W / (m2 pum) in com-
bination with each respective literature magnitude mgp;. As a result, the corresponding
flux density of the telluric standard star ficnuic at the center of the Kg-band can be
considered as known at this point.

The solar spectrum might affect the flux density levels when being involved in the
calibration, such that a respective scaling needs to be taken care of. For this, the median
of ten values around the K -band center at 2.159 um of the Sun spectrum is found and
stored in a variable cgy,. Division of the solar spectrum by this factor results in a scaled
spectrum, that does not change the values at the calibration point of the K -band, as
can be seen in the final equation below.

Finally, the spectra need to be weighted according to each detector integration time
(DIT). The total DIT that corresponds to the standard star spectrum is given before as
40s. For almost all AGNs that are part of these observations, the DIT is 150s for each
raw image. As neither the images nor their spectra are added, but combined differently,
the DIT of the final image and spectrum from this image corresponds to 150s as well.
Objects with different DITs have to be scaled accordingly.

A combination of all information and spectra from above yields the following equation

Spec—ctarget DITtelluric SPeC-Cgun 7
DIT . . ftelluric T T (3 )
target SPEC-Ceelluric CSun

Spec‘ftarget =

where spectra given in counts are indicated by ‘spec-c¢’ with the subscript denoting
the respective object, DIT are the respective integration times in seconds, fielluric 1S
the flux density of the standard star at the wavelength of the calibration point given in
W / (m? um), cgyy is the number of counts in the solar spectrum at the calibration point,
and ‘spec- frarget” denotes the resulting flux density spectrum in W/ (m? pm). In order
to offset the spectra against each other, their wavelength ranges are adjusted to match
each other. As described earlier, applying this equation is not sufficient to calibrate the
off-center spectrum of the target AGN, as long as its aperture size does not correspond
to that of the standard star. However, this is the case for the AGN spectrum itself, such
that this spectrum is finally calibrated.

(12) “Magnitude/Flux Density Converter”, provided by NASA/IPAC-Caltech (National Aeronautics
and Space Administration (NASA); Infrared Processing and Analysis Center (IPAC)) within the
scope of the Infrared Science Archive (IRSA), https://irsa.ipac.caltech.edu/data/SPITZER/docs/
dataanalysistools/tools/pet/magtojy/index.html
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3.3.2 Imaging

The Data Unit of imaging FITS files is closer related to photography as it is known
from everyday life. Probably the strongest similarity is that both axes, the z- and y-
axis, are spatial axes. However, where most cameras create images that imitate human
vision by using detectors that gather signals from the whole optical regime — and in
some cases even a bit more of the electromagnetic spectrum, as described in Sect. 3.1.1
— astronomical imaging is often purposely constrained to a narrow band of wavelengths.
Here, the according band of interest, which is used for the imaging data of this work,
is the Ks-band. In case of the SOFI instrument the respective band filter is centered
at a wavelength of 2.162 um, and has a width of 0.275 um (see also Tab. 3.2). When
looking at a visualization of such an image, the according information that is conveyed
equals the registered amount of radiation from within the range of that band filter. A
possible way to visualize this, is to denote the strongest signals using white and the lowest
with black, whereas signals in between are respective shades of gray. Humans usually
have a better perception even for small differences when using a color map instead of
gray scale. Therefore, a common method is using a heat map, as for example done in
Fig. 3.3. Any figures in this section that show FITS files use the same visualization
as just described. Nevertheless, other display parameters, such as contrast and scaling,
influence the appearance and render qualitative comparisons between the visualizations
meaningless. In order to make measurements it is necessary to have access to the FITS
files.

Here, the reduction procedure for the imaging data is much more straightforward,
at least from the perspective of the user. This is because of the SOFI data reduction
pipeline provided by ESO, which in contrast to the spectroscopy files works as expected
for the imaging files. Some steps included in this reduction procedure are similar to
those for the spectroscopy files. Hence, explanations can be much shorter here.

Although there are more recipes for SOFI files from its imaging mode, whether
these can be applied depends on the available files, such as different optional calibration
files. Only two recipes are of importance for the observations here. The first recipe
is called sofi_img domeflat, the second sofi_img jitter. The name of the recipe
sofi_img domeflat includes a keyword, that was already an important aspect in the
previous section about reducing spectroscopy data, which is “flat”. Just as before, there
are different raw flat field files that correspond to the calibration lamp being switched
on or off. A mix of both cases is combined within the given SOFI pipeline recipe, which
creates a master flat field image. An example for such a master flat field image and a
raw imaging file can be seen in Fig. 3.4.

Prominent features in the master flat field image, which are already apparent in the
raw flat field images, are a hard transition between detector halves, which appears like
a step between different levels, structures at intermediate scales of < 10px, and large
structures that span hundreds of pixels. Potential reasons for these effects might be
the missing removal of a zero level offset, pupil ghosts and moving dust grains, and
scattered light, respectively. Simple variations of the pixel sensitivities, i.e., a non-
uniform detector efficiency, can be seen as well. An example for these features are the
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Figure 3.4: On the left is the display of an exemplary master flat field image. It is easily
noticeable, that the image does not look uniform at all, even though the illumination that
this image is based on is supposed to be as homogeneous as possible. This underlines
the importance of the flat field correction, as well as the potentially strong influence
of bad pixels and other image artifacts. As in the case of spectroscopy, the deviations
come from different effects, as for example different pixel sensitivities. The image on
the right displays an example of a raw imaging file, which is the first raw file for object
01 (HE0003-5023). From a first glance it looks remarkably similar to the master flat
field image. Only a few bright spots in the raw image on the right indicate the different
natures of these two files as they are displayed here. However, it is important to note
that their scaling is vastly different, as the pixel values in the flat field image are all
around unity (~ 1.0), whereas the values in the case of this raw image span a range of
the order of 103. The compass and the ruler are valid for both images.
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ring-like structures, that are found at different spots in the master flat field and even
in raw images. Although it is possible to estimate flat field effects from simple sky
observations or possibly even directly from observations of a science target, the SOFI
User’s Manual recommends using dome flats, i.e., creating designated raw flat field
images, in order to better account for array sensitivity variations at low frequencies.

The second recipe, sofi_img_jitter, is the counterpart to the long procedure for
spectroscopy files, described in the previous section. What is the nodding for spectro-
scopic observations is the jittering for imaging observations. By applying small shifts
between successive raw files, a correction for many effects as well as an estimate of the
sky background is possible. The recipe can process different input files, where some are
optional. As hinted at earlier, the master flat field is one of the optional inputs, as flat
field corrections can be estimated from other images as well. However, as the effect from
its correction capability is often desired and the designated calibration files are more
reliable, it is good practice to use the dome flat images.

One of the effects associated with SOFI observations is the “cross talk” effect. This
effect is encountered for bright sources and shows a difference between the upper and
lower part of the detector. The whole line in which the source is located, or more
realistically all lines, as the object appears likely broader than 1 pixel in the image, are
affected from this. Additionally, all lines that are at a distance of half the image size from
the lines with the object are affected as well. With an image size of 1024 pixels per side,
half of the image size corresponds to 512 pixels. Assuming that a bright object affects
the lines 100 — 110, then also lines 612 — 622 show an impact. This effect is observable in
both directions, i.e., the bright object could also be at lines 612 — 622 and accordingly
affect lines 100 — 110. The cross talk effect creates a ghost, which corresponds to the
integrated flux of the affected line times a factor of 1.4 - 1075, It can only be corrected
for, if the source does not saturate the detector. This is an example for an effect, that
is corrected for when applying the sofi_img_jitter recipe. In fact, the removal of this
effect is listed as the first basic step in reducing imaging data.

The second effect mentioned depends on another type of calibration files, the dark
frames. These files are not present for the observations here, which is why their role is
only mentioned very briefly. Dark frames are essentially detector exposures without any
direct illumination, and they consist of different components. One such component is
the heat that emerges from the readout amplifiers. However, even an inevitable physical
principle contributes to this, which is the random creation of electron/hole-pairs.

A third step is the flat field correction. This is described above, as part of the
description of the SOFI pipeline recipe sofi_img domeflat. Thus, it is not repeated
here.

The fourth effect consists of bad pixels. These need to be flagged and if possible
replaced by sensible values. There is a distinction between four different kinds of bad
pixels.

1. Dead pixels: These pixels show very low values, corresponding to their name, as
if the respective spot of the detector is dead, i.e., unresponsive. In case of SOFI,
flat field images are used to find a distribution of all pixel values. This is fitted by
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a Gaussian. Dead pixels are those that are 40 below the mean value.

2. Hot pixels: These pixels are essentially the counterpart to dead pixels. Here, the
pixel value distribution is taken from dark frames. Again, a Gaussian fit and the
mean value are used to mark these bad pixels. However, these pixels have values
that are 40 above the mean value.

3. Noisy pixels: Recognizing these pixels is based on the average of the images
used for the dead and hot pixels. These correspond to deviations found from the
distribution of pixels in the average image.

4. Frame pixels: This type of bad pixels is based on masking. For SOFI observations
it is possible to use different masks, which show corresponding influences at the
edges of their focal planes. Those pixels that are affected by this masking are
marked as frame pixels.

The fifth step is about the sky subtraction, which is also introduced in the section
about the reduction of spectroscopic data (see Sect. 3.3.1). Each input image of the target
is corrected for sky contribution. If these are available, this contribution is estimated
from designated sky images. Otherwise, the sky contribution is estimated for each target
image and respectively subtracted from it. Similar to the previously described nodding
technique for spectroscopy images, the corresponding jittering technique for imaging
observations here helps with this estimate. Due to the multitude of shifts, any pixel is
expected to not be at the position of a source most of the time. As a result, the average
value of a pixel corresponds to its sky value. Outliers are paid attention to via rejection.
Depending on the input parameters, and especially when the number of input files is
sparse, the sky estimate might be simplified by creating a median image from the input
files.

Step 6 is finding a common reference of the input images, that are corrected by ap-
plication of the previous steps, and stacking these. Again, this reminds of the procedure
applied to the spectroscopy files, where the target is centered in order to combine all
images. In case of the recipe here, a 2-dimensional cross-correlation function uses initial
estimates from the header of the FITS files to find offsets between images with an ac-
curacy of a fraction of a pixel. Images are registered via re-sampling to the previously
found sub-pixel offsets. The following alignment is usually based on the first image as a
reference. The algorithm that finds the average of the images automatically recognizes
and rejects outliers.

The last step of this recipe treats the removal of residual bias variations. These are
small steps, or jumps, between pixel values along the columns of an image. A correction
of these is done via finding the average value along each row, which results in an averaged
image of 1 pixel height. To avert an impact on the levels of the resulting image, the
highest and lowest values (N = 200) are not considered in the following computation.
This 1 pixel image is subtracted from each column of the input image for this step.

An example for one raw image as well as the corresponding final image after applying
the sofi_img_jitter recipe is shown in Fig. 3.5.
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Figure 3.5: Example for a raw image on the left and the according final image after the
reduction procedure on the right. In this case, object 64 (HE1108-2813) from K,-band
filter imaging acquisitions during the night from February 23 to 24, there are a total of
20 raw target images that are passed as input to the pipeline recipe. The image shown
on the left is the first raw image from that night. If compared with Fig. 3.4, it is evident
that a different scaling is used to display these images. Due to this, even the raw image
here looks less noisy, although visible effects and artifacts are similar to the previous raw
image. The final image on the right is cropped, in order to highlight the target galaxy.
The compass and ruler are valid for both images.



Chapter 4

Data Analysis and Results

Although the data reduction is often heavily time consuming, especially in case of prob-
lems with the data and/or the reduction pipeline, the actual heart of astrophysical work
lies in the analysis of the data. This chapter covers the data, their analysis, and according
results.

As described in Chpt. 1, the goal of this work is to enlarge the sample of analyzed
LLQSOs with respect to the My — Lyyge relations for inactive galaxies provided by
literature. In case of agreement with former results, reasons for the found deviation
should be provided, potentially supporting previous explanation scenarios. The BH
masses for the objects are found via analysis of the spectroscopy data. If the quality of
the spectra is sufficiently well, i.e., not too noisy, emission and/or absorption lines can
be identified, providing an insight into potential effects that cause a deviation from the
literature. The K-band bulge magnitudes are extracted from respective imaging data.

This work assumes a standard ACDM cosmology of Q,, = 0.3 and 2, = 0.7, with
a Hubble constant of Hy = 67.74km/(s Mpc) (Planck Collaboration et al. 2016, Tab. 4,
rightmost column). Oftentimes literature provides Hy = 70 km/(s Mpc), including some
publications closely related to this work. The small difference does not appear striking
and no remarkable effect can be found. In fact, tests that adjust results of this work, such
as luminosities and mass estimates, to the latter value of Hy find relative deviations of
about 3 %. Given the context of accuracy here, as is described in the following sections,
these small deviations are overall negligible.

4.1 Observational Data Detalils

This section provides more concrete information about the objects of the LLQSO sample,
that are a part of this work. Although the observations partially included a few more
objects, not all of the respective files can actually be analyzed here. The reason for this
lies in incomplete observations. Both, imaging and spectroscopy of an object, is needed
for a complete analysis within the scope of this work. In a few cases, it still makes
sense to analyze the spectroscopic data, despite a missing imaging counterpart from the
given observations. This is based on the availability of partial results from the previous
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work on the LLQSO sample, i.e., the previously mentioned paper series. An additional
consideration is the distinctly larger effort for the reduction of the spectroscopy files.
Even if the imaging counterpart and a result from a previous analysis is missing, the
spectroscopic analysis of already reduced data does not appear meaningless.

Some examples for objects from the LLQSO sample that are part of this work are
already mentioned in Chpt. 3. This includes the fact that these sources can all be found
within the scope of the HES, and that the complete LLQSO sample contains 99 objects.
Accordingly, the two-digit IDs are a practical shorthand reference to objects.

Table 4.1 shows the objects of the LLQSO sample that are a part of this work, i.e.,
the list is already reduced with respect to incomplete observations of objects that cannot
be considered within the given scope here. Tables A.1 and A.2 include more observa-
tional information on spectroscopy and imaging, respectively. Furthermore, Tab. 4.2
contains general and observational information about the standard stars that are used
to calibrate the spectroscopy data, including each connection with the science targets.
Any information about the standard stars that is used in the reduction and analysis,
such as spectral classifications and magnitudes, is taken from the “SIMBAD Astronom-
ical Database - CDS (Strasbourg)”, or in short “SIMBAD” (") (Wenger et al. 2000). An
exception to this is the star S852-C, for which the information is taken from Persson
et al. (1998) and Leggett et al. (2006).

Several problems during the observations have an impact on handling the data.
As mentioned earlier, some observations were aborted. The observations for a few of
those objects have been repeated at a later time or another observation night, while
other observations remain at an incomplete stage. Although the reduction procedure
for spectroscopy data is written in a way that tries to include as many files as possible,
some files still cannot be made use of. The same can be found for imaging data, i.e.,
incomplete and or faulty files render the use of all files impossible. However, in the case
of spectroscopy, even problems relating only indirectly to the galaxy observations can
influence the possibility to reduce and thus use files. For example, if an observation of a
respective standard star is missing, no calibration can be done. Then a chronologically
close observation of another standard star might be used instead, where in that case the
calibration procedure is not expected to be as accurate as for a designated standard star.

An example for a fixable problem is given for Hip063985, where the star is centered
in both images after the science target observations. Then the subtraction, which is
necessary to sky-subtract the images, does not work as intended. In this specific case it
is possible to manually shift the object in the two images by a certain offset to the left
and to the right, respectively. This is possible as the impact of the artificially created
regions at the side of each shifted image is small.

Another example for a problem that can be fixed is wrong meta-data in the file
headers that is supposed to indicate the spatial position of the object. For spectroscopy
this might manifest as a sudden constant offset between the expected position according
to the file header and the actual position of the object (e.g., object 95), or even a
changing offset during the same OB (e.g., object 22). In the case of imaging a similar

(W Set of Identifications, Measurements and Bibliography for Astronomical Data (SIMBAD)
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Table 4.1: List of objects, their classifications & redshifts, and data availability. Column
(1): Object ID with respect to the LLQSO sample. Column (2): Name of each object
according to the HES. Column (3): Classification of the activity type of the AGN.
Column (4): Redshift of the object. Column (5): Morphological classification of the
host galaxy. Column (6) and (7) show which observation in 2019 covered spectroscopy
and imaging of each object, respectively.

ID Name AGN Redshift Morphology Observation Set
Class. Class. Spec.  Imag.
(1) (2) (3) (4) (5) (6) (7)
01 HE0003-5023 Syl 0.0334 S0 D& Sept.  Sept.
13  HE0108-4743 Syl 0.0239 B Sept.  Sept.
20 HE0149-3626 Syl 0.0335 SAbl!] Sept.  Sept.
22  HE0203-0031  Syl.9 0.0424 SIS Sept.  Sept.
29 HE0253-1641  Syl.9 0.0320 — Sept.  —ld
53 HE0535-4224 Syl 0.036 — Febr.  Febr.
54 HE0608-5606 (NL)Syl  0.032 — Febr.  Febr.
58 HE0949-0122 (NL)Syl  0.0197 E—Sol13] Febr.  Febr.
64 HE1108-2813 Syl 0.024 SBabl3l Febr.  Febr.
66 HE1136-2304 Sy 0.027 — Febr.  Febr.
67 HE1143-1810  Syl.5 0.033 Trr/Sclb3] Febr.  Febr.
70 HE1256-1805 — 0.014 — Febr.  —1
71 HE1310-1051 Syl 0.034 — Febr. 1l
74 HE1330-1013 Syl 0.022  SBb/SABclb?3  Febr. M
76 HE1346-3003  Syl.2 0.0161  SA0+/S0-al'3  Febr.  Febr.
77 HE1348-1758 (NL)Syl  0.0122 (E)B Febr.  —ld
78 HE1353-1917 Syl 0.035 Shel?) Febr.  Febr.
89 HE2236-3621 Syl 0.0600 — Sept.  —1
95 HE2322-3843 Syl 0.0359 S0/El23] Sept.  Sept.
99 HE2354-3044 Syl 0.0307 Sblt Sept.  Sept.

1. from NASA/IPAC Extragalactic Database (NED); [2: from SIMBAD; [ from
Lyon-Meudon Extragalactic Database (LEDA); [@l: Results are available from previous
imaging. l: Only spectroscopy analysis possible, as neither imaging nor previous results
are available.
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Table 4.2: Observational and general information on the standard stars that are available
for spectroscopy data. Column (1): Name of each standard star. Column (2): Object IDs
of the science targets that are calibrated using this standard star. Column (3): Date
of observation, i.e., the night in 2019 in which each star was observed. Column (4):
Average seeing from the file headers in arcseconds. Column (5): Spectral classification
of each standard star. Column (6) and (7): Apparent magnitude in the H-band and
K-band, respectively.

Name ID  Observation Date Seeing Class Magnitude

H K

(1) (2) (3) (4) (5) (6) (7)
Hip001552 01 Sept. 21 — 22 235 G3V  6.667 6.568
Hip007121 13 Sept. 21 — 22 1.56 G2V 8.039  8.006
Hip007167 20 Sept. 12 — 13 1.25 G2V 7.606  7.540
Hip010649 29 Sept. 12 —13 1.67  G3V  7.630 7.530
Hip012951 22 Sept. 21 — 22 2.08 G1vV  7.921 7.817

Hip025190 53 Febr. 16 — 17 1.18 G5V 6.841  6.733
Hip031279 54,70 Febr. 17 — 18 0.96 F5V 7507  7.453
Hip054149 66,77 Febr. 22 — 23 0.78 F6V  6.790  6.706
Hip054804 67 Febr. 16 — 17 0.79 G3V  6.667  6.559
Hip057421 64 Febr. 18 — 19 207 GOV  6.396 6.351

Hip063985 78 Febr. 21 — 22 0.60 F8V 7511 7.411
Hip064670 76 Febr. 21 — 22 0.64 F5V  7.264 7.218
Hip065116 71,74  Febr. 18 — 19 2.07 G5V 6.805  6.747
Hipl09444 89 Sept. 07 — 08 1.60 G3V 7564  7.508
Hipl15519 95 Sept. 21 — 22 157 G2V 7.045 6.972
Hipl17581 99 Sept. 23 — 24 1.36 G2V 7.326  7.283

S5852-C 58 Febr. 21 — 22 1.25 G 11.041 10.981
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problem of wrong header information can be encountered for objects 20, 64, and 67.
However, in contrast to the spatially 1-dimensional nature of the slit-spectroscopy files
this affects more header keywords that correspond to the two dimensions.

The information provided in the previously mentioned tables, in particular the total
integration time, already considers any lost data that was not recoverable within the
scope of this work.

One important aspect about imaging and spectroscopy is related to the resolution
of the NTT and SOFI. Data here is effectively seeing limited and dominated, i.e., the
diffraction limit of the telescope is lower than the effects based on the seeing. The
diffraction-limited angular resolution € in radians is typically calculated via 0 = 1.22%,
where A is the wavelength and D the physical diameter of the aperture. The latter is
usually the size of the primary mirror of a telescope, at least as long as no interferometry
is involved. For an exemplary calculation for the NTT it makes sense to choose roughly
the upper end of the wavelength range of ~ 2.5 um, as a larger wavelength results in
a larger angular resolution, i.e., a worse resolving power. Then it is Ontr =~ 0.175",
which is a considerably smaller angle than the provided seeing measurements. The
previously mentioned tables show that the average seeing is measured as = 0.6” for the
best conditions during observations, and often it is even above 1.0”. Thus, in case of this
data the seeing is dominating the image quality with respect to the spatial resolution.

The spectral resolving power R = A\/AM\ for the given observations with SOFI, as
introduced in Sect. 3.1.2, is R =~ 600. Another way to express the resolving power is
R = ¢/Av, where c is the speed of light and Awv is the smallest distinguishable difference
between velocities, as for example coming from the Doppler effect. The basis for this is
Doppler broadening in the non-relativistic limit, where the emitted frequency vemit and
the observed frequency v for a radial velocity Av are related via vops = (1 + %) Vemit -

Av ~ AA

Vobs —Vemit — —
E’reqli\ency and wavelength are approx1mztely connected via p— il vl
obs v

:m‘t or expressed more generally, = A)‘ From this follows directly A/\)‘ = %.
For SOFT it is Av ~ 500 km/s, which is an 1mportant quantity within the scope of the

analysis of emission lines.

4.2 Spectroscopy Data

This whole section deals with the analysis of the spectroscopy data, that is based on
the red low-resolution grism, long-slit observations with SOFI. The main purpose of the
analysis is to find BH mass estimates of the nuclear SMBHs. A short description of the
method to find these estimates precedes the actual application and according results.
Before all of this a testing scheme is shown, which treats the reliability of the calibration
procedure. At the end of this section follows the description of further line identifications
and corresponding possible conclusions.

An analysis of the Paschen-a emission line, and if possible the Brackett-y emission
line as well, is a part of my master thesis. However, in the master thesis this is again
restricted to only long-slit spectroscopy observations from February 2019. Additionally,
not only the reduction procedure experienced slight changes between the master thesis
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and this work, but this also applies to the analysis as well. Some potentially even strong
similarities between the descriptions are unavoidable, as the theoretical principle of the
analysis did not change. On the other hand, the following directly describes a difference
with respect to the previous work.

The reduction procedure from Sect. 3.3.1 includes the possibility to choose a factor
that controls the aperture size which is used for the extraction of spectra. As the spec-
troscopy data effectively features one spatial dimension, the aperture size is accordingly
a length or a width. Although not the most accurate term, here, half of the width is
called ‘radius’. For each object this radius r in pixel is based on the seeing s in arcseconds
and the factor a. It is calculated via

r = ceil (a-5/0.288) = [a - 5/0.288], (4.1)

where ‘ceil’ is a ceiling function, also denoted by [... ], and the factor 0.288 is the given
pixel scale for SOFI in arcesconds per pixel. Each spectrum is read for all wavelengths
from the spatial center of an object and going the radius r in both possible directions.

The previous work is based on an aperture size factor of 1.5, i.e., a = 1.5, which
results in an aperture width of ~ 3 times the measured seeing. Following the earlier
reasoning as for why the seeing is expected to work as a basis for the extraction of spectra,
using a factor of 1.5 results in large aperture widths that are likely to include much more
than the galactic nucleus only. Due to the nature of narrow long-slit observations, the
impact of the host galaxy in comparison to the AGN is still expected to be low (e.g.,
Glikman et al. 2006). Nevertheless, I tested more factors that control the aperture size,
concentrating especially on the additional factor of 0.5, which results in an aperture width
that is a bit larger than the seeing measurement. This aperture size is still expected to
include a whole point source, such as a standard star or an AGN, but reduces the impact
of other influences, such as the background around a standard star or the host galaxy
of an AGN. The sub-pixel shifts during the calibration process to align different spectra
likely introduce small differences between each application of the reduction procedure.
Consequently, no qualitative measurement of the impact of different aperture sizes is
done here, as it requires a statistically relevant number of tests. While the smaller
aperture size factor seems to decrease the apparent noise, this result is mainly based on
a subjective perception.

I test the robustness of the reduction procedure, with particular emphasis on the cal-
ibration procedure, by applying a cross-calibration between some standard stars. Mul-
tiple sets of two standard stars are chosen, where each pair of stars is observed during
the same night, which is supposed to result in a better comparability. However, ob-
servational conditions, like the seeing, can change during the same observation night.
Thus, this choice cannot emulate the same conditions as designated standard star obser-
vations before and after observing a galaxy target. Tests were done for both mentioned
characteristic aperture size factors, i.e., 0.5 and 1.5 (quantity a in Eq. 4.1). Results are
expected to be similar for both aperture sizes. The reasons for this are especially the
similar classes of different standard stars and that spectra from large apertures include
less impacting background sky around the object. In all cases the shapes of the extracted
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spectra remind of BB curves, which matches the expectation.

The tests encompass the comparison of literature values for the apparent magnitudes
and the respective flux densities with their counterparts from measurements in the re-
duced files. A conversion between magnitudes and flux densities is done using the same
online tool as before (see Sect. 3.3.1). It is again taken care of using the same photomet-
ric system as for the literature values, i. e., the 2MASS system. The comparison includes
multiple quantities, which are supposed to assess the overall calibration levels as well as
find a possible distortion of the shape of the spectrum with respect to different wave-
lengths. These quantities include the deviations between the expected and measured
flux density levels of the continuum at the center of the H-band (1.662 um) and the K-
band (or rather Ks-band, 2.159 um), the ratio between these two flux density levels, and
the respective conversions to magnitudes. For an aperture size factor of 1.5 the largest
deviation between an expected and a measured continuum flux density level is found to
be ~ 50 %, while other measures are between < 10% and ~ 40 %. In contrast to this,
a smaller aperture size factor of 0.5 shows the largest deviation at ~ 40 %, with other
values between < 10% and ~ 30%. Considering the expected ratios of flux densities
at each band center, H/K, this situation is slightly changed. The larger aperture size
shows differences from the expectations at 2 0 —9 %, while for the smaller aperture this
is ~ 2 —T7%. Respective magnitudes vary in all cases less than 0.5 from the expectation,
in some cases even less than 0.1. Difference values between expectations and results for
the H — K magnitudes are all below 0.1.

On the one hand, this still shows that differences of factors up to ~ 2 can occur.
While the aforementioned possible changes in observing conditions, in particular the
seeing, can be used to attempt an explanation, other factors might still not be accounted
for. Closely related to the seeing can be the airmass. For a galaxy the standard star
is chosen to be close to the target and thus have a similar airmass. The comparison
of different standard stars here does not take this into account. On the other hand,
the overall results of the cross-calibration tests show that in most cases the procedure
is stable. Not only do the levels of the resulting spectra often match the expectation
within reasonable limits, the general shape of the spectrum appears to be unimpaired, as
shown by the small deviations of the H — K values. Hence, the reduction and calibration
procedure is assumed to work as intended.

4.2.1 Black Hole Mass Estimates
Single-Epoch Mass Estimator in the Near-Infrared

As described in Sect. 2.4.2, it is possible to estimate BH masses from single-epoch mea-
surements. The described and largely accepted method relies on spectral features in the
optical /UV regime of which the spectral diagnostics are well established. As the data
in this work is based on the NIR regime, a connection has to be made between these
different parts of the electromagnetic spectrum before being able to apply single-epoch
BH mass estimation methods to NIR data. In a publication by Kim et al. (2010) exactly
this was done.
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The work of the authors is based on a sample of 37 unobscured type-1 AGNs, of which
the central SMBH masses, Mpy1, are known either via the reverberation mapping method
(see Sect. 2.4.1) or the single-epoch measurement method using Balmer lines (Ha, Hp,
etc., Greene and Ho 2005) and potentially the 5100 A continuum luminosity (Kaspi et
al. 2000). Kim et al. (2010) use this sample in order to derive mass estimators based
on the velocity widths and luminosities of the NIR hydrogen emission lines Paschen-«
(Pa, H1(4-3), A = 1.87561 pm) and Paschen-5 (P3, H1(5-3), A = 1.28216 pm). A part
of the authors’ motivation is that the NIR is considered especially useful, as the AGN
population is estimated to consist of more than 50 % so-called red or dusty AGNs, and
NIR radiation can be used to look through dust with a very low suppression (see also
Sect. 3.1.1). This fact combined with a given luminosity L of either the continuum or
an emission line, for which it is Mpg o L%%, the according BH mass uncertainties are
only about “a factor of 2 or less, even without correcting for the dust extinction with the
Paschen decrement” (Kim et al. 2010). In contrast to the optical lines, this is a much
smaller impact from extinction.

The authors assume the virial factor f to be 5.5 (see Sect. 4.2.1 for a respective
discussion). They adjust literature BH mass estimates to this value of the factor in case
another one was used. A basis for their work is the assumption that the line profile
shapes of Paschen lines follow those of Balmer lines. Their single component Gaussian
fits and double component fits agree in most cases.

In the context of emission line analysis, especially considering hydrogen recombina-
tion lines, contamination of respective lines by the host galaxy has to be considered. Kim
et al. (2010) find only a negligible contamination of respective measurements. While they
state that a contamination of the line flux from the host galaxy is possible, a narrow slit
from slit-spectroscopy observations results in very low contributions of less than 8 %.

As part of their analysis, the authors investigate the correlation of properties between
Paschen and Balmer lines. Based on the supposedly shared origin, Kim et al. (2010) use a
difference between the FWHM values of the Pa and the P3 emission lines by more than a
factor of 1.5 as a sign that at least one of them is erroneous. The authors derive equations
that relate the properties of Balmer and Paschen lines, with their findings suggesting
that the broad lines for both emission line types originate from similar regions in the
BLR. The broad Balmer lines are expected to be from a more central region of the BLR
than the broad Paschen lines. This is important with respect to the widths of these
emission lines, as material that is more distant from the center can be expected to have
lower velocities. Hence, the broad Paschen lines are on average narrower than the broad
Balmer lines.

Following the description from Sect. 2.4.2, the authors find that the luminosity of a
Paschen line is closely connected to the radius of the BLR, i. e., they measure the size of a
BLR via Lp, and Lpg. Additionally, the FWHM of the respective Paschen line describes
the velocity term. As a result, their mass estimators are based on Paschen line properties
only. Within the scope of their work they cover a mass range of 104 — 10%5 M.

The aforementioned fitting parameters from Eq. 2.10 and 2.11, a, b, and ¢, are
fitted by the authors for three different assumptions. As a reminder, a is the overall
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normalization, b the exponent of the luminosity/BLR size term, and ¢ the exponent of
the FWHM /velocity term. Their different assumptions are described here:

1. The authors use the equation provided by Greene and Ho (2007a) for optical
emission lines, which is a slightly altered version of the same authors previous
finding (Greene and Ho (2005), see Sect. 2.4.2). The Balmer line properties are
replaced by the line luminosities and FWHMSs of the respective Paschen lines,
derived from relations they found between Ha and the Paschen lines.

2. The exponent of the velocity term c is fixed to a value of 2, as this is expected
from the virial relation, while setting a and b as free parameters.

3. All three coefficients a, b, and c are treated as free parameters.

Kim et al. (2010) argue that the scatter in the Mpy estimates is intrinsic, for example
from the uncertainty that arises from input mass values, rather than being dominated
by measurement errors concerning the FWHM and line luminosity measurements. They
compare the three methods for determining Mpy based on their different assumptions
and find the smallest scatter for the method based on the third assumption. However,
that method is missing a physical explanation for the FWHM exponent. Therefore, the
authors prefer method 2, as it can be justified on a physical basis. For completeness the
resulting BH mass formulae for all 3 methods are shown here. Method 1, which is based
on the equation given by Greene and Ho (2007a), gives the following two equations for
the Paschen lines, Pa and Pg:

Mey _ . < Lpu )0,43:|:0.03 (FWHMpa > 1.9240.18 )
Mg 1042 ergs—! 103 kms™? .
Mey _ gra8£0.10 < Les >0.45:|:0.03 (FWHMpg > 1.690.16 w3
Me 1042 ergs—1 103 kms™? .

For method 2, where the exponent of the velocity term is fixed to a value of 2, the two
equations are:

Myu _zieroor [ Lea )" (FWHMp, ) (84
Mg 1042 ergs—! 103 kms~! '
Mg _ | g71320.02 Lpg AR (FWHMpy ) 2 (4.5)
Mg 1042 ergs—! 103 kms™! '

Method 3 leaves all parameters as free parameters and results in these two equations:

Mgn _ o731 <Lpa>0’48i0'03 (F‘\NHMM) 1.68+0.12 o)
Mg 1042 ergs—1 103 kms— 1 .
Mgnu _ 10740 <13R6>0‘46i0'02 (FVVHMPB> 1.4140.09 o
Mo 102 ergs™! 103 kms™! :

Each denominator of the luminosity term can also be expressed in watts instead of ergs™!

as it is lerg = 1077 J, i.e., 10*? ergs™ = 103> W.
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Virial Factor

The virial factor f is introduced in Eq. 2.2 for calculating a BH mass via the virial
mass approach. It is the factor that connects the virial mass M,; and the BH mass
Mpyu. While the details of what exactly the factor includes vary in literature, it is often
described as factoring in the general morphology of the BLR by describing its kinematics,
geometry, and inclination.

There have been different attempts at theoretical predictions for this factor. In
practice it is often set by using the correlation between the BH mass and the stellar
velocity dispersion of the bulge component of the host galaxy, the Mpp — o, relation
(see Sect. 2.3). Here, the virial factor f is assumed to be 5.5, which follows the description
for the mass estimator by Kim et al. (2010), i.e., the adopted mass estimator in this
work (see Sect. 4.2.1). However, this choice for the virial factor of f = 5.5 is not trivial,
especially considering the two publications that Kim et al. (2010) refer to, namely Onken
et al. (2004) and Woo et al. (2010).

According to Onken et al. (2004), earlier works typically express the velocity V from
the virial mass formula (Eq. 2.2) via the FWHM of an emission line. In contrast to
this, Peterson et al. (2004) find their virial products to be more consistent when using
the line dispersion oy instead, i.e., the second moment of the line profile. In order to
differentiate between using the line FWHM Vgwiv and the line dispersion ojipe, Onken
et al. (2004) use two different factors as the virial factor, e (for Vewnwm) and f (for
Oline), 1-€., My o € - VF2WHM = f- aﬁne. While the ratio Vewmm/oline is generally
expected to cover a range of values, Onken et al. (2004) follow a typical assumption and
set the relation to ojine = Vewmm /2. As the velocity appears squared in the virial mass
formula, a conversion between the virial factors f and e works via a factor of 4, i.e., here
€ Viwnu = 0fye & f=4-¢

During most of the earlier stages of using the virial mass approach for BH mass
estimates, a very common and arguably one of the most simplistic models for the BLR
is a spherical, isotropic velocity field, which yields € = 3/4, i.e., f = 3. However, other
models change the virial factor based on their underlying assumptions. As the BLR
parameters, such as morphology and kinematics, are still unknown, there is currently no
way to predict the virial factor from first principles (e. g., Woo et al. 2010). Consequently,
fitting the virial factor to samples with known BH masses is still the favored approach.
Onken et al. (2004) find their best average scaling factor to be (f) = 5.5 when applied
to virial products that use the dispersion ojine, and accordingly (¢) = 1.4 when using
FWHM measurements instead. It appears that this was mixed up by Kim et al. (2010)
as they use the FWHMSs of their emission lines and a virial scaling factor f = 5.5,
although the virial factor should be the € from earlier instead, i.e., then fiim et a1. = 1.4.
That Kim et al. (2010) might erroneously refer to the virial factor is emphasized by
another of their references, Woo et al. (2010), where the authors also refer to Onken
et al. (2004) and furthermore emphasize that the virial factor of 5.5 is only valid when
used in combination with the line dispersion, oji,e. Woo et al. (2010) describe this result
as incompatible with the simplistic spherical BLR, which has been described before

(e=3/4, f =3).



4.2. SPECTROSCOPY DATA 75

In spite of all these findings I keep using the factor of 5.5 in this work for multiple
reasons:

1. Despite the explicit indications to differentiate between the usage of Vewmnwm and
Oline in the publications of Onken et al. (2004) and Woo et al. (2010), Kim et al.
(2010) apparently overlooked this. The authors even re-scaled previous results they
reference to reflect their choice of a factor of 5.5. Still, there might be an oversight
on my part. For example, their fitting methods might correct for any deviation
caused by the different choice of virial factors. The results are then effectively
correct, at least considering their data set of BH masses, which comes from widely
used and accepted publications.

2. Busch et al. (2016) use the same mass estimator and find a well agreement between
their analyzed objects and other mass estimation methods, e. g., using optical/UV
spectra in combination with a different virial factor. This strengthens the previous
assumption, that the fitting procedure by Kim et al. (2010) might remove, or at
least mitigate, potential differences in virial factors.

3. According to Collin et al. (2006) a smaller virial factor has to be used for AGNs
with larger Vewnnm, which means in turn that smaller Vewmn correspond to larger
values of the virial factor, whereas no such change of the virial factor is required
if the line dispersion ojne is used instead. This is connected to the previously
mentioned ratio Vewm/0oline Dot being fixed, but actually covering a range. Most
of my objects show relatively small broad line widths, i. e., Vewaym < 2000 km /s~
which then implies the use of a rather large virial factor.

4. As a correction for using another virial factor is effectively a conversion between
two fixed virial factors, the deviation is also fixed to a respective factor. Here,
this is Alog Mg = 0.6, and an according adjustment of the mass estimates is
straightforward. Even if the choice of virial factor by Kim et al. (2010) turns out
be an actual error, the BH mass estimates can not only be easily adjusted, but
they are currently higher than they should be. This is important in the context
of an argument that is used later on in the analysis in this work, which implies
potentially undermassive BHs. When I switch to a smaller virial factor the BH
mass estimates decrease accordingly. Using the larger factor and still being able
to find the same result is a stronger argument for the point that is made later on.

The mass difference that is given for exchanging the virial factors € and f, i.e.,
Alog Mg = 0.6, is roughly the same as the uncertainty for BH mass estimates from
single-epoch measurements (~ 0.5dex), not including potential systematic errors yet
(Woo et al. 2010). Given the additional transition from largely accepted single-epoch
measurements in the optical/UV to the NIR regime, uncertainties are expected to be at
least around the same, if not even higher. To put this differently, the mass estimates
are only rough estimates of the order of magnitude and much less exact measurements,
such that the order of magnitude of the virial factor is currently more important than
its exact value.
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Hydrogen Emission Line Fitting

The mass estimator described in Sect. 4.2.1 can be used in accordance with the data of
this work to estimate BH masses. Special emphasis lies on the method that is based on
the second assumption. Not only do the authors of the mass estimator argue themselves
that this method is favored (Kim et al. 2010), but it has also been applied successfully
in the previous work about the LLQSO sample (Busch et al. 2016). As the P/ emission
line is located in the J-band at a wavelength of Apg = 1.28216 pum, it is not included
in the spectra that are available for this work. Consequently, following the given mass
estimator, only the P« line can be used here.

The emission line is expected to be found at a wavelength of Ap, = 1.87561 um
in the spectra, if these are corrected for their respective redshift. A critical point is
the transmission of the atmosphere in the band gap between the H-band and the K-
band (see Sect. 3.1.1 and 3.3.1). In the case of SOFI, variations can be expected to be
especially strong for wavelengths between about 1.8 um and 2.0 um (see SOFI User’s
Manual, pp. 8-9). Thus, a higher redshift of an object shifts the Pa emission line in
the observed spectra from within the noisy region in the band gap towards the outer
parts, where the noise is less dominating. However, the redshift alone is not the only
one indicator for the detectability of the P« line, as the noise levels may vary due to
different reasons. Weather conditions and the comparability of observing conditions for
the galaxy target and its corresponding standard star influence the amount of noise that
remains in the extracted spectrum. This can be seen in Fig. A.2, which features example
spectra, for four cases:

1. The noise in the band gap is dominating and the P« line is not easily apparent.
2. The band gap noise is strong, but the Pa feature is still recognizable.

3. The noise in the band gap is only slightly larger than the noise found in the whole
continuum. Despite this, the P« line cannot be found easily.

4. The band gap noise is slightly larger than noise in the rest of the spectrum, while
the Pa emission line is the dominating feature in the spectra and thus very distinct.

These examples highlight the noise within the band gap as a potential problem when
analyzing the Pa emission line. If the Pa line is drowning in noise and cannot be
analyzed properly, a respective BH mass estimate is harder to find. One potentially
helpful factor is that the mass estimator depends only on the broad component of the
emission line. This line component might be visible despite some overlaying noise, if
the noise manifests as rather narrow spikes. In such a case, the noise does influence the
emission line, but its overall shape might be recognizable. For broad and stronger noise,
the impact on the Pa line can still be overwhelming and render a sensible BH mass
estimate impossible.

However, there is a possibility to circumvent the noise in the band gap by using
another hydrogen recombination line, the Brackett-y emission line (Bry, Hi(7 — 4)) at
a rest wavelength of Ap,, = 2.16612 um. Although there is no mass estimator for this
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emission line, under certain circumstances a fixed ratio between this line and the P«
line can be assumed. Following Osterbrock and Ferland (2006), based on a case B
recombination scenario, and a low electron density limit with a typical temperature of
T ~ 10000 K, the ratio is given as Pa/Bry= 12.5. This is also used by Busch et al.
(2016). However, this line ratio introduces a new problem. The Br+ emission line is much
weaker than the Pa line. If the P« line is barely or not detectable, it is improbable that
the Bry line can be detected instead. This is also illustrated in Fig. A.2. With a rest
wavelength of 2.16612 um, all redshifts between ~ 0.16 and ~ 0.6 place the observed Bry
emission line between 2.2 and 2.3 wum. This range of redshifts matches the objects from
the LLQSO sample very well, and Fig. A.2 shows that an emission feature can be seen
for some objects in the mentioned wavelength range, especially if the Pa line is already
very strong, e.g., for objects 01, 29, and 67.

As aresult, I tried fitting both recombination lines, the P« and the Br+y emission line.
The ideal case is to find two components for each emission line, a narrow and a broad
component. This is based on the assumption that all objects from the LLQSO sample
are expected to be type-1 AGNs, that show narrow and broad emission lines. However,
the low spectral resolution of SOFI when applying the red grism (Av ~ 500 km s71, see
Sect. 4.1) might result in non-resolved narrow lines, especially if their width is below the
instrument resolution and/or they show only low fluxes.

The BH mass estimator relies on a fit of the broad emission line only, where the quan-
tities, that are necessary to be applied to the chosen BH mass estimator from Sect. 4.2.1,
are the line luminosity and its FWHM. An unresolved narrow line might influence the
broad component, especially for relatively narrow line widths of broad emission lines,
e.g., < 1500kms 1. Such a broad line might appear boosted to higher levels around
its center by an overlapping, unresolved, and thus potentially indistinguishable narrow
component. This would increase the estimate of the broad line luminosity in comparison
to a pure broad line, that is not contaminated by the narrow line. Hence, the BH mass
found from such a contaminated broad emission line might be larger. However, this
argument relies on other parameters to stay the same or increase as well, including the
FWHM of the broad line. In contrast to this, the contamination of a broad line com-
ponent by a narrow line creates elevated levels especially around the line center, which
boosts the maximum and thus might decrease the corresponding FWHM in comparison
to a pure broad line. The decreased FWHM then mitigates or even negates any effect
from a boosted line luminosity concerning a BH mass estimate.

For that reason I treat the additional fitting of the expected narrow line component
as a best practice, independent from any visual cues for the existence of such a narrow
line. Accordingly, an unconvincing fit of the narrow component, e. g., when it results in
a tiny flux or it does not closely follow the spectrum, does not make the overall fit of
both lines ineffectual. The impact on the analysis in the context of this work is expected
to be small, as long as a strong influence on the broad emission line component can be
averted, which is done by forcing a fit of both components.

For each, the narrow and the broad line component, I presume a line shape that
can be fitted via a Gaussian profile. Following the analysis by Kim et al. (2010), the
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continuum background can be locally well described by a linear offset. A corresponding
single Gaussian line profile then takes a similar form as Eq. 3.3, but includes an additional
linear equation instead of a fixed offset. The new context makes a change of some
parameter names sensible as well,

G\) = ‘F - exp (—1‘0\0210)2>+m-)\+n, (4.8)

where F is the line flux, o is the standard deviation and o the according variance, p is the
center or peak wavelength of the profile, and m and n are the linear equation parameters
for the slope and the constant offset, respectively. A double Gaussian profile, which
can describe the narrow and the broad line component simultaneously, is just another
Gaussian profile with its own set of parameters, e.g., F’, ¢/, and p/, that is added to the
previous Gaussian, but sharing the same linear offset. The standard deviation ¢ and the
FWHM of the profile are related via

FWHM = 2/21n(2) - o ~ 2.354820. (4.9)

The spectra are given as the flux density f in W/ (m? um) for different wavelengths
Ain pm, i.e., f(A) = G(A) from Eq. 4.8. According units of the parameters are [F] =
W /m? [o] = [p] = um, [m] = W/ (m? um?), and [n] = W/ (m? pum). From this, the
unit of the FWHM would be the same as for 0. The conversion between the standard
deviation in units of a wavelength to a Doppler shifted velocity is done via

5 — VEWHM P
2.35482 ¢’

(4.10)

where c is the speed of light in vacuum, that dictates the unit of the velocity vpwmMm.
The value of ¢ is exact® and given as 299792.458kms~'. The basis for Eq. 4.10 is
Doppler broadening, which is effectively given as vpwum = 21/21In(2) - o - ¢/Ag, where
Ao is the rest wavelength, i.e., here this corresponds to the parameter p.

The broad emission line luminosity L is still missing, but can be calculated from the
line flux F'. Their relation is given by

L=4rD* F, (4.11)

where D is the distance of the respective source. The distance can be inferred from the
redshift z of each object (see Tab. 4.1). From the two relations v = Hy - D (Hubble’s

law) and 1+ 2= /(1+2) / (1—2) it follows that

c 2z + 22

= — 4.12
Hy 2+2z+ 22 (4.12)

@ According to the National Institute of Standards and Technology (NIST): “The NIST
Reference on Constants, Units, and Uncertainty”, value for ‘speed of light in vacuum’,
https://physics.nist.gov/cuu/Constants/, date: April 17, 2023
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The common units for ¢ and Ho, i.e., kms™! and kms™' Mpc™! cancel partially, such

that Mpc (mega-parsec) remains as the unit of the distance D. After finding these
quantities from a fitting procedure, all that is needed for a BH mass estimate following
Eq. 4.4 is present.

The fitting algorithm is based on the Levenberg-Marquardt (LM) algorithm and
connected to a visual feedback loop to potentially apply iterative changes to the input
parameters. This is in contrast to what I did in the scope of my master thesis, i.e.,
emission line fitting of the spectroscopy objects from February 2019, where I used a few
different sets of input parameters with different limits and applied these to all objects.
The LM algorithm aims at solving non-linear least squares problems, which is a typical
problem in curve fitting. A comparison with related algorithms shows an advantage of
the LM algorithm, namely that it is often able to find a sensible minimum as a solution
even for initial parameters, which are far off from this solution. Thus, in principle the
algorithm is a very good match with the given problem of curve fitting. However, as in
some cases the noise is strong enough to drown any potential emission line, even this
algorithm might not find a sensible solution to a respective problem. Especially in these
cases the iterative feedback loop might help finding a better matching fit. In contrast to
this, the previous application of fixed parameter sets in my master thesis only worked
reliably for clearly distinct emission lines. Then all sets converged to the same solution,
whereas cases with high noise levels resulted in fits that do not follow the emission line,
but potentially the background only.

Following the descriptions from this section and Sect. 2.2.3, the most important
input parameters with their respective initial limits for the narrow and broad emission
line components are given in Tab. 4.3.

Based on a similar physical reasoning as Kim et al. (2010), I choose a restriction
for the difference between values of the FWHM between the analyzed emission lines.
Previously, it is mentioned that Kim et al. (2010) limit this difference between the P«
and P( emission lines to a factor of 1.5, as both lines are expected to share their origin.
Although the two lines of interest here are not from the same spectral series of hydrogen
recombination lines, the assumption and according limiting factor can also be applied
to the Pa and Brvy lines. This is especially helpful, if one of the emission lines can be
fitted more easily than the other one. The “good” fit helps finding restraints for the
FWHM of the “worse” fit. Combined with earlier findings about the difference between
the narrow and broad line component, it is sufficient to apply this restrictive factor only
to the broad components of the two emission lines.

If not indicated otherwise, the following descriptions are valid for spectra that are
extracted for an aperture size factor of 0.5. Different examples for better and worse fits
of the Pa and Br+v emission lines, each with a broad and a narrow line component, are
shown in Fig. 4.1. The figure shows in particular three different cases.

1. The overall fits of both hydrogen recombination lines work well and their results
agree. This includes a factor of < 1.5 between the FWHM values of the broad
components and BH mass estimates that overlap within the internal scatter.
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Table 4.3: Input parameters with their initial boundaries. Column (1): Descriptive
name of the input parameter. Column (2): Initial value of a parameter at the start of
applying the fitting procedure. Column (3): Lower and upper boundaries of each input
parameter. Column (4): Unit of the parameter and, if applicable, also a scaling factor.
The scaling helps the algorithm to deal with numbers that are easier to handle, whereas
the units are practically irrelevant for the fitting procedure. Except for the wavelength
range around the central wavelength, which is fixed after its initial setting, all of these
values as well as their boundaries can be adjusted afterwards, i.e., within the iterative
feedback loop.

Parameter Name Initial Value Boundaries Scaling & Unit
(1) (2) (3) (4)
Central Wavelength Pa 1.87561 +0.02 pm
Central Wavelength Brvy 2.16612 +0.02 wm
Narrow Line FWHM 500 [0,900] kms~!
Broad Line FWHM 1800 (900, 10 000] kms~!
Narrow Line Flux 1.0 [0, o0 107 Wm™2
Broad Line Flux 1.0 [0, o0] 107 Wm™2
Linear Slope m 0 [—00, 0] 1075 Wm™2 pm~—2
Linear Offset n -1.0 [—00, o0 10" Wm—2 um

2. The fit of the Pa line is good, whereas that of the Br is not. This can be followed
by disagreeing BH mass estimates for both lines, although the broad FWHM values
are connected by not more than a factor of 1.5, such that the difference is not
necessarily large.

3. The Bry emission line fit appears to be better than that of the Pa line. This might
be related to the broad component in particular, which results in a respective
impact on the BH mass estimates. As the Bry FWHM helps in finding constraints
for the Pa line, the difference between mass estimates might not be large, similar
to the previous point.

However, other cases can be encountered as well, including no or only weak indica-
tions for the emission lines and accordingly bad fits. Figure A.3 shows the fits of the P«
and Brvy emission line for all remaining objects. It is evident that for some objects the
two emission lines are not easily apparent. While they might drown in noise, these lines
might not be intrinsically pronounced enough or at all, such that even low noise data
would not yield good fits (e.g., object 20 and 95). In some cases there is an indication
for an emission line, but the shape does not remind of a single- or double-Gaussian (e. g.,
object 13 and 70). I assume that the largest impact is from high level noise very close
to the expected emission lines, which influences the shape of the feature to deviate from
a (multi-component) Gaussian. This makes it harder to differentiate between the actual
line and noise, resulting in less accurate fits.



4.2. SPECTROSCOPY DATA 81

Additionally, literature sometimes provides multiple values for the redshift that vary
by a small extent, such that a line identification might be impacted from this. Section A.2
includes a short discussion of a potential influence and why the line identifications here
appear to not be affected from this scatter in redshift values.

Important results for fitting parameters of the narrow and the broad line component
for the Pa line are shown in Tab. A.3, whereas the same results for the Bry line are
shown in Tab. A.4. It should be noted that the fit procedure is supposed to produce
error estimates as the standard deviation of each fit parameter. However, in most cases
the fit does not show such error estimates. This is often the case after applying any
change within the iterative feedback loop to the initial input values, either by changing
a parameter value itself or its boundaries. Nevertheless, even if no changes are applied,
some fits do not have corresponding error estimates. Those few cases that do include
error estimates are shown in Tab. A.5.

At this point the chosen mass estimator (Eq. 4.4) can be used to get SMBH mass
estimates for all AGNs. Respective results for the 20 LLQSOs that are analyzed via
their spectra can be found in Tab. 4.4. When choosing between using either the BH
mass estimate from the Pa emission line or the estimate from the Brvy emission line, the
Pa line should be the preference in most cases. The mass estimator is based on this
emission line and thus, per definition the Pa line is supposed to be the better choice.
This situation might change if the Br~ line appears more distinguished in the spectrum,
yielding a significantly more trustworthy fit, at least based on visual inspection. This
can be found for three objects, 58, 64, and 77, where object 58 is a limiting case, as
both line fits appear to be on a similar quality level, with the Bry line slightly in the
lead. The Brv line is still chosen as it results in a slightly larger mass estimate, which
becomes more important in Sect. 4.4. In fact, the other two cases also show an increased
BH mass estimate based on the Brv line fit in comparison to the respective Pa-based
mass estimate.

Another noteworthy object in this context is 71, for which both line fits immediately
converge to a good match with the spectrum. However, their mass estimates do not
overlap considering the internal scatter of the mass estimator. This shows that a fit
which appears reliable from visual inspection does not automatically fulfill this criterion
of reliability. The assumed line ratio might not work for all objects and could be wrong
in some cases, depending on the underlying parameters. Thus, there is another reason
to prefer the P« line over the Bry line as a substitute whenever possible.

When comparing the BH mass estimates via the Pa line with those from the Bry
line, 50 % of the objects show no overlap between the respective ranges of scatter. The
other half of the objects show either an overlap or the lowest estimate from one line
corresponds to the highest estimate from the other line. The latter is the case for two
objects. It is noteworthy that, as the scatter corresponds to the internal uncertainty of
the BH mass estimator method, when including a visual inspection and assessment of
the emission line fits, the actual uncertainties might be larger, depending on each object
and its corresponding fits. Another factor of uncertainty is the fixed setting of the virial
factor, as this implies a certain geometry for the BLRs of all objects here.
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Figure 4.1: Emission line fits of the Pa and Bry line for object 29 (HE0253-1641).
Wheat-colored boxes indicate the emission line in each diagram. The extracted spectrum
is shown as a black step plot. The two blue lines show the Gaussian fits of the narrow
and broad line component that share the same linear offset. On top of these is their
combination in red, i.e., the full double Gaussian fit. The grey step plot indicates the
difference between the full fit and the actual spectrum. For visualization purposes, the
difference is levelled by an offset. The fit results and corresponding BH mass estimates
from both lines agree well for this object.
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Figure 4.1: (Cont.) Line fits of the Pa and Brvy line for object 89 (HE2236-3621). All
components of the graphs have the same meaning as previously. It is evident that the
fit of the Pa emission line easily follows the spectrum, while the fit of the Brv line does
not. There is hardly any indication for the existence of the Br+y line in the spectrum as
it drowns in noise. Respective results from the Bry fit do not appear trustworthy. The
Pa line is by far the better candidate for a BH mass estimate for this object.
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Figure 4.1: (Cont.) Line fits of the Pa and Brvy line for object 77 (HE1348-1758).
All components of the graphs have the same meaning as previously. This object is a
paradigm for the reason of fitting the Bry emission line, despite the Pa-based mass
estimator. While the spectrum shows a clear indication for the P« line, the algorithm
initially found effectively only a narrow component. Based on the fit of the Br+ line, the
broad component of the P« line can be constrained via tighter boundaries, leading in
turn to an overall better fit of the P« line. Still, the Brv line fit appears as the better
choice for a BH mass estimate.



4.2. SPECTROSCOPY DATA 85

Table 4.4: The resulting BH mass estimates from the chosen mass estimator (Eq. 4.4) for
the Pa and Bry broad emission line fits. All values are given as log (Mpu/Mg). Column
(1): Object ID from the LLQSO sample. Column (2): Name of each object according
to the HES. Column (3): BH mass estimate from the broad Pa line fit. Column (4):
Mass scatter for the broad Pa line fit. Column (5): BH mass estimate from the broad
Br line fit. Column (6): Mass scatter for the broad Brv line fit. The scatter range is
based on the variations that are introduced by the uncertainties in the mass estimator,
i.e., the internal scatter of the estimator only.

D Name Pa Emission Line Brv Emission Line
BH Mass Scatter BH Mass Scatter
(1) (2) (3) (4) (5) (6)

01 HE0003-5023 7.08 6.97 — 7.18 6.97 6.87 — 7.06
13 HE0108-4743 6.37 6.21 — 6.54 6.78 6.64 — 6.92
20 HE0149-3626 7.36 7.21 —7.50 7.86 7.76 —7.95
22 HE0203-0031 7.04 6.90 — 7.17 7.64 7.55 —17.73
29 HE0253-1641 7.03 6.91 —7.14 7.05 6.96 — 7.14
53 HE0535-4224 7.04 6.92 — 7.16 6.82 6.71 — 6.92
54 HE0608-5606 6.83 6.71 — 6.96 7.08 6.96 — 7.20
58 HE(0949-0122 7.35 7.26 —7.44 7.61 7.53 — 7.68
64 HE1108-2813 6.36 6.17 — 6.54 6.56 6.44 — 6.67
66 HE1136-2304 7.78 7.69 — 7.88 7.91 7.83 —7.99
67 HE1143-1810 7.62 7.56 — 7.69 7.52 7.47 —7.58
70 HE1256-1805 6.43 6.28 — 6.57 6.76 6.62 — 6.91
71 HE1310-1051 7.39 7.29 —7.49 7.69 7.61 —7.77
74 HE1330-1013 6.78 6.63 — 6.94 7.04 6.91 —7.17
76 HE1346-3003 7.39 7.29 —7.49 7.20 7.09 —7.31
77 HE1348-1758 6.67 6.49 — 6.85 6.80 6.64 — 6.96
78 HE1353-1917 7.76 7.65 — 7.86 7.36 7.23 —7.49
89 HE2236-3621 6.93 6.82 — 7.05 7.51 7.43 —7.59
95 HE2322-3843 6.86 6.70 — 7.01 7.45 7.34 — 7.56
99 HE2354-3044 6.63 6.48 — 6.78 6.96 6.82 — 7.09
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It is intriguing that the subjective assessment of the fits does not necessarily corre-
spond to matching BH mass estimates, as is described for object 71 before. In that case,
both fits appear to follow the spectrum well, but the mass estimates do not overlap. The
reverse situation can also be encountered, as for example object 64 shows a nice fit of
the Brv line and an almost non-existent fit of the broad P« line, but the mass estimates
do overlap within their scatter. A possible reason for this might be the influence of the
broad Brv line fit on finding constraints for the broad P« line fit.

These results show that the Bry line, and an according fit of its broad component,
can act as a substitute for the P« line if necessary. As a rule of thumb, this substitution
is expected to be slightly more reliable if both lines are actually pronounced in the
respective spectrum. However, in that case it makes more sense to directly use the P«
line instead of the Brv line. A fit of the broad Bry emission line might also be used as
a validation or restriction for the FWHM of the broad Pa line, especially if the latter is
harder to identify than the former.

BH mass estimates have also been found for spectra that are extracted using an
aperture size factor of 1.5. Based on estimates for well distinguishable emission lines,
such as the Pa line of object 67, the differences are small to non-existent. I also tested
a slit-correction that is based on a consideration of the redshift and angular size of each
object, and applied a respective factor of the order of unity to each spectrum. While
in some cases this has a noticeable impact on the continuum levels, the differences
for corresponding line fits are negligible. Other factors that might contribute to a slit-
correction and have been considered are the airmass and seeing. As no significant change
can be found in fitting results and according mass estimates, any slit-correction is ignored
in later results, i.e., as they are shown here. Additionally, the earlier finding that the
reduction procedure with a smaller aperture size factor appears to result on average in
less noisy spectra, the results for the aperture size factor of 0.5 are preferred.

For some objects there are BH mass estimates provided in literature. These can be
found in Tab. A.6, where the caption contains more information. For one object, 95,
there are two masses provided in literature, where one of these masses is higher than my
estimate and the other mass matches my value. When counting this for both cases, then
my estimates are too low in two cases, too high in four cases, and match the literature
estimates in four cases. This shows that there does not appear to be a systematic offset of
my BH mass estimates. Additionally, the uncertainty of the literature values is unknown
and they should not be treated as irrefutable results. The previous example, object 95,
shows this fact, as one literature mass estimate is considerably larger than the other,
Alog (Mpu/Mg) ~ 1.3. Moreover, object 67 is good example for a very stable emission
line fitting routine with an accordingly consistent mass estimate, even considering both,
the Pa and the Brvy emission line fits. As this estimate deviates by about 0.9 dex from
the literature value, at least one estimate appears to be erroneous, or there is a hidden
error in the method. Given the previous finding that there does not appear to be a
systematic error, the latter seems less likely.

Most of the mass estimates can be encountered again in Sect. 4.4, where they are
applied to the Mgy — Lyyge relation.
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4.2.2 Identifications of More Lines

The spectra are expected to contain more diagnostic lines than only the Pa and the Brvy
emission lines. Some of the other lines that might be found in the range of wavelengths
for these spectra are rotational-vibrational lines of molecular hydrogen (Hs), a forbidden
[Fe11] line, CO absorption bands, and the coronal line [Sivi]. The latter is considered
a common tracer of an AGN signature (e.g., Riffel et al. 2006; Mason et al. 2015).
Similar to the P« and the Brvy lines, the [Fe11] line might be excited by the AGN, while
other excitation mechanisms are possible as well. For [Fe11] this is shock tracing and the
estimation of supernova rates (e.g., Calzetti 1997; Alonso-Herrero et al. 2003). Other
shock tracers are the rotational-vibrational lines of molecular hydrogen, which can also
be seen as a basis that enables SF. The Pa and Brv lines are also indicators for young
SF, but the strong influence of the AGN, especially considering their broad components,
probably exceeds that of the SF. Nevertheless, in principle NIR hydrogen recombination
lines such as Pa and Brv trace ionizing photons that are produced by massive stars. Due
to their short lifespans, this is related to recent (< 10 Myr) star formation in a galaxy
(Li et al. 2013). Emission lines of CO and the aforementioned CO absorption bands
(band heads) include more information about the stellar populations.

I searched for any signs of emission and absorption lines in all spectra. An extensive
list of NIR lines can be found in Tokunaga, A. T. (2002), which served as a reference for
the potential recognition of spectral features here. For this step I analyzed the spectra
extracted for the aperture size factor of 0.5, as well as for a factor of 1.5, which is
supposed to include a larger stellar contribution from the host galaxy. Additionally, I
searched the extracted off-center spectra for the same features. A list of the accumulated
identifications can be found in Sect. A.3.

Essentially all line features are less pronounced in the off-center spectra, with only few
exceptions. This is an expected finding, especially in case of features that are connected
to the AGN, and it is related to the distance of the apertures from the center of the
host galaxy. Each aperture is centered at a distance of two times the converted seeing
value, once to the right and once to the left of the center, where the AGN resides. The
apertures have widths of two times this seeing value, such that the central region, that
is omitted here, also corresponds to a width of two times the value. This might leave
out some contribution of the central bulge in the off-center spectra. However, even if
the bulge is included within a centered aperture, effects of the host galaxy are expected
to not be as strong as from the AGN itself.

In contrast to this, the off-center spectra should contain no or only minimal contri-
bution from the AGN. Based on the AGN tracer line [Sivi] this statement cannot be
fully supported. In some cases, such as for object 58, the line is still visible in off-center
spectra. The glare from the nucleus is apparently strong enough to influence even the
off-center spectra. Other cases do not show this effect, as for example the indication for
[Sivi] disappears in the off-center spectrum of object 67. A simple explanation might
lie in the overall damping of line features in the off-center spectra, as the [Sivi] line is
not very strong in the spectrum of 67 even for a centered aperture.

In total there are 20 spectra for different objects analyzed here. The overall iden-
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tifications include multiple potential line candidates, and especially other hydrogen re-
combination lines. A prominent example is the Brackett-§ line, which is found in almost
half of the sample here (9/20), being quite distinct in some cases. Here, I concentrate
on the abundance of three particularly interesting lines. The AGN tracer [SiVI| can be
found in 10 spectra, where it is rather distinctive in some cases. Another AGN tracer,
but also shock tracer, is the [Fe11] line, that can be found in 9 spectra. This can be
combined with other shock tracers, such as lines from molecular hydrogen Hy. These
can be found for 13 objects, but are often only associated with weak features in these
spectra. Possible implications from this are discussed in Sect. 4.4.

4.3 Imaging Data

This section describes different methods and tests which I used for extracting absolute
K-band bulge magnitudes for each available object. In contrast to the spectroscopy
data, the amount of objects for which data from imaging observations can be used here
is smaller, i. e., 20 objects for spectroscopy, but only 14 objects for the K-band imaging.
As shown in Tab. 4.1, for three objects that are missing in imaging (29, 71, and 77)
there are bulge magnitudes available in literature that can be used instead of omitting
the object from a follow-up analysis. However, the latter is the case for the remaining
three objects (70, 74, and 89), which cannot be considered in further analysis.

4.3.1 Choosing an Aperture Radius

Similar to the choice of an aperture for spectroscopy (Sect. 4.2), the aperture radius is
also important in the context of photometry. Busch et al. (2015) use a circular aperture
with a radius of about three times the FWHM they measured for the PSF in order to
calibrate their data. Based on some tests I find that this choice works well as a default
aperture radius, that can be adjusted if necessary.

By using an IRAF task, which can apply either a Moffat or a Gaussian fit to a
source within a specified aperture radius, I test the impact of multiple different settings.
A Moffat distribution is often used when a Gaussian does not fit the PSF well. Its
intensity I as a function of the distance r can be written as

") =TI (1+ (/R "7, (4.13)

where I is the intensity at the center of the source, R is a width parameter (half width
at half maximum), and £ is a constant coefficient that represents atmospheric scattering
(Moffat 1969).

In this work I choose to fit Moffat instead of Gaussian distributions. This is par-
tially supported by Busch et al. (2015, Sect. 3.1), where the authors model the AGN
component of their data via a Moffat function with a width that is fixed to their mea-
sured PSF. However, their PSF measurements are based on Gaussian profiles. To assess
the difference between using Gaussian and Moffat profiles, I did test measurements on
some sources in my data. Based on previous measurements I found that two images are
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particularly interesting cases for this test, as one shows a large average PSF measure-
ment for multiple sources, whereas the other results in a relatively small average PSF
measurement. The former situation is given for the reduced, final image for object 58,
which is observed during the night February 23 to 24, the latter for the respective image
of object 76 from the same observation night. Some relevant results from measurements
are shown in Tab. 4.5.

Table 4.5: Comparison of results for measurements of fitting a Moffat and a Gaussian
profile to different sources. Respective lines indicate for which object the measurements,
that are shown below, are valid. The unit of the peaks is counts (ADU) and that of the
radius is pixel, which is effectively irrelevant as they can be arbitrary for the comparison.
Column (1): Type of object. Column (2): Peak of the Moffat profile fit. Column (3):
FWHM of the Moffat profile fit. Column (4): Peak of the Gaussian profile fit. Column
(5): FWHM of the Gaussian profile fit.

Object Type Moffat Gaussian
Peak FWHM Peak FWHM

(1) (2) 3) (4) (5)
58 HE0949-0122 (February 23 — 24)

star 162.8 5.67 165.2 5.54
star 712.8 5.57 724.9 5.43
star 44.77 6.42 44.69 6.45

galaxylll 14702 561 14805  5.56
76 HE1346-3003 (February 23 — 24)

star 1208 2.76 1210 2.59
star 228.1 2.11 225.5 2.17
star 200.2 2.40 200.4 2.31
star 1265 2.29 1257 2.31

galaxy!!] 24025  2.37 23603  2.44
(: The aperture is centered at the nucleus of the active galaxy.

In both cases the measurements of the galaxy do not show noticeable differences to
measurements of stars with respect to the different fit profiles, except for the higher
intensities in these specific cases. The deviations are calculated using the Moffat values
as a baseline, i.e., Gaussian/Moffat. Deviations of the peak values are only between
< 0.1% and < 1.8%. For the values of the FWHM measurements, deviations are
between < 0.5 % and < 6.2 %, where the largest deviation is an outlier, being more than
twice as large as the second largest deviation of < 3%. With the differences between
measurements being clearly below 10 %, the choice of a Moffat or a Gaussian profile does
not appear to matter for the further analysis here.

The agreement with the previously mentioned aperture radius of about three times
the Moffat FWHM comes from another test, in which I applied multiple apertures of
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different sizes to the same object, and compared the differences in flux measurements.
Respective measurements are applied to the reduced image of object 01 from the obser-
vation night September 10 — 11, by choosing a relatively bright point source from the
FOV of the image (2MASS J00054407-5005245). The PSF in this image, as a median
of the FWHM measurement for multiple point sources, is ~ 4.62px, i.e., ~ 1.33"”. Flux
measurements for different aperture radii are shown in Tab. 4.6.

Table 4.6: Exemplary flux measurements for different aperture radii on a point source.
Column (1): Aperture radius in pixel. Column (2): Description of the radius, where the
median Moffat FWHM is valid for the image that these measurements were conducted
on. Column (3): Measured flux within the aperture in arbitrary units.

Radius / px Descriptive Size Flux (arb. unit)
0 ) 3)
2.31 half median Moffat FWHM 17393.8
4.62 median Moffat FWHM 34902.6
9.24 double median Moffat FWHM 42994.7
13.83 triple median Moffat FWHM 44636.2
18.48 quadruple median Moffat FWHM 45549.3
23.1 quintuple median Moffat FWHM 46129.7

The aperture radius correlates with the flux at all times. However, after reaching
three times the median Moffat FWHM for the respective image, further changes for
larger apertures appear insignificant. The difference between the largest tested aperture
and the triple median Moffat FWHM is only about ~ 3.3%. In contrast to this, the
difference with respect to smaller radii is much larger. Even when using the median
Moffat FWHM as the aperture radius, the difference to triple that radius is ~ 22 %. For
smaller radii this difference grows accordingly even more.

The background around a source is obviously a big factor for the choice of an aperture
size, as a strong background influences larger apertures much more than a well subtracted
background. However, this exemplary test shows that the choice for the given data here
of about three times the Moffat FWHM from according measurements in the image
should include the necessary flux, but not much more. It is effectively the sweet spot for
the aperture radius for most measurements on point sources, as for example calibration
measurements. Another benefit from this choice of aperture radius is that the chance of
including other sources than the intended source at the center of the aperture is smaller
than for larger radii. This situation might change for extended sources, such as the bulge
component of the host galaxy of an AGN. Then corresponding considerations for other
aperture radii have to be taken into account. The applied IRAF task can automatically
apply an aperture that is close to three times the median Moffat FWHM, which I call
‘3M-fit radius’ for simplicity. As an example, the difference in flux for the same object
as in Tab. 4.6 between using three times the median Moffat FWHM and using the 3M-fit
radius is < 0.05%. This is due to the small difference in radii of < 1%. Thus, in the
following I refer to the 3M-fit radius instead of three times the median Moffat FWHM.
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Similar to the spectroscopy data, I also applied cross-calibration tests to imaging
data. To further test and strengthen the choice of the 3M-fit radius as a default aper-
ture radius, I included different sizes of the apertures. Based on another method of
calibration, that I tested before switching to what is effectively presented in this section,
the image of object 67 from observation night February 15—16 is of particular interest for
this test. The reason for this is that it showed the largest deviations when applying the
previous method that I aborted later on. Thus, it makes a good candidate for follow-
up cross-calibration tests using the method shown here. The median Moffat FWHM
for the image of 67 is given as 2.57px & 0.74”, which is a relatively small size of the
PSF with respect to all given imaging files here. Originally, four stars were chosen with
one reference star. However, it turns out that one of these objects (2MASS J11454313-
1827073) might actually consist of two sources that are very close to each other. This
is not apparent in the literature 2MASS image, while this assumption is supported by
an elongated shape at the core of the source for certain scaling and contrast settings in
the given image here. Cross-calibration results for all tested aperture radii are largely
off for this object (~ 30 —52%). A list of results for the other three stars can be found
in Tab. 4.7.

Table 4.7: Cross-calibration results within the reduced image of object 67 for one refer-
ence star (2MASS J11454095-1829402) and three stars for the testing procedure (“obj1”:
2MASS J11454837-1827433; “obj2”: 2MASS J11453600-1828533; and “obj3”: 2MASS
J11454329-1828361). The table is split into three sections that correspond to different
radii, which are indicated above of each section. Column (1): Identifier of the object as
given in this caption. Column (2): Measured flux for the current radius of each section in
arb. unit. Column (3): Expected flux for the current radius of each section in arb. unit.
Column (4): Difference between measured and expected flux in percent. Column (5):
Difference between measured and expected magnitude, based on the flux values.

ID  Measured Flux Expected Flux Flux Diff. Magnitude Diff.
(1) (2) (3) (4) (5)
1.285 px radius (half median Moffat FWHM)

objl 1978.9 2286.7 —135% 0.157
obj2 98970.1 117167.2 —15.5% 0.183
obj3 16197.4 15346.4 +5.5% 0.059
2.57 px radius (median Moffat FWHM)

objl 4523.7 4669.3 -3.1% 0.034
obj2 230189.9 239250.6 -3.8% 0.042
obj3 31642.3 31336.7 +1.0% 0.011
7.45 px radius (3M-fit radius)

objl 5689.7 5898.1 -35% 0.039
obj2 294127.6 302211.1 —2.7% 0.029

obj3 40338.8 39583.2 +1.9% 0.021
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It is evident that the median Moffat FWHM or a larger measure as the aperture ra-
dius is more favorable than a smaller radius. However, it is noteworthy that using either
the median Moffat FWHM or the 3M-fit radius does not show large variations for this
image, as both cross-calibrations result in deviations of < 4 %. Due to aforementioned
reasons concerning total flux measurements, choosing the 3M-fit radius for the aperture
size is still preferred.

4.3.2 Procedure Description and Testing

The extraction of a bulge magnitude is most accurate for an elaborate, sophisticated
morphological decomposition of an active galaxy into its different components, including
a subtraction of the central AGN. Within the scope of this work I apply a much simpler
and more straightforward approach for estimating the bulge magnitudes. This section
deals with a trial for this procedure, to assess whether it is working as intended and to
roughly test its accuracy.

In order to test the procedure I used four objects with known bulge magnitudes from
previous publications (Busch et al. 2014; Busch et al. 2015). For three of those objects I
tested the procedure using the files from previous observations, that are partly used for
results of the mentioned publications. These objects are also part of the LLQSO sample.
Their IDs and names according to the HES are 11 HE0103-5842, 29 HE0253-1641, and
83 HE2204-3249, where the reader might recognize object 29 from the spectroscopy
sample of this work. The additional, fourth object is 62 HE1029-1831. This object is
part of the imaging set from the observations in February 2019, which is missing its
counterpart in spectroscopy, such that it is not mentioned previously. However, Busch
et al. (2015) analyze object 62 using another telescope, the VLT, and accordingly also
another instrument. As a part of their analysis, the authors find the absolute K-band
bulge magnitude for object 62, such that the imaging files here can be used to add this
image to the pool of test objects for the procedure of this work.

The other three objects, 11, 29, and 83, are chosen as they cover a wide range of
different parameters. This includes the absolute K-band bulge magnitudes found by
Busch et al. (2014), as these objects cover a range of ~ —25mag to ~ —22 mag, which
is almost the whole range of magnitudes that the authors find for their full sample.
Additionally, they list the luminosity fractions for these objects, including that for the
bulge to total luminosity. The objects show values from relatively small (~ 0.17) to large
(~ 0.78) fractions of the bulge luminosities. Their morphological types are noteworthy
as well, as two objects are considered as barred spirals, and the third one as an elliptical
galaxy. Finally, the visible, angular size of the objects in the SOFI images, in relation to
the sources presented in this work, covers the range from rather small to medium-large.
Together with object 62 the small sample of just four test objects shows a wide scatter
of properties that might influence the measurements.

For the sake of completeness I also applied cross-calibration tests to the images of
the two objects 11 and 83. Each test consists of the cross-calibration of just two stars,
but again for different aperture radii. Results in a similar format as in Tab. 4.7 can be
found in Tab. 4.8.
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Table 4.8: Cross-calibration results within the reduced images of objects 11 and 83. The
table is split in respective sections for each LLQSO object. For object 11 the reference
star is 2MASS J01051798-5825446, the “object” star is 2MASS J01051960-5827109. For
object 83 the reference star is 2MASS J22074439-3234420, the “object” star is 2MASS
J22074648-3235184. The radii follow the same scheme as in Tab. 4.7, i.e., first half the
median Moffat FWHM, then the median Moffat FWHM, and lastly the 3M-fit radius.
Column (1): Aperture radius in pixel. Column (2): Measured flux for the current radius
of each section in arb. unit. Column (3): Expected flux for the current radius of each
section in arb. unit. Column (4): Difference between measured and expected flux in
percent. Column (5): Difference between measured and expected magnitude, based on

the flux values.

Radius Measured Flux Expected Flux Flux Diff. Magnitude Diff.

(1) (2) (3) (4) (5)
object 11

2.435 11249.7 10665.5 +5.5% 0.058

4.87 20112.1 19810.1 +1.5% 0.016
14.33 26315.1 25625.2 +2.7% 0.029
object 83

2.835 55493.3 53638.3 +3.5% 0.037

5.67 110751.9 110208.6 +0.5% 0.005

16.74 138303.3 137976.9 +0.2% 0.003
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The results confirm the earlier finding, that a larger aperture radius than half of the
median Moffat FWHM is preferable. Again, the difference between the 3M-fit radius
and the median Moffat FWHM as the radius is negligible. Thus, the conclusion is the
same as before.

The idea behind the procedure to extract bulge magnitudes, that is applied in this
work, lies in the 3M-fit radius as a default aperture size indicator, and potential adjust-
ments. The adjustments are based on the morphological type of each galaxy, the visible
angular size in the SOFI images, and a visual inspection of each galaxy for different
scaling and contrast settings, accounting for the size of its central luminous parts, that
individually depend on each source. As a reminder, for an elliptical galaxy the whole
object is assumed to make up the central spheroid or bulge. Their neighbors in the Hub-
ble tuning fork, lenticular galaxies, are also thought to feature large, prominent bulges,
whereas (barred) spirals tend to have smaller bulges.

In order to find the 3M-fit radius, as well as the median Moffat FWHM for potential
adjustments, multiple measurements are made on point sources in each image. Then
at least two stars are chosen, if possible even more, for which there is an apparent
magnitude in the K-band from 2MASS in literature. In a best case scenario these stars
are close to the galaxy, but also isolated enough from other sources nearby, that there is
no or only as minimal contamination as possible in any measurements. From a simple
visual inspection this is given for the reference stars that are chosen here. As a result
from taking measurements on multiple stars the influence from possibly contaminated
measurements is further mitigated.

A potential problem that arises from this procedure is that the resulting apparent
magnitudes, one for each reference star, cannot be easily averaged, due to the logarithmic
scale. It is possible to derive a formula that can be used to get an average apparent
magnitude m. Probably the most straightforward way to calculate such an average
magnitude is to calculate the arithmetic mean of n input fluxes f = %Z;;l fi and
calibrate the resulting apparent magnitude via a reference source with known f,ef and
Mref, Using KEq. 3.5. However, this is not applicable to the situation here, as there are
N reference sources in combination with a single flux measurement of the object of
interest. In order to find an average reference source with a respective flux density
fref and apparent magnitude M, the average of all available apparent magnitudes
[Myef,1, Mret,N] has to be found, which leads back to the initial problem. Based on the
upper equation that describes the average flux f in combination with the scaling from
Eq. 3.6, it is possible to derive a respective formula for the average m from n different
input magnitudes,

__ n
=1

Using the distance of an object, that can be inferred from its redshift (see Eq. 4.12),
together with m, it is possible to find a respective average absolute magnitude M. In
this specific case here, these magnitudes are given for the K-band, i.e., mxg and M.
The first step of testing the procedure overall are according measurements on multiple
point sources in each image, to find the 3M-fit radius and the median Moffat FWHM.
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Then I started by simply applying an aperture, of which the size is based on the 3M-fit
radius, to each central region of the galaxies. Afterwards, I used the aforementioned
parameters to adjust the 3M-fit radius accordingly for each object. These measurements
are supposed to include the bulge component of each source. However, at each center
also lies an AGN. In order to only include the flux of the bulge, the contribution from the
AGN needs to be subtracted. This is done using a smaller aperture that is centered on
the AGN, choosing an aperture width that corresponds to the median Moffat FWHM.
This modeling of the AGN contribution is the same procedure as applied by Busch et al.
(2014). Results for the application of the procedure to each test object are shown in
Tab. 4.9.

Table 4.9: Literature values and results for measurements on the sample of test objects.
Column (1): Object ID from the LLQSO sample. Column (2): Number of reference
stars for the respective object that are used for flux measurements. Column (3): Average
absolute K-band bulge magnitude from measurements on all reference stars, where the
aperture size is set using the 3M-fit radius. Column (4): Average absolute K-band bulge
magnitude from measurements on all reference stars, where the aperture size is set using
the adjusted radius. Column (5): Absolute K-band bulge magnitude from literature.

ID Nr. of Ref's MK,SM—ﬁt radius MK,adj. radius MK,lit

(1) (2) 3) (4) (5)

11 2 —23.62 —23.62 —23.78lal
29 2 —23.03 —22.86 —22.13ldl
62 4 —23.82 —23.66 —23.5710)
83 3 —24.45 —24.74 —25.00l

la]:  According to Busch et al. (2014, Tab. 7). [l: According to Busch et al. (2015,
Sect. 3.1).

For object 11 (HE0103-5842) the 3M-fit radius is kept as the aperture, i.e., there
are no further adjustments. The object is roughly of medium size in comparison to
other objects from this work. It is classified as a barred spiral (SB) and its luminosity
fraction for the bulge is given as ~ 0.48. The visual inspection, including a comparison
of an aperture that is based on the 3M-fit radius with the appearance of the galaxy,
shows that this default choice for the aperture size fits the object well. The resulting
absolute K-band bulge magnitude differs from the literature value by 0.16 mag, which
appears as a good result, given the difference between this procedure and an elaborate
morphological decomposition of the galaxy.

Object 29 (HE0253-1641) is also a barred spiral galaxy, but has a much smaller
luminosity fraction of the bulge of ~ 0.17, resulting in the smallest absolute K-band
bulge magnitude from the test sample. Additionally, the object has a smaller angular
diameter than object 11, which can be seen in a comparison of the objects. In fact, this
object is small in comparison to most objects of this work. My estimated absolute K-
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band bulge magnitude from the 3M-fit radius is about 0.9 mag lower than the literature
value, i. e., I overestimate its brightness by almost 1 mag. The correction of the aperture
size uses two times the median Moffat FWHM, but the respective result is still ~ 0.7 mag
off from the literature value. This is a large deviation, which is probably based on the
low luminosity fraction of the bulge, and it is not evident from the visual inspection,
such that this object shows the largest deviation between my estimate and the literature
value.

Yet another barred spiral is object 62 (HE1029-1831). It is also relatively small in
angular size, similar to object 29, but even a bit smaller. The corrected aperture size
is accordingly again two times the median Moffat FWHM, while the PSF is slightly
smaller for 62 than for 29. While the result for the 3M-fit radius deviates from the
literature value by 0.25 mag, which is already significantly better than the results for 29,
the adjusted radius reduces this deviation to 0.09 mag. This result shows an even better
agreement with literature than is given for object 11, which is already relatively close to
the reference value, given the simplicity of the approach.

In contrast to the previous three objects, object 83 is associated with an elliptical
galaxy. Accordingly, the full host galaxy is considered to contribute to the bulge lumi-
nosity and its luminosity fraction of the bulge is the largest in the test sample at about
0.78. The choice of a size for the aperture deviates accordingly from the 3M-fit radius to
include the full host galaxy. If the galaxy is not very small and the PSF relatively large,
the expected aperture size for an elliptical galaxy increases in comparison to the 3M-fit
radius. This is also the case here. When using the 3M-fit radius the corresponding
absolute K-band bulge magnitude is off by about 0.55 mag from the literature value.
Here, my result is showing an underestimation of the bulge luminosity. The increased
aperture size of 42 px, which is approximately 7.5 times the median Moffat FWHM for
the given image, decreases the deviation to 0.26 mag, which is a much closer estimate
with respect to the literature value. However, a problem for this object lies in nearby
foreground stars, which are included if the radius is chosen large enough to guarantee
an inclusion of the full host. By testing different aperture sizes centered on this object I
find that the only way to reach the literature magnitude is for even larger aperture radii,
which include foreground objects. The given context of a fast, simplistic procedure for
finding bulge magnitudes does not include the modeling of potential foreground stars,
which can then be subtracted from the galaxy in order to eliminate their contribution.
Hence, the smaller choice of an aperture radius results in an expected underestimate of
the bulge brightness for this object.

The overall deviations from literature values for the final results in the test sample
cover a range of about 0.09 — 0.7mag. It is important to note that all of the adjusted
aperture radii improve the results in comparison to literature magnitudes, some even
significantly. The observed deviations agree with the interpretation of each source in the
context of further information that is available here. However, this additional informa-
tion is missing for the other imaging objects that are analyzed in Sect. 4.3.3, such that a
consideration of it would break the meaning of the test sample. The test emphasizes that
the simplistic approach here cannot compete with an elaborate morphological decom-
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position. In contrast to this stands the significantly reduced complexity and according
time that it takes to apply the described procedure to different sources. Based on this,
and including considerations such as the foreground stars for object 83, the procedure
is deemed to work well enough for rough estimates of the bulge magnitudes, such that
these can be used for an additional analysis in Sect. 4.4.

4.3.3 Bulge Magnitude Estimates

This section deals with the application of the previously described procedure for extract-
ing absolute K-band bulge magnitudes (see Sect. 4.3.2) to all imaging objects from the
observations that this work is based on. One aspect from the procedure relies on the
morphological classification of the host galaxy. However, this is not given for all objects
here (see Tab. 4.1), such that a visual inspection has to suffice in these cases. Results
for all objects can be found in Tab. 4.10, including a split view of those that have been
observed during two observation nights.

Those sources, that have a respective image for each of two observation nights, are
described here in more detail. The first object is 58 (HE0949-0122) with two quite
different values for the median Moffat FWHM in both images. Accordingly, the 3M-
fit radius for both cases is different as well, being 6.50 px in the image from the night
February 14 to 15 and 16.86 px for February 23 to 24. Despite this, the 3M-fit radius is
chosen to define the aperture size in both cases. A reasoning for this can be found in a
discussion below. It is noteworthy that the results for the bulge magnitudes are not far
off from each other, with a difference of 0.15mag. The resulting average magnitude is
—24.53.

The other three objects with two observation nights show even smaller differences
in estimated bulge magnitudes between those two nights. For object 64 (HE1108-2813)
the choices of aperture radii are slightly different. In the first night it is the median
Moffat FWHM multiplied by a factor of five, whereas this factor is only four in the
second night. These choices are related to the consideration of all available information
about this source, and the different values for the median Moffat FWHM per image.
The resulting area, that the apertures cover, is similar in both cases. Hence, it is less
surprising that the estimated bulge magnitudes agree very well for both observation
nights. For the first night it is —23.57, while for the second it is —23.59, resulting in an
average value of —23.58.

The difference between the values for the 3M-fit radius of each observation night
for object 66 (HE1136-2304) is not large. As a result, the choice of five times the
median Moffat FWHM covers a similar part of the relatively small galaxy in both images.
Considering the differences between images from two different observation nights for the
other objects, this object shows probably the smallest differences. The estimates for
the bulge magnitudes are —23.04 and —23.11, i. e., a deviation between the estimates of
0.07 mag. While this is a stronger deviation than for object 64, it is still relatively small.
The resulting average estimate of the K-band bulge magnitude is —23.08.

The last object with two observation nights, which is 76 (HE1346-3003), also shows
a good agreement between the respective results. This is not self-evident, as all objects
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Table 4.10: Results for the extraction of K-band bulge magnitudes for all imaging objects
according to Tab. 4.1. Those objects, that are observed during two different nights are
accordingly listed twice. Column (1): Object ID from the LLQSO sample. Column
(2): Date of the night of observation. Column (3): Descriptive size of the radius that is
chosen for the aperture, where “m.M.pwun” is an abbreviation for the median Moffat
FWHM. Column (4): Number of reference stars for the respective object that are used
for flux measurements. Column (5): Average absolute K-band bulge magnitude from
measurements on all reference stars, where the aperture size is set using the adjusted
radius.

ID Obs. Night Choice of Radius Nr. of Ref.s Mg
(1) (2) (3) (4) (5)

01 Sept.10-11 3M-fit radius 2 —23.50
13 Sept.07-08 ~ 6x m.M.pwuMm 2 —23.44
20 Sept. 07-08 ~ b5x m.M.FWHM 2 —24.14
22 Sept.09-10 4x m.M.pwuMm 3 —24.47
53 Febr.15-16 3M-fit radius 4 —23.27
54  Febr.15-16 3M-fit radius 5 —22.78
58  Febr.14-15 3M-fit radius 2 —24.60
58 Febr.23-24 3M-fit radius 2 —24.45
64 Febr.15-16 5x m.M.pwHM 4 —23.57
64 Febr.23-24  4x m.M.pwnm 4 —23.59
66 Febr. 15-16 5X mMFWHM 3 —23.04
66 Febr.23-24 5x m.M.pwum 3 —23.11
67 Febr.15-16  4x m.M.pwHMm 4 —23.72
76 Febr.16-17 3M-fit radius 2 —24.21
76 Febr. 23-24 6 x m~M-FWHM 2 —24.25
78 Febr.16-17 3M-fit radius 3 —23.42
95 Sept. 09-10 ~6X% m~M-FWHM 4 —24.53
99 Sept. 07-08 2% mMFWHM 4 —22.75
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in the image from the night February 16 to 17 show the same warped shape of the PSF,
where the cores of all sources appear slightly elongated and curved. The 3M-fit radius
from that image is also larger than for the second night. As is the case for objects 64 and
66, the effective choices for the radii result in apertures that cover similar parts of the
host galaxy. The two nights result in absolute K-band bulge magnitudes of —24.21 and
—24.25, which differ by only 0.04 mag, giving an average magnitude of —24.23. Despite
the strong similarity of the results I choose to ignore the estimate for the first night,
as the warped shape of the PSF appears strange. The small difference between the
estimates means at the same time that ignoring one result does not impact the overall
outcome for this object.

While a completely blind application of the procedure is impossible, I try to treat
different observation nights as if they are observations of unrelated objects. Despite the
effectively different choices of aperture radii, the deviations between two nights for the
same object are relatively small, 0.02 — 0.15mag. Taking into account the differences
between observation nights, the deviation between bulge magnitude estimates for object
66 with 0.07 mag appears most intriguing. The similarity of both images implies the
expectation of a negligible difference, especially when compared to the other objects.
However, as the approach here is expected to result rather in rough estimates than
precise measurements, a difference of 0.07mag does appear immaterial. Overall, this
points towards a robustness of the procedure as it is applied here.

Further noteworthy cases are those objects that are ellipticals or at least potential
candidates for this class, in case their classification is not clear as either E or SO. Both
classifications are associated with large, prominent bulges, especially in case of ellipti-
cals. Similar to object 83 the candidates for ellipticals here, 13, 58, and 95, also have
foreground stars nearby, which might influence measurements for large apertures. In all
cases the assumed radii might be too small and the according bulge brightness is likely
underestimated.

For object 13 the choice of aperture radius is relatively straightforward in comparison
to the other two sources as the maximum radius that does not include two obvious
foreground sources. However, it cannot be excluded that there are more sources even
closer to the galaxy nucleus, especially as a contour plot indicates at least one bright blob
within the chosen aperture size. Although the galaxy appears to extend a bit further
out, the contribution of the remaining part should be low. Object 13 is classified as an
elliptical only, which supports the assumption that the whole galaxy should be included
and the overall bulge brightness is probably slightly underestimated here.

For object 58 the assessment depends on whether the source is an elliptical or a
lenticular galaxy. As described earlier, there are two observation nights for this object
with different choices of aperture radii, i.e., the covered region of the source is different
for both images. If 58 is actually an elliptical, then the aperture choice for the first
night is much too small, even when considering nearby sources that could influence
measurements, whereas the aperture for the second night is only slightly too small. Using
the 3M-fit radius is more of a lower limit here, potentially even for a SO classification in
the first image. For the first night, the 3M-fit radius coincidentally matches with a central
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part of the object at the boundary of which a step of change in brightness can be found
for certain visualization settings. The 3M-fit radius of the second night of observing 58
is much larger and encloses most of the source, coming even close to the apparent area of
influence from another source nearby. Considering the large difference of areas included
in the apertures, the difference in estimated bulge magnitudes of ~ 0.15mag is rather
small. On the one hand, this might be related to the accordingly different apertures
used on the central AGN in both images. On the other hand, the influence of the outer
parts of the galaxy show a much smaller contribution to the overall luminosity than the
inner parts.

Object 95 is special in comparison to the previous two objects, as it is not clear
whether the adjacent feature is a close, faint source or actually a part of the galaxy, e. g.,
a tail from a perturbation such as a merger event. This galaxy is classified as either E or
S0. The feature is excluded from the chosen aperture, partly due to its unknown origin
and partly because it is questionable whether it can be counted as part of the bulge
component, which is valid for either morphological classification from literature. Still,
the estimated absolute K-band bulge magnitude is probably a lower limit of the bulge
brightness.

4.4 The LLQSO Objects and the M-L Relation

This section describes the objects from the LLQSO sample in the context of a Mpy —
Lyyige diagram and in comparison to respective literature relations. Accordingly, the
results from the previous sections (Sect. 4.2 and 4.3) are important here. In order to
quantify the placements in the diagram, the errors of the quantities have to be discussed.

The errors of the BH mass estimates from the broad emission line fitting could simply
be based on the internal scatter of the estimator, as shown in Tab. 4.4. This scatter
depends on the broad emission line that is used as a basis for the final BH mass estimate,
i.e., either the P« or the Brv line, which is the same for some cases, but varies in others.
As expected, for most objects the fit of the broad Pa emission line is used as a basis for
the final BH mass estimate. The only exceptions are objects 58, 64, and 77, where the
Br line fit appears more promising than that of the Pa line (see Sect. 4.2.1).

Another point that is made before is that the formal, internal scatter might not
reflect the actual errors, as these can be expected to be larger in some cases. Without
going more into detail of considerations like the fixed virial factor, the following choice of
errors combines the internal scatter with a subjective assessment of the fit. This factors
in aspects like the spectral noise that surrounds the fitted emission line and the amount of
adjustments within the feedback loop to reach the final fit. If the fitting of the respective
emission line appears to work well and noise is low, the internal scatter might be kept.
Otherwise the error is accordingly increased (see also Fig. A.3). Table 4.11 shows the
respective error values. Those objects that cannot be considered in this section, as a
respective bulge magnitude is missing, are already excluded, i.e., objects 70, 74, and 89
are missing in the table.

As described in Sect. 4.3, the method for finding the absolute K-band bulge mag-
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Table 4.11: The effectively chosen BH mass estimates for each object and their respective
errors. The basis for the adjustments is described in the text. Column (1): Object ID
from the LLQSO sample. Column (2): Chosen BH mass estimate, either from the broad
Pa or Bry line. Column (3): Maximal deviation based on the internal scatter as listed
in Tab. 4.4. Column (4): Adjusted error for the mass estimate.

ID BH Mass Max. Scatter Adjusted Error

L @ (3) (4)
01 7.08 0.11 0.11
13 6.37 0.17 0.27
20 7.36 0.15 0.30
22 7.04 0.14 0.34
29 7.03 0.12 0.12
53 7.04 0.12 0.32
54 6.83 0.13 0.13
58 7.61 0.08 0.28
64 6.56 0.12 0.22
66 7.78 0.10 0.10
67 7.62 0.07 0.10
71 7.39 0.10 0.10
76 7.39 0.10 0.25
it 6.80 0.16 0.21
78 7.76 0.11 0.11
95 6.86 0.15 0.35

99 6.63 0.15 0.20
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nitudes is relatively simplistic. Accordingly, it is less accurate than for example finding
the value from a sophisticated morphological decomposition of the host galaxy. It is
hard to quantify an error per object from this method, such that the description here
concentrates on the choice of a generic error for all estimated bulge magnitudes. The
test of the procedure from Sect. 4.3.2 shows that the deviations with respect to literature
magnitudes lie in a range of 0.09 — 0.7 mag. However, it has to be considered that the
second largest deviation is 0.26 mag, i.e., less than 40 % of the largest deviation, which
does not even consider the logarithmic scale. Thus, it makes sense to take a closer look
at the largest deviation of 0.7 mag, which is given for object 29.

While it cannot be ruled out that the method from this work might result in similarly
large deviations from more accurate bulge magnitude estimates when applied to the full
imaging sample, object 29 appears to be an outlier. Not only is it a barred spiral,
which is often associated with a less pronounced central spheroidal component than for
example in the case of lenticular galaxies, but it also shows a small angular diameter.
The corresponding result is the given small bulge to total luminosity fraction for this
object. An overestimate of the bulge magnitude using the procedure of this work can be
expected for this object, although the scale of deviation is even larger than anticipated.
With a small caveat, that is explained later, this object is considered as an outlier.

The argument of using object 29 from the test sample as an outlier leaves the re-
maining deviations in a range of 0.09 — 0.26 mag. In order to be on a safer side and
not underestimate the uncertainty by a huge amount, I find it more sensible to choose
the new upper limit of deviations in the test sample as an exemplary error. Hence,
each estimated bulge magnitude has the error 0.26 mag. However, further discussions of
specific objects are not ruled out.

Three objects of the full sample here are missing values for their bulge magnitudes,
which still leaves 17 LLQSOs in the sample of this work. While only 14 of these have
estimates for bulge magnitudes following the procedure of Sect. 4.3, the three remaining
objects have bulge magnitudes provided by literature. These objects are 29, 71, and
77, where the reader probably recognizes object 29 from the previous discussion. For
completeness, all three objects with their literature values for the absolute K-band bulge
magnitude are listed in Tab. 4.12.

Table 4.12: Values of the absolute K-band bulge magnitudes for three objects as provided
by Busch et al. (2014). Column (1): Object ID with respect to the LLQSO sample.
Column (2): Name of each object according to the HES. Column (3): Absolute K-band
bulge magnitude.

ID Name ]\4}(7 bulge
(1) (2) (3)
29 HEO0253-1641  —22.13
71 HE1310-1051  —23.25
77 HE1348-1758  —21.99

As described in Chpt. 1, a major goal of this work is an increase of the number of
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analyzed objects from the LLQSO sample with respect to an earlier series of publications.
There is a particular focus on the Mgy — Lpylge relation. Busch et al. (2016) analyze
16 objects from the LLQSO sample in the context of the Mpn — Lyuge relation and
plot these objects in an according diagram with some literature relations for inactive
galaxies. These 16 objects and the literature relations are also found in the diagram
below together with the LLQSOs from this work.

However, while this work adds 17 data points, only 14 are actually new objects in
the diagram. The three overlapping objects between the previous and the new sample
are those that are listed in Tab. 4.12. Accordingly, their bulge magnitudes are the same
for both sets, but their mass estimates are different. As shown in Tab. A.6, the previous
SMBH mass estimates are based on fitting the HS emission line. For objects 29 and 71
I use the broad Pa line fit for the BH mass estimate, whereas for object 77 I choose
the broad Brv line instead. This results in a small increase of the mass estimate when
compared with my broad Pa line fit for this object.

Figure 4.2 shows the My — Lyulge diagram, which includes both samples and four
literature relations that are found for inactive galaxies according to Marconi and Hunt
(2003), Vika et al. (2012), Graham and Scott (2013), and Kormendy and Ho (2013).
A larger version with the included object IDs next to each data point can be found in
Fig. A.4.

From a first glance it is already evident that the overall scatter of the data points is
similar for both samples. There are no strong outliers in the diagram, i.e., all objects
cover similar ranges of BH masses and bulge magnitudes. A few objects appear to agree
with the relations for inactive galaxies that are provided by literature, while the largest
part of both samples lies systematically below these relations. As the objects are below
the literature relations, either the BH masses are lower or their bulges are more luminous
in the NIR than the expectation that is based on inactive galaxies. The nature of this
deviation is one of the leading questions that the series of publications about the LLQSO
sample approached.

When looking more into the details of some specific data points, there are multiple
conspicuous aspects. The two leftmost objects are part of the previous and new sample
of LLQSOs. Thus, they are connected. In fact, these are objects 77 (leftmost) and 29
(second to leftmost). It is evident that the error bars of my SMBH mass estimates do
not include the mass estimates from the previous sample. However, the previous sample
features other objects with two different mass estimates that show on average even larger
differences than given here between the previous and my mass estimates. If the objects
from the previous sample had have error bars, they might actually overlap with the
estimates shown here. Switching the mass estimate for object 77 from using the Br+y line
to the estimate based on the P« line, the mass would be closer to the previous estimate,
although not much. Additionally, there is a reason that I switched to using the Br~ line
fit instead (see Sect. 4.2.1). The third object that is part of both samples, object 71,
shows a great agreement with the BH mass estimate from the previous sample, despite
the rather small error bars (see also Tab. A.6).

Intriguingly, the new BH mass estimates for objects 29 and 71 shift the data points
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Figure 4.2: Mgy — Lpuge diagram, where the bulge luminosity is substituted by the
absolute K-band bulge luminosity. The diagram features four literature relations for
inactive galaxies. The x-axis is inverted, such that brighter objects appear further right
in the diagram. Objects from the series of publications about the LLQSO sample are
included as red diamonds, whereas the objects from this work are added as blue circles.
The data point in the box at the top right of the diagram does not correspond to
an object, but shows the exemplary error for the bulge magnitudes (see the text for
more information). For six objects there are two different mass estimates, where both
estimates are connected via a thick vertical black bar. In the case of two objects the
mass estimates are so close to each other, that the black bar is effectively not visible.



4.4. THE LLQSO OBJECTS AND THE M-L RELATION 105

in comparison to the previous sample to lie almost exactly on the relation as suggested
by Graham and Scott (2013). A special aspect about their relation is the bent, which
originates from a differentiation between core-Sérsic and Sérsic galaxies that might be
based on different merger scenarios, such as dry or wet merger processes. Part of their
work is related to feeding of the central SMBH that supposedly results in a different
scaling than for dry mergers, where the BH feeding is likely related to the level of AGN
activity. In other words, their sample is less restricted to inactive galaxies than the
other literature relations. Considering the AGN nature of the objects presented here,
this connects the LLQSO sample with the relation. Together with more findings from
these authors (Scott et al. 2013; Graham and Scott 2015), it is suggested that the
steeper relation for lower mass BHs (Mpy < 10% Mg,) is related to a faster BH growth
with respect to the bulge luminosity than is expected from the other relations.

Despite the earlier reasoning why the uncertainty of object 29 is considered an outlier,
an open question is the implication of a similar deviation for objects from this work, i. e.,
a shift of about 0.7 mag towards lower bulge luminosities. On the one hand, in that case
more objects would agree with the literature relations, although not all. Additionally,
the similarity of the scatter between the previous and the new sample would decrease,
showing the new sample to feature on average much lower luminosities. On the other
hand, the previous reasoning shows that it is unrealistic to expect the same overestimated
brightness from object 29 for all other objects as well. For some objects, such as 13, 58,
and 95, the estimated bulge brightness shown here is probably rather a lower limit than
a highly overestimated luminosity (see the discussion in Sect. 4.3.3). One exception
from this is object 99, which can be found as the third object from the very left. If
concentrating on the galaxy only, the image of object 99 is astonishingly similar to
29. For many visualization settings of the images the sources appear almost the same.
Hence, the question arises whether the bulge magnitude of 99 is overestimated the same
way as it is for 29. As mentioned earlier, I tried to apply the method “blindly”, i.e.,
concentrating on the given information per image and object, while avoiding influences
for example from the observation of the same object in another night. The robustness of
the procedure that I found from this is described in Sect. 4.3.3. Accordingly, the chosen
aperture size for objects 29 and 99 turns out to be in principle the same in both cases,
which is two times the median Moffat FWHM. This supports the assumption that the
brightness of the bulge of object 99 might be overestimated on a similar scale as it is for
29, i.e., possibly even around a value of 0.7 mag. However, it should be noted that even
a correction for such a large deviation shifts the object in the Mgy — Liuige diagram only
so far left, that it is still barely below all literature relations. Obviously, the deviation
of object 99 from the literature correlations would then be much smaller than for the
current estimate, especially considering the relation by Graham and Scott (2013).

The final publication of the series about the LLQSO sample (Busch et al. 2016) con-
tains an argument of the authors that the host spheroids are overluminous in contrast
to the explanation of the deviation via undermassive BHs. In principle both possibilities
can be explained via a co-evolution of the central SMBHs and the bulges of their host
galaxies. It is argued that there is no need for merger events, but secular evolution
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is sufficient, i.e., internal mechanisms such as the feeding of the central AGN and its
according feedback. Busch et al. (2016) also target the nature of the excitation mech-
anisms that lead to the overluminous bulges. Not surprisingly they find overall similar
emission lines as I do (see Sect. 4.2.2 and A.3), e. g., the AGN tracer line [Si V1], the shock
tracer and supernova rate estimator [Fe11], and multiple lines for molecular hydrogen Ha.
Likely based on an abundance of molecular gas in LLQSOs (Bertram et al. 2007), many
of their objects are found to be forming stars in the bulges. This stands in contrast to
the assumption that bulges mainly consist of old stars and SF is typically not expected.
Molecular gas is a basis for SF (e.g., Kennicutt 1998), but the connection to AGNs is
not clear. Busch et al. (2016) mention that the findings related to the flow of molecular
gas show outcomes that still need to be connected, e. g., out-flowing feedback contains
molecular gas (Garcia-Burillo et al. 2014), while an inflow of Hy from the galactic plane
towards the center fuels the AGN (Riffel et al. 2015).

A large open question is about duty cycles of AGNs, i. e., whether there are phases of
more and less activity in the galactic nuclei, and if so, whether these cycles are regular
or not. Related to this are merger scenarios, that are often associated with a change in
SF and AGN activity. These are not bound to only happen within a specific time frame,
but might occur in the past, present, and future. Combined with this is the overall
question about distance-specific stages of evolution in AGNs, e. g., the finding of a peak
AGN activity at z = 2. This is one of the signs that indicate an expectancy of certain
AGN characteristics for respective distances. In the context of duty cycles, Busch et
al. suggest the following scheme: First, an onset of SF results in brighter bulges, i.e.,
the data point of a galaxy travels to the right in a diagram as shown in Fig. 4.2. This
is followed by stronger feeding (and feedback) of the central SMBH, which results in a
faster growth of the BH mass than the respective bulge luminosity. The object travels
up in the diagram and back onto the relation as suggested for inactive galaxies. An
object that travels along this path shows an increase in AGN activity, as the BH feeding
is connected to its activity level.

The enlarged sample of 30 different LLQSOs might well agree with this scenario.
Given the findings by Busch et al. (2016) and the agreement between the previous
and the new sample of LLQSOs, all parameters match the suggested description. The
different distances of each data point from the literature relations, including the objects
that are close or even on the relations, can be explained by their different stages on
the path. The objects close and on the relations correspond to those that might start
or end their trajectory following the previous description. Objects further away might
then travel even further out, redirect their path, or follow a returning trajectory towards
the relation for inactive galaxies. Indications for this can be found when considering
the spectra of the LLQSOs from the new sample that are furthest right in the diagram,
i.e., objects 20, 22, 58, 76, and 95. Although it cannot be ruled out that these objects
might travel even further right, it is more likely that they follow a trajectory which
points back towards the literature relations. In fact, all of their spectra contain the
AGN tracer [Sivi]|, with the exception of the rather noisy and feature-less spectrum of
object 95. Turning the argument around, then the objects further left in the diagram
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might be expected to show more signs for SF and shocks. However, as the starting point
for the path of all objects is uncertain it is less meaningful to make a statement similar
to that for the objects on the right of the diagram. In agreement with this uncertainty
the spectra that contain more hints towards shocks and molecular gas seem randomly
spread in the diagram. Based on the existence of the AGN tracer in the spectra of the
objects on the right, the proposed idea of the trajectories is still strengthened.

Subsequently, it makes sense to analyze the placements of objects with respect to
groups that might show a systematic behavior. This might be based on certain properties
of the host galaxy and/or the AGN. The relatively low amount of available information
here makes such an analysis difficult, and simply from the diagram as it is shown in
Fig. 4.2 no grouping of objects can be found. However, one property that is known
relatively certain for each object is the redshift. A respective introduction of the redshift
into the diagram can be seen in Fig. 4.3.

Although not a strictly followed rule, there appears to be a slight trend between the
redshift and the placement of each object along the diagonal from the lower left to the
upper right. In fact, this trend becomes stronger for the objects that are close to or
even on the literature relations for inactive galaxies. There is a rule of thumb that more
distant AGNs are likely to be more powerful, which is partially based on the peak of
AGN activity at z &~ 2 (see above), but also related to selection effects, as Earth-bound
observers cannot detect faint sources at large distance. From this rule the observed
trend in the diagram seems expected. However, the particularity that the trend grows
weaker for the objects that show larger deviations from literature relations might be
connected to the nature of the deviation. It could be argued that as soon as a change of
one parameter results in a deviation from the expected behavior, this spreads to other
parameters, and the whole evolution of the object is thrown off its regular course. An
even larger sample of LLQSOs and many more object characteristics are needed for a
more detailed analysis.

Different findings with respect to the Mpy — Liuge relation itself can be found in
many publications in literature. As an early example Woo and Urry (2002) do not find
a correlation between the BH mass and its host luminosity. In contrast to this, McLure
and Dunlop (2002) analyze a sample consisting of AGNs as well as local inactive galaxies,
where they do not find a difference between these sub-samples, and only a small scatter
for their combined sample. Thus, they even suggest to use the relation for BH mass
estimates of high-redshift galaxies. However, especially for distant galaxies the case
of a cosmological evolution might need to be considered. While Bennert et al. (2010)
conclude that the Mgy — Lyuige relation evolves with the redshift, the authors find that
the Mpy — Liotal relation does not, leading them to the conclusion that the bulges might
grow via a redistribution of disk stars. Schulze and Wisotzki (2011) and Schulze and
Wisotzki (2014) find no evidence for a general cosmological evolution of BH — bulge
relations after taking selection effects into account.

If an evolution of the host galaxy luminosity or its bulge component exists, it has
to be considered especially in the context of the Mgy — Lpyge relation. Without an
assumption about a passive luminosity evolution Ding et al. (2017) find that their data
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for high-redshift objects (up to z ~ 4.5) match the local relations for Liuge 0r Liotal-
However, after correcting for a passive luminosity evolution, they even find that the
BHs appear to reside in less luminous galaxies than locally observed. Their result is
consistent with a scenario where the BH growth predates that of the host galaxy, which
has been predicted from simulations (Croton 2006). Similar results are found by Peng
et al. (2006a,b). Ding et al. (2020) show results for closer objects (1.2 < z < 1.7), which
are in agreement with local samples. Some outliers tend towards higher BH masses, but
they state that no strong conclusions can be made. These cases that stand directly in
contrast to the findings of this work are partially explained by a respectively switched
evolution trajectory based on a cosmological evolution, i.e., the BH growth is found to
precede that of the bulge component of its host (Bennert et al. 2010; Ding et al. 2017).

Based on the often larger distances of the objects in these publications that stand
in contrast to the findings here, an effect based on the redshift might come into play,
much stronger than the previously discussed implication for Fig. 4.3. However, it should
be noted that the observation of undermassive BHs and/or overluminous bulges is not
restricted to the LLQSO sample. Other AGNs that lie below local relations have been
found in the optical, whereas the interpretations are slightly different. Nelson et al.
(2004) and Bennert et al. (2011b) attribute their finding to overluminous host bulges,
similar to the interpretation in this work, while Kim et al. (2008) tend towards un-
dermassive BHs. Merloni et al. (2010) agree with either explanation, brighter hosts or
smaller BH masses. However, after considering a passive evolution of stellar popula-
tions, the deviation vanishes and the authors find a broad agreement with local relations
where some objects even show BH masses above local relations. An interpretation that
potentially matches the finding of this work is given by Urrutia et al. (2012), as the
authors describe that objects might be below the local Mpyg — Lpyge relation due to a
bulge growth first, which is followed by the growth of the BH.

Jiang et al. (2011) find that lower mass SMBHs (~ 10° — 1075 M, with most masses
<~ 106 M) are below the Mgy — Liulge relation, which agrees with the bent in the
literature relation by Graham and Scott (2013). Other authors describe a flattening
in the low-mass region, i.e., a shallower slope especially for < 10 My (Greene and Ho
2006), which emphasizes the debatable nature of the topic. However, Jiang et al. (2011)
argue that their results might be connected to a differentiation between pseudobulges
and classical bulges, and they mention the idea that pseudobulge luminosities might not
scale with BH masses at all (see also Kormendy et al. 2011).

More support for the results and interpretation from the LLQSO paper series and
this work comes from different observations of SF in the hosts of AGNs, which is thought
to depend on the overall luminosities of the host and the AGN (e. g., Kauffmann et al.
2003; Jahnke et al. 2004; Hickox et al. 2009; Merloni et al. 2010; Bongiorno et al. 2014).
According to Jahnke et al. (2009) SF is not even necessary for shifting objects towards
the higher bulge luminosities, as a redistribution of stars from the host galaxy into its
bulge component is sufficient. This agrees with the result mentioned previously for
Bennert et al. (2010). Bennert et al. (2011a) argue that the bulge growth might be
mediated via secular evolution and/or minor merger events. The redistribution of stars
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into the central spheroid requires another component that is distinctive from the bulge,
such as the disk from a late-type galaxy. In that case the combination of a redistribution
of stars into the bulge, as well as an onset of SF would lead to the respective objects
likely showing an overluminous bulge component relative to a given BH mass for local
Mgy — Lbulge relations.

It is yet unclear why there might be such differences in observations. A cosmological
evolution might be a significant factor, as the relatively close LLQSOs show a clear trend
that is not universally confirmed. As mentioned before, there is a possibility of duty
cycles for AGNs that are roughly dependent on the age of a galaxy. From this follows
that many galaxies are expected to show similar deviations at certain evolutionary stages.
The details are not certain and might depend on essentially all parameters, such as host
galaxy and bulge morphologies, major and minor merger events, secular evolution that
includes a possible redistribution between disk and bulge stars, Eddington ratios, and
many more parameters.



Chapter 5

Summary, Conclusion, and
Outlook

In this work I increased the number of analyzed objects from the LLQSO sample with
respect to the BH mass Mgy — bulge luminosity Lyyge relation by almost a factor of
two in comparison to the sample analyzed by Busch et al. (2014) and Busch et al.
(2016). LLQSOs are found as a part of the HES by application of a limiting redshift,
z < 0.06. Based on their properties, the objects from the LLQSO sample fill a gap
between local Seyferts of low to moderate AGN activity levels and distant, powerful
quasars. One important finding by Busch et al. (2016) is that the LLQSOs do not follow
Mgy — Lpulge relations from literature as they are suggested for inactive galaxies. On
average, the LLQSOs that the authors analyze are found to fall below these relations,
indicating either undermassive BHs or overluminous bulges of the AGN host galaxies.
The main objective of this work was to enlarge the number of LLQSOs that are analyzed
with respect to the My — Lpulge relation. From this, I reinvestigated their findings in
the larger sample to identify parallels and possibly differences with respect to previous
results.

This work builds upon two NIR data sets of external galaxies from respective ob-
servation periods, one in February 2019 and one in September 2019. Both data sets
originate from observations with the NTT using the SOFT instrument. The applied ob-
servation modes are broad band filter imaging and long-slit spectroscopy, which extend
across multiple bands. Here is a particular emphasis on K-band observations.

Based on a rewritten reduction script for the raw spectroscopy files from my master
thesis, and the provided data reduction pipeline for SOFI imaging files, I included as
many files as possible in each reduction procedure. For this I adjusted the reduction
script for the spectroscopy files, such that it can include irregular observation sets.
Depending on the nature of the problems I repaired faulty files for imaging data as well.
I tested the extraction of spectra for different aperture widths and found a corresponding
default choice for the spectra that were analyzed afterwards.

The estimation of SMBH masses using NIR spectra is based on a method described by
Kim et al. (2010). A common mass estimation method from single-epoch measurements
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uses the broad emission line of the first spectral line from the Balmer series, the Ha line.
The authors translated this estimation method into respective estimators that make use
of the NIR emission lines Paschen-a (Pa) and Paschen-5 (P3). Since the P/ emission
line is not part of the spectra here, the mass estimation method relies on the broad Pa
emission line only. However, the area between the atmospheric transmission windows, the
H-band and the K-band, features strong, high-level noise in most spectra, which covers
the expected position of the Pa emission line. As this line is often a powerful, distinct
feature in the respective spectra, mass estimates might still be possible. Furthermore, I
made use of the Brackett-y (Bry) emission line, as it is expected to be connected to the
Pa line for a specific line ratio. Although the spectra here feature the Bry line within the
less noisy K-band, it is much weaker than the P« line. Thus, even a lower noise level can
still interfere with an identification and respective fitting of the line. I tried to fit each
emission line, Pa and Brv, with a double Gaussian that corresponds to two components,
a narrow and a broad line component. This was done by applying a fit procedure to both
lines in all spectra, using an iterative feedback loop for fit adjustments. A presumed
similar origin of both broad lines helped in finding boundaries for corresponding fit
parameters, which is important in the context of estimating BH masses. I found BH
mass estimates for all LLQSOs from the new sample using either the broad Pa or Brvy
line. The choice of emission line for the estimate is based on an assessment of all fits,
for example with respect to the noise level at the base of each emission line and the
difference between the total line fit and the spectrum.

The method for extracting bulge magnitudes is more simplistic than using an elabo-
rate morphological decomposition, but consequently much faster. This is especially ev-
ident when applied to multiple different objects. It relies mainly on a visual inspection
of each galaxy in combination with its angular size and, if available, its morphologi-
cal classification. By testing the procedure on a small sample of objects with known
absolute K-band bulge magnitudes from a sophisticated morphological decomposition
(Busch et al. 2014; Busch et al. 2015), I found that the faster procedure from this work
produces results that behave as rough estimates. The quality of the results is adequate,
while also showing limitations that have to be considered under specific circumstances.

In total 17 data points were added to a log—log representation of a My — Liulge
diagram that features the previous sample of LLQSOs together with four literature
relations for local inactive galaxies. This corresponds to the addition of 14 new objects,
enlarging the total sample of analyzed LLQSOs from 16 to 30 objects. I found that the
addition of more LLQSOs to the previous sample results in a similar scatter, which can
be expected based on the selection criteria for the whole LLQSO sample. Busch et al.
(2016) argued that the deviation of LLQSOs from the relations for inactive galaxies is
based on overluminous bulges, as they found signs for SF in the LLQSOs. My findings
agree well with this. In particular, I found in multiple spectra indications for the same
lines as Busch et al. (2016). This includes the AGN tracer [Si V1], the shock tracer [Fe1],
and different lines that are associated with molecular gas, specifically Hy. Molecular gas
is considered a basis for SF and it appears that LLQSOs might be forming stars in their
bulges, which is not self-evident, as a common assumption is that bulges are mainly
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devoid of gas and consist of old stars.

A potential interpretation of the deviation between LLQSOs and the literature re-
lations for inactive galaxies is based on duty cycles of AGNs. In order to reach their
placements below the suggested relations, the objects might start with an onset of SF,
which increases the brightness of their bulges, i.e., an effective shift of the objects in
the Mpn — Lypulge diagram towards higher luminosities. From this follows an increased
feeding of and likely also feedback from the central SMBH. The level of AGN activity
increases and the BH mass grows. Accordingly, objects are shifted back towards the
literature relations. Their trajectory, especially the phase of BH mass growth, then cor-
responds to the idea of duty cycles for AGNs. A question that remains open is the origin
of the trigger event that puts objects on the suggested path. The onset of SF might be
based on merger processes, secular evolution, or potentially even both, as well as other
factors. One example suggested in literature is a redistribution of stars for example from
a disk into the bulge component.

When including the redshift in the diagram as an additional quantity, a trend can be
seen. Due to selection criteria, more distant objects are expected to be more luminous
and show on average larger BH masses. Here, the crux of the matter lies in a differ-
entiation between objects very close to the literature relations for inactive galaxies and
those that deviate further from these relations. The former objects appear to follow the
expected trend more rigorously than the latter. Although the nature of the trigger for
the deviations is still unclear, it might be that the change of a single parameter exerts
an influence on other parameters as well, which results in the overall deviation.

This work achieved a large increase of the sample of analyzed LLQSOs in comparison
to the sample from the previous project by almost doubling the number of objects with
respect to the Mpnp — Lpuge relation (Busch et al. 2014; Busch et al. 2015; Tremou
et al. 2015; Busch et al. 2016; Moser et al. 2016). Nevertheless, the topic allows for
more analyses, as there are many more options that cover different branches of ideas.
The application of an elaborate morphological decomposition to the imaging data would
open up new possibilities, while probably improving the error margins of the estimated
bulge magnitudes. As a result, missing classifications of the host galaxies could be added
and existing classifications upgraded. Including these in the analysis of the deviations
of the LLQSOs from the relations of inactive galaxies would allow to put emphasis on a
differentiation between different types of bulges. Depending on each bulge type, namely
ellipticals, classical bulges, and pseudobulges, objects might show a grouping behavior
that cannot be seen yet. This is especially relevant as pseudobulges might be the reason
that some objects do not follow BH — bulge relations as expected (e. g., Kormendy et al.
2011).

As described in Sect. 3.2 and 4.1, the data sets that this work is based on are partially
incomplete. Reasons for this can be related to bad weather or problems with the tele-
scope, which resulted in a disruption of the respective observation. Hence, some objects
are missing either observations via long-slit spectroscopy or the imaging counterpart.
In the case of spectroscopy data, all files for objects that can be reduced using the re-
spective reduction procedure from Sect. 3.3.1 are included in this work. The following



114 CHAPTER 5. SUMMARY, CONCLUSION, AND OUTLOOK

analysis of the spectra of these LLQSOs results in BH mass estimates for all respective
objects. In contrast to this, there are more LLQSOs from imaging observations that are
not considered yet, as they are missing in the spectroscopy data. This includes J-band
and H-band filter imaging files. Despite their missing counterparts in spectroscopy, an
analysis of these imaging files is possible.

Some spectroscopy files still contain more that can be analyzed. As an example,
in some cases the slit position is chosen to include another object as well, such as the
nucleus of a nearby galaxy. This is given for objects 67 and 99 (see Fig. 3.2 for an
example). An analysis of the second object along the slit is still pending in both cases.

As described in Sect. 4.2.2 (and accordingly Sect. A.3), the Pa and Bry emission
lines are not the only features that can be recognized in the spectra. In some cases these
line identifications have to be treated with caution, as the respective features are hardly
distinct from the noise that can be seen in the spectra, and they were only noted as they
might correspond to a line that is listed in literature. However, other lines are strong
and distinctive. Depending on the nature of these easily recognizable lines, applying a
fitting procedure might make sense as well (see also Busch et al. 2016). The limiting
redshift of the LLQSO sample is supposed to ensure the inclusion of CO absorption
band heads. This is especially true for the CO(2-0) band head in the K-band, as it can
be used for an analysis with respect to the stellar populations and stellar kinematics
(Gaffney et al. 1995; Fischer et al. 2006). However, the identification of CO band heads
appears relatively problematic. While there are indications for these lines in the spectra
of some objects, they do not appear to be distinct and might be heavily influenced by
noise. Due to their importance it might still make sense to analyze these lines in more
detail.

Another possibility that makes use of emission lines in the spectra is to put the objects
in a diagnostic diagram. A version of a diagnostic diagram that is based on narrow NIR
lines uses the Ha(1 — 0)S(1) /Bry ratio on the z-axis and the [Fen]1.257pum / PS ratio
on the y-axis. The low resolution of the spectra might impede the fitting of these lines,
especially if these are inherently weak features in the spectra. Another issue is that both
lines from the second ratio, i.e., for the y-axis, are not even available in the spectra
here. However, the two lines can be substituted via line conversions ([Fel1]1.257um =
[Fel1]1.644pum /0.744 and P = Pa/2.05). The groundwork for this exists already, as I
tried to create an according diagnostic diagram based on an automated fitting procedure.
As the automated fitting of lines turned out to be highly sensitive to surrounding noise,
a slight adjustment is still necessary. The implementation of a fitting approach similar
to the one described in this work would yield more compelling results.

It is clear that there is potential for more analyses here. More properties are hidden
within the current data sets and the applied procedures can be compared to established
alternatives, e.g., by applying a morphological decomposition to each imaging object.
The addition of missing data would increase the sample size even more, potentially
revealing new findings that are currently impossible to see. While this is the conclusion
of this work in particular, the project and overall topic is far from finding an end.



Appendix A

A.1 Further Figures and Tables

Figure A.1: Schematic sketch that shows a principally possible, but exaggerated distor-
tion of the slit-spectroscopy images. As in a previous figure, the z-axis corresponds to
the spatial axis, while the y-axis is the dispersion axis. The two curved lines correspond
to an image that combines either two sources or one source at two different positions.
Without the distortion effect, both lines would be straight and parallel to the y-axis.
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Table A.1: Observational information for the available spectroscopy data in this work.
Column (1): Object ID. Column (2): Date of observation, i.e., the night in 2019 in
which each object was observed. Column (3): The total integration time in seconds that
is used to create a final reduced image. Column (4): Average seeing from the file headers
in arcseconds.

ID Observation Date Integration Time Seeing

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

01 Sept. 21 — 22 7200 2.350
13 Sept. 21 — 22 3600 1.185
20 Sept. 12 — 13 7200 1.188
22 Sept. 21 — 22 5400 1.640
29 Sept. 12 — 13 4500 1.026
53  Febr. 16 — 17 7200 0.858
54  Febr. 17 — 18 8400 0.669
58  Febr. 21 — 22 6720 1.006
64  Febr. 18 — 19 7280 2.070
66  Febr. 22 — 23 8100 0.887
67  Febr. 16 — 17 7200 0.898
70 Febr. 17 — 18 8400 1.060
71 Febr. 18 — 19 8400 2.070
74 Febr. 18 — 19 5100 2.070
76  Febr. 21 — 22 7200 0.595
77 Febr. 22 — 23 9450 0.852
78  Febr. 21 — 22 6750 0.629
89 Sept. 07 — 08 4500 1.600MH
95 Sept. 21 — 22 6300 1.363
99 Sept. 23 — 24 5400 1.360

[1]: Seeing values from the file headers are stuck at a single value and thus probably
erroneous, but the only available information.
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Table A.2: Observational information for the available imaging data in this work. Four
objects appear twice, as each of these objects has two different nights of observations.
Date of observation, i.e., the night in 2019 in
which each object was observed. Column (3): The total integration time in seconds that
is used to create a final reduced image. Column (4): Average seeing from the file headers

Column (1): Object ID. Column (2):

in arcseconds.

ID Observation Date Integration Time Seeing
(1) (2) (3) (4)

01 Sept. 10 — 11 200 1.600M
13 Sept. 07 — 08 200 1.600M
20 Sept. 07 — 08 180 1.600M
22 Sept. 09 — 10 200 1.600M
53 Febr. 15 — 16 210 1.017
54  Febr. 15— 16 210 1.011
58 Febr. 14 — 15 315 0.9642
58 Febr. 23 — 24 140 1.028
64  Febr. 15— 16 155 2.674
64  Febr. 23 —24 100 4.167
66 Febr. 15 — 16 150 2.608
66 Febr. 23 — 24 100 4.194
67  Febr. 15— 16 170 0.770
76 Febr. 16 — 17 70 0.782
76 Febr. 23 — 24 60 0.894
78 Febr. 16 — 17 175 0.835
95 Sept. 09 — 10 200 1.600M
99 Sept. 07 — 08 250 1.600M4

[]: Seeing values from the file headers are stuck at a single value and thus probably
erroneous, but the only available information. [2: All provided seeing values here are
invalid. The given seeing is the average from observations directly before and after this

object.
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Figure A.2: All spectra of this figure are not corrected for respective redshifts and cor-
respond to raw extractions. The two exemplary spectra shown here feature particularly
strong noise in the band gap between the H-band and K-band. In both cases the noise
is dominating the overall flux density levels. Although there are indications, the Pa
emission line is not easily apparent in these spectra.
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Figure A.2: (Cont.) Two more examples with relatively strong noise in the band gap.
However, in both cases here the Pa feature is strong enough to be easily recognized, as
indicated by the arrows.
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Figure A.2: (Cont.) These two examples show much lower noise levels in the band gap.
Most likely the observation conditions are much better than for the previous objects of
this figure. Still, any potential features within the region of the band gap need to be
treated with great caution. It is important to note that the Pa emission line is not easily
apparent for these objects.
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Figure A.2: (Cont.) Yet two more examples for spectra with a relatively low noise in
the band gap. In contrast to the previous two spectra the Pa emission line (marked by
the arrows) is easily apparent and the overall dominating feature in each spectrum.
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Table A.3: Important line parameters from fitting simultaneously a narrow and broad
component to the Pa emission line. The expected central wavelength is 1.87561 um,
but small deviations from this are possible. Column (1): Object ID from the LLQSO
sample. Column (2): Narrow line position, i.e., the central wavelength at the peak of
the fit profile in pm. Column (3): Narrow line width, i.e., the FWHM of the fit profile
in kms~!. Column (4): Narrow line flux of the fit profile in 10720 Wm 2. Column (5):
Broad line position (see Col. (2)). Column (6): Broad line width (see Col. (3)). Column

(7): Broad line flux (see Col. (4)).

APPENDIX A. APPENDIX

ID  Narrow Line Component Broad Line Component
Position FWHM  Flux Position FWHM Flux
GO ©)) (3) (4) (5) (6) (7)
01 1.87760 650.0 303.9 1.87797 1634.5  3590.3
13 1.87550 750.0 75.0 1.87570  1314.2 622.6
20 1.87660 250.0 40.1 1.87700  3388.3 685.2
22 1.87733 250.0 40.0 1.87550  2100.0 672.6
29 1.87507  626.3 1136.7 1.87553 1715.5  2536.9
53  1.87200 607.0 510.4  1.87400 1850.0  1602.5
54 1.87516 503.2 517.2 1.87350 15574  1516.5
58  1.87500 500.0 2740.1 1.87561 1968.0 17201.7
64 1.87547 106.9 594.2  1.87500  1540.0 300.0
66  1.87675 737.5  2279.7 1.87508  3455.8  7150.9
67 1.87424 641.4 1643.6 1.87386  2152.6 15673.7
70  1.87331 350.0  1000.0 1.87561  1150.0  4000.0
71 1.87605 430.6 472.9 1.87660 2326.0  3652.9
74 1.87583 500.0 345.8  1.87425 1850.0  1250.0
76 1.87415 389.9  1603.6 1.87500  2350.0 15253.1
77 1.87574 330.5  1129.4 1.87600  2100.0  1420.9
78  1.87563 327.3 113.1  1.87539 3706.0  2868.7
89 1.87604 553.8 412.3  1.87588  1591.3 654.3
95 1.87786 275.0 71.2 1.87790  2125.0 378.2
99  1.87441 182.7 34.6 1.87497  1538.8 671.9
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Table A.4: Important line parameters from fitting simultaneously a narrow and broad
component to the Bry emission line. The expected central wavelength is 2.16612 um,
but small deviations from this are possible. Column (1): Object ID from the LLQSO
sample. Column (2): Narrow line position, i.e., the central wavelength at the peak of
the fit profile in pm. Column (3): Narrow line width, i.e., the FWHM of the fit profile
in kms~!. Column (4): Narrow line flux of the fit profile in 1072 Wm~2. Column (5):
Broad line position (see Col. (2)). Column (6): Broad line width (see Col. (3)). Column

(7): Broad line flux (see Col. (4)).

ID  Narrow Line Component

Broad Line Component

Position FWHM Flux Position FWHM  Flux
(1 (2 (3) (4) (5) (6) (7)
01 2.16700 750.0 100.0 2.16850 1350.0 3784
13 2.16550 500.0 39.1  2.16690 1618.9 143.6
20  2.16770 255.1 149 216770 3850.0 338.1
22 2.16655 348.1 92.1 2.16650 2750.0  300.0
29  2.16533 84.7 42,2  2.16594  1437.7  468.5
53  2.16811 309.2 100.0 2.16925 1250.0  220.0
54 2.16650 650.3 72.6  2.16600  2000.0 139.8
58  2.16700 750.0 363.8 2.16600 2305.9 2402.8
64 2.16528 312.5 65.0 2.16573 1033.5  309.9
66 2.16698 481.2 58.5  2.16638  3488.2 1000.3
67 2.16562 86.4 33.6  2.16468 1794.3 1639.5
70  2.16600 600.0 100.0 2.16612  1720.0  300.0
71 2.16625 586.1 81.8 2.16697 2648.7  681.7
74 2.16700 450.0 100.0 2.16700 2100.0  200.0
76 2.16600 697.8  474.1 2.16500 1950.0 1060.6
77 2.16612 629.6 53.2  2.16669  2039.9  235.8
78  2.16700 374.5 46.4  2.16600  3000.0 84.4
89  2.16700 625.0 100.0 2.16550  2150.0 229.4
95 2.16682 225.0 40.0 2.17000 2650.0  200.0
99 2.16721 221.6 20.3  2.16750  1900.0 104.5
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Table A.5: All errors that the fitting algorithm finds for the different parameters of
Tab. A.3 and A.4 shown here in the upper and lower part, respectively. According to
the description in Sect. 4.2.1, this affects only a few objects. It is important to note the
different scaling of some parameters in comparison to the other tables. If necessary, an
additional scaling is found directly at the respective value. Column (1): Object ID from
the LLQSO sample. Column (2): Narrow line position error, in 10~% um. Column (3):
Narrow line width error, in kms™!. Column (4): Narrow line flux error, in 1072 Wm~2.
Column (5): Broad line position error (see Col. (2)). Column (6): Broad line width error
(see Col. (3)). Column (7): Broad line flux error (see Col. (4)).

1D Narrow Line Errors Broad Line Errors
Position FWHM Flux Position FWHM Flux

(1) (2) (3) (4) (5) (6) (7)
Pa (according to Tab. A.3)

29 1.12 72.6 266 2.54 174 249
66 2.77 135 550 9.40 446 728
67 2.18 129 571 1.66 115 668
71 1.83 87.5 122 3.62 214 338
78 2.93 118 44.5 3.62 214 338
89 1.65 106 152 5.35 374 145
99 9.05 240 48.8 6.11 294 121
Bry (according to Tab. A.4)

29 1.64-10* 2.57-10% 32.6-10° 5.03 207 65.9
64 3.43 163 56.8 4.64 224 62
66 3.59 138 19.1 4.25 185 37.2
67 1.27-10* 1.34-10° 12.5-10° 2.09 92.1 91

71 6.54 302 62.4 12 801 237
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Figure A.3: Line fits of the Pa and Br+ line for object 01 (HE0003-5023). All components
of the graphs have the same meaning as in Fig. 4.1.
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Figure A.3: (Cont.) Line fits of the Pa and Brvy line for object 64 (HE1108-2813). All
components of the graphs have the same meaning as previously.
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Figure A.3: (Cont.) Line fits of the Pa and Brvy line for object 66 (HE1136-2304). All
components of the graphs have the same meaning as previously.
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Figure A.3: (Cont.) Line fits of the Pa and Brvy line for object 67 (HE1143-1810). All
components of the graphs have the same meaning as previously.
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Figure A.3: (Cont.) Line fits of the Pa and Br+y line for object 70 (HE1256-1805). All
components of the graphs have the same meaning as previously.
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Figure A.3: (Cont.) Line fits of the Pa and Bry line for object 71 (HE1310-1051). All
components of the graphs have the same meaning as previously.
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Figure A.3: (Cont.) Line fits of the Pa and Br+y line for object 74 (HE1330-1013). All
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Figure A.3: (Cont.) Line fits of the Pa and Bry line for object 76 (HE1346-3003). All

components of the graphs have the same meaning as previously.
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Figure A.3: (Cont.) Line fits of the Pa and Brvy line for object 95 (HE2322-3843). All
components of the graphs have the same meaning as previously.
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Table A.6: All objects with BH mass estimates from literature. The masses are given as
log (MBi/Mg). Column (1): Object ID from the LLQSO sample. Column (2): Chosen
emission line for the BH mass estimate in this work. Column (3): BH mass estimate in
this work. Column (4): Mass estimate scatter in this work. Column (5): Literature BH
mass estimate.

ID Line BH Mass Scatter Lit. Mass
(1) (2 (3) (4) (5)

22 Pa 7.04 6.90 — 7.17 7.719 7.9908I 8 09l 8 391
29  Pa 7.03 6.91 — 7.14 6.71l¢l

64 Bry 6.56  6.44 — 6.67 6.5215:9 7.78L/:]
66 Pa 7.78 7.69 — 7.88 7.30[0:d]

67 Pa 7.62 7.56 — 7.69 6.7000:+]

71 Pa 7.39 7.29 — 7.49 7.33l

77 Bry 6.80 6.64 — 6.96 6.30(¢!

95 Pa 6.86 6.70 — 7.01 8.22L5:91 6.95L1:h]
99 Pa 6.63 6.48 — 6.78 6.5

la]: Greene and Ho (2007b, Tab. 1) via He; [): Shen et al. (2008, Tab. 1) via Hey; [9:
Woo and Urry (2002, Tab. 5) via stellar velocity dispersion; [4: Benitez et al. (2008,
Tab. 1) via Mg(bulge) magnitude; [¢/: Busch et al. (2014, Tab. 7) (referring to private
communication with another author) via HJ line; /): Wang and Zhang (2007, Tab. 3),
where the authors refer to 19 (Nelson and Whittle (1995) via HB) and "} (Young et
al. (1996) via [O11]/Ha); [: Laha et al. (2018, Tab. 1), where the authors refer to
Ul (Vestergaard and Peterson (2006) via HB3) and [l (Winter et al. (2009) via 2MASS
K-band stellar magnitudes); /: Schmidt et al. (2016, Tab. A.2) via Ha.
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A.2 Impact of a Varying Redshift

This section deals with a potential problem for line identifications, which is especially
relevant for noise around the same level as a respective emission line.

In almost all cases literature provides different redshift values for the same object,
depending on the source of the respective redshift. The amount of variation is almost
always very small. However, larger deviations might influence the possibility to identify
certain emission and absorption lines at the correct wavelength. In order to test the
influence of the variations given by literature I choose object 22 (HE0203-0031). Litera-
ture provides several redshifts with a relatively large scatter in comparison to most other
objects from the LLQSO sample. Additionally, its spectrum around the Pa emission
line is rather noisy, which makes it harder to properly identify and fit this emission line
(see Fig. A.5).

le—15
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5.0

4.9 1

4.8 A

4.7 1

4.6 1

flux density [W m~2 um~1]

4.5 1

4.4 -

1.865 1.870 1.875 1.880 1.885
wavelength [um]

Figure A.5: A small part of the redshift-corrected spectrum of object 22 (HE0203-0031)
for z = 0.0424, covering the wavelengths around 1.863 —1.888 um. For easier recognition
of features the spectrum is smoothed by a Gaussian of ¢ = 1.0. The vertical, dashed
line marks a wavelength of 1.87561 um, i.e., the expected position of the Pa emission
line.

The Pa line is expected to be at 1.87561 um, which is roughly where the spectrum
of object 22 shows a feature as a candidate for the P« line. The estimated peak of the
feature according to the diagram is at ~ 1.8763 um, i.e., a deviation from the expected
wavelength of about AX = 0.0007 um. This feature is only about as strong as other
nearby features and thus not a strong, distinctive candidate. In the context of line
identification the question arises, whether another, close feature could be the actual
Pa line, of which the wavelength is misaligned with the expected position due to an
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erroneous redshift correction. It makes sense to consider at least the two closest features
to the previously mentioned one.

The first feature is a strong bump that peaks at a lower wavelength of roughly
1.866 um, i.e., in the diagram to the left of the supposed Pa emission line candidate.
As the feature is larger, broader, and overall more prominent, it would be a candidate
for an easier and probably better line fit than the more central feature. At a larger
wavelength is the second feature, which peaks at roughly 1.882 um and is of similar size
as the central candidate. The difference between the estimated peak position of the left
feature from the expected peak wavelength is then about 0.01 pm, while the difference
for the right feature is about 0.006 pm. The right feature is a bit closer to the expected
peak position and thus can be reached with a smaller deviation of the redshift, whereas
the left feature is more pronounced than that on the right side. As a result, both features
are further considered.

For an observed wavelength \,, the emitted wavelength Ae (i.e., the assumed rest
wavelength) and the redshift z, it is A\g/Ae = 1+ 2 < Ae = A\o/(1 + 2). The emitted
wavelength of another redshift 2’ is accordingly \., which relates to the previous wave-
length Ae via A, = Ae- (1+2)/(1+2’). Here, the assumed redshift of object 22 is 0.0424,
while NED provides multiple redshift values for this object, which are mostly between
0.04 and 0.043(). Using the assumed redshift of z = 0.0424 together with the higher
literature redshift value 2z’ = 0.043 on the expected rest wavelength of \e = 1.87561 um
results in the new, smaller wavelength A, ~ 1.87453 um, i.e., a shift in wavelength of
about 0.001 pm. This wavelength shift is only about a tenth of the previously found shift
between the expected and the actual peak position of the left feature at ~ 1.866 pum.

When using the lowest redshift value provided by literature of 2’ = 0.04 instead, it
is A\, &~ 1.87994 um, i.e., a larger shift in wavelength than previously of about A\ ~
0.004 um. However, this still does not reach the right feature, but is in between the
central and the right one. A reversed calculation shows that the redshift needed to reach
1.882 um is 2’ = 0.0389. Additionally, this shows that the wavelength at the peak of the
central feature is included within the given uncertainties of the literature redshift values,
as the redshift 2’ necessary to go from the peak at A, ~ 1.8763 um for z = 0.0424 to the
expected position is 2z’ ~ 0.042.

With these results in mind it is hard to argue that any other spectral feature besides
that in the center at about the expected wavelength could be the actual Pa emission line
instead. On the one hand, the scatter of redshift values from literature can be assumed
to play only a minor role in finding the right emission line, if a feature close to the
expected wavelength does exist, as the scatter usually appears to be negligible. On the
other hand, if the only candidate for an emission line is a spectral feature that peaks
very close to the expected wavelength, this could well be explained by a slight deviation
in redshift.

M One exception is the redshift value 0.024256, which is left out as it appears to be a mistake of
transposed digits.
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A.3 Additional Line Identifications

The following contains information about possible line identifications in the redshift-
corrected spectra, except for the Pa and the Brvy emission lines, as these are extensively
studied in Sect. 4.2.1. Three different spectra are used for these identifications, the
two centered spectra with aperture size factors of 0.5 and 1.5, as well as the off-center
spectrum. Most line entries should be considered as potential candidates at best, as the
spectra are often very noisy. Accordingly, sometimes part of the continuum noise might
appear to show a feature that does not really exist. If any feature corresponds to the
wavelength of one of the NIR lines given by Tokunaga, A. T. (2002), it is listed here.
Candidates, that are especially strong and/or features that are distinct from the noise,
are accompanied by a respective comment. The expected wavelength in um trails the
identifier of each feature.

01 HE0003-5023

e CO(6-3)band head@1.6189
o OH(2-0)@1.62646
o [Fe11]@1.644
o H1(11-4)(Brl1)@1.68111
o H1(10-4)(Brl0)@1.73669
o H1(8-4)(Brd)@1.94509 (big, distinct feature with very broad base)
e [Sivi|@1.9634
o H,(1-0)S(2)@2.03376
o H,(1-0)S(0)@2.22329
o Hy(2-1)S(1)@2.24772
e CO(2-0)band head@2.29353
13 HE0108-4743 (Gaussian smoothing by ¢ = 1.0)
o H1(13-4)(Brl3)@1.61137

e CO(6-3)band head@1.6189

H1(11-4)(Br11)@1.68111

H 1(8-4)(Brd)@1.94509

H5(1-0)S(3)@1.95756 (distincitve feature, but slightly off from the expected posi-
tion)
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o H,(1-0)S(0)@2.22329
e CO(2-0)band head@2.29353
o CO(2-0)R(1)@2.34327
20 HE0149-3626 (Gaussian smoothing by o = 0.5)
o H1(13-4)(Brl3)@1.61137

H1(11-4)(Brl1)@1.68111

H5(1-0)S(3)@1.95756 (the left part of a distinct double-spiked feature)

[Sivi]@1.9634 (the right part of a distinct double-spiked feature)

H,(1-0)S(2)@2.03376

CO(2-0)band head@2.29353
e CO(4-2)band head@2.35246
22 HE0203-0031 (Gaussian smoothing by ¢ = 1.0)
o H1(13-4)(Brl3)@1.61137
o Hy(1-0)S(3)@1.95756
e [Sivi]@1.9634
o Hy(2-1)S(1)@2.24772
29 HE0253-1641
o H1(13-4)(Brl3)@1.61137

[Fe11]@1.644 (big, distinct feature)

1(11-4)(Br11)@1.68111

1(10-4)(Br10)@1.73669

-4)(Br9)@1.81791 (although located in the band gap, appears to be distinct)
-4)(Brd)@1.94509 (noisy, but distinct feature)

1-

0
1-0)S(2)@2.03376
0

Hi(
Hi(
H1(9
o HI(8
Ha(
Ha(
Hy(1-

)
)
)S(3)@1.95756
)
)S

(1)@2.12183
e CO(2-0)band head@2.29353
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53 HE0535-4224
o H1(8-4)(Brd)@1.94509
e CO(2-0)P(2)
e CO(4-2)band head@2.35246
54 HE0608-5606 (Gaussian smoothing by ¢ = 1.0)
e CO(6-3)band head@1.6189
o OH(2-0)@1.62646

[Fe11]@1.644

H1(11-4)(Brl1)@1.68111

H1(10-4)(Br10)@1.73669

[Sivi]@1.9634

Hy(2-1)S(1)@2.24772

CO(2-0)band head@2.29353

CO(2-0)R(1)@2.34327
58 HE0949-0122

[Fe11]@1.644

Hi1(11-4)(Br11)@1.68111

[Sivi]@1.9634 (strong, distinct feature)

Hi @2.09326

H,(2-1)S(1)@2.24772

64 HE1108-2813
e CO(6-3)band head@1.6189
o [Fe11]@1.644
H1(11-4)(Brl1)@1.68111
H 1(8-4)(Brd)@1.94509

o H,(1-0)S(3)@1.95756
H,(1-0)S(1)@2.12183
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e CO(2-0)band head@2.29353
66 HE1136-2304

o CO(6-3)band head@1.6189

o OMH(2-0)@1.62646

o [Fe11]@1.644 (distinct feature)

o He11(12-7)@1.69230

e CO(2-0)band head@2.29353
67 HE1143-1810

o H1(13-4)(Brl3)@1.61137

e CO(6-3)band head@1.61889

[Fe11)@1.644 (broad feature that might include H1(13-4)(Br13)@1.61137)

H1(11-4)(Br11)@1.68111 (quite distinct feature)

H1(10-4)(Br10)@1.73669 (quite distinct feature)

H1(8-4)(Brd)@1.94509 (distinct feature)

[Sivi]@1.9634
o He1@2.05869
70 HE1256-1805
e Fe11@1.74188

e H5(1-0)S(1)@2.12183 (more pronounced in the spectrum from an aperture size
factor of 1.5)

71 HE1310-1051
o Fe11@]1.74188
o H1(8-4)(Brd)@1.94509
o [Sivi|@1.9634
o Hy(2-1)S(1)@2.24772
74 HE1330-1013

e CO(6-3)band head@1.6189
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o [Fe11]@1.644
e CO(5-3)band head@2.38295
76 HE1346-3003
e CO(6-3)band head@1.6189
o OH(2-0)@1.62646
e [Fe11]@1.644 (distinct feature)
e [Sivi|@1.9634 (strong, distinct feature)

77 HE1348-1758

H1(13-4)(Brl4)@1.61137

CO(6-3)band head@1.6189

H1(11-4)(Br11)@1.68111

— @1.978 (All spectra, including the two aperture size factors 0.5 and 1.5, as well
as the off-center spectrum, show a strong, distinct feature here, but the list of
literature lines does not include any line there. It could be an artifact from the
band gap noise, but as it is quite far out, this seems unlikely.)

o H,(1-0)Q(1)@2.40659
78 HE1353-1917
e CO(6-3)band head@1.6189

H1(11-4)(Br11)@1.68111

[Sivi]@1.9634

H,(1-0)S(1)@2.12183

CO(2-0)band head@2.29353
89 HE2236-3621

o H1(8-4)(Bré)@1.94509

e [Sivi]@1.9634

o Hy(1-0)S(0)@2.22329
95 HE2322-3843

e CO(6-3)band head@1.6189
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H1(11-4)(Br11)@1.68111

— @1.937 (All spectra show this feature, and it is one of the most distinct features
beside the strong noise in the band gap. It is intriguing, that this feature is even
more pronounced in the off-center spectrum. As there is no counterpart in the list
of literature lines, its nature is unclear.)

CO(2-0)band head@2.29353
CO(3-1)band head@2.32265

99 HE2354-3044 (Gaussian smoothing by o = 1.0)

H1(13-4)(Brl3)@1.61137

CO(6-3)band head@1.6189
H1(11-4)(Brl1)@1.68111
H1(8-4)(Brd)@1.94509 (distinct feature)
Ha(1-0)S(2)@2.03376

Fe11@2.08938

H,(1-0)S(0)@2.22329
H,(2-1)S(1)@2.24772

CO(2-0)band head@2.29353
CO(2-0)band head@2.32265
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List of Figures

2.1

2.2

The Hubble classification scheme visualized as the Hubble tuning fork.
It shows the principle idea behind the distinction between two classes of
galaxies, ellipticals and spirals, of which the latter are again split into
two categories, those with and those without a bar. Objects on the left
are called early-type galaxies and accordingly objects on the right side
are called late-type galaxies. This does not actually reflect any property
related to their ages or evolution, but is based solely on historical rea-
sons. The example sketches enhance the visibility of the principal shape,
and images next to these sketches show how actual galaxies might look
like. Credit: NASA & ESA (CC BY 4.0) (In this version some text was

removed from the upper left corner in comparison to the original image.)

On the left: The center of the galaxy Messier 87 (M87) as seen with
the Event Horizon Telescope (EHT) at a wavelength of 1.3mm. This
image is often referred to as the first ever image of a black hole (BH),
although the BH itself is not actually visible, but only its shadow. The
bright ring surrounding the BH at the center is associated with glowing
gas from the accretion disk. It does not appear uniform due to events that
create variations in the signal as well as distortion effects from the extreme
gravitational environment. The size of the central, dark spot could easily
contain the Solar System a few times. Credit: EHT Collaboration (CC BY
4.0) (cropped image) ; On the right: The BH at the center of the Milky
Way (MW), Sagittarius A* (SgrA*). Despite the similar appearance to
the center of M87 in the left image, this BH is about 1000 times smaller,
i.e., the outer edge of the bright ring has a similar size as the orbit of
planet Mercury. However, as it is much closer to an Earth-bound observer,
its size appears to be similar as on the right. While the gas orbiting the
two BHs moves at similar velocities close to the speed of light, the gas
around Sgr A* has a much shorter orbital period, related to the smaller size
of the BH. Variations change accordingly on smaller timescales, leading
to a different pattern of bright spots. Credit: EHT Collaboration (CC BY

4.0)
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2.3 Visualization of a wide-spread unified model. The inherent characteristic
that splits multiple types of AGNs into two classifications is the radio-
loudness. Radio-loud sources, i.e., sources that feature a jet from the
central region, are shown in the top half; radio-quiet sources are shown in
the bottom half. The model is based on these 5 to 6 AGN components:
dusty torus, accretion disk, central SMBH, BLR, NLR, and in case of a
radio-loud source also a jet. As indicated in the lower left, this depiction is
not to scale and only intends to visualize the schematic idea. Inspired by a
combination of the schematics from Urry and Padovani (1995, Fig. 1) and
Emma Alexander https://emmaalexander.github.io/resources.html.

2.4 Sketch of the reverberation mapping (RM) scheme for the case that the
LOS is within the orbital plane. The observer is assumed to be on the
right side, which is indicated by the arrowheads. As a large distance
between source and observer is assumed, the two shown lines towards the
observer are effectively parallel. The three dots indicate the extra distance
that signals have to travel in comparison to radiation directly from the
central source. The connection between the two filled dots corresponds to
the radius of the BLR clouds R. In combination with the hollow dot the
additional distance which is parallel to the LOS is also marked. . . . . . 30

3.1 Atmospheric absorption between 0.2 and 70 um. The filled, grey area indi-
cates the amount of absorption at respective wavelengths. Regions of low
absorption show a high transmission of respective electromagnetic radi-
ation through the atmosphere. Starting on the left, it is evident that
radiation of shorter wavelengths than 0.3 um is fully absorbed, which
corresponds to a part of the UV radiation. Larger wavelengths up to
~ 0.7 pm correspond to visible light, where the atmosphere shows a high
transmittance. However, the major part of wavelengths covered here show
a part of the IR. For wavelengths between ~ 0.7 pm and slightly larger
than 10 um, there are ranges of different sizes with either very low or high
transmittance. This includes the NIR, and its respective passbands. All
shown wavelengths larger than that, i.e., the far right of the diagram,
are essentially completely absorbed, comparable to the UV on the left.
Credit: Adaptation of a work licensed under (CC0 1.0). . . . ... ... 35
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3.2

3.3

2-dimensional images of two objects, which show the positioning of the
slit for long-slit spectroscopy. The slit is indicated by the red line, which is
for scale, i.e., the length corresponds to 290" and its width is ~ 1”. Both
images show the actual angle of the slit for which these objects have been
observed. The slit position on the left shows two reasons for choosing
a certain angle of the slit. First, other nearby, extraneous sources are
avoided. Second, the slit roughly follows the shape of the galaxy. On
the right, the slit is chosen at an angle that purposely includes another
nearby source, which is located close, south-southeast to the main target.
In order to create the nodding observation pattern, the slit is moved along
its long axis. The compass in the lower right and the ruler on the left are
valid for both images. More information on these objects can be found
in Sect. 4.1. For completeness, their names are still given here: object 64
(HE1108-2813) is on the left, and object 67 (HE1143-1810) is on the right.

Examples for visualizations of raw slit-spectroscopy files via a heat color
map. The axes indicator in the lower left is valid for all four images,
i.e., the classical z-axis corresponds to the spatial axis, while the y-axis
shows the dispersion. Each image spans a total of almost 295" along its
spatial axis, while the wavelengths range from 1.53 to 2.52 um. Longer
wavelengths are at the lower parts of the images, which can be recognized
by the increasingly strong contribution of thermal effects. As these im-
ages show raw observation files, there are many image artifacts and other
unwanted influences. The bright vertical line in each image is the target
galaxy, which is here object 29 (HE0253-1641). When viewing the images
in a clockwise rotation, starting from the top left, as indicated by the
letters and arrows in the middle, the nodding pattern for different offsets
can be seen. In reference to the variables from the text, for this object
there are n = 3 images created at each of the four positions. The top row
corresponds to the first cycle, where the left shows position Agg, and the
right position Bggs. The bottom row shows the second cycle, that starts
on the right where the second position, Bygs, is kept for the first half of
this cycle, i.e., the next three images. The other half of the second cycle
is again at position A, but for a different offset, Aggs. . . . . . . . . . ..
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3.4 On the left is the display of an exemplary master flat field image. It
is easily noticeable, that the image does not look uniform at all, even
though the illumination that this image is based on is supposed to be
as homogeneous as possible. This underlines the importance of the flat
field correction, as well as the potentially strong influence of bad pixels
and other image artifacts. As in the case of spectroscopy, the deviations
come from different effects, as for example different pixel sensitivities.
The image on the right displays an example of a raw imaging file, which
is the first raw file for object 01 (HE0003-5023). From a first glance it
looks remarkably similar to the master flat field image. Only a few bright
spots in the raw image on the right indicate the different natures of these
two files as they are displayed here. However, it is important to note that
their scaling is vastly different, as the pixel values in the flat field image
are all around unity (~ 1.0), whereas the values in the case of this raw
image span a range of the order of 103. The compass and the ruler are
valid for both images. . . . . . . . ... Lo 61

3.5 Example for a raw image on the left and the according final image after the
reduction procedure on the right. In this case, object 64 (HE1108-2813)
from K,-band filter imaging acquisitions during the night from February
23 to 24, there are a total of 20 raw target images that are passed as input
to the pipeline recipe. The image shown on the left is the first raw image
from that night. If compared with Fig. 3.4, it is evident that a different
scaling is used to display these images. Due to this, even the raw image
here looks less noisy, although visible effects and artifacts are similar to
the previous raw image. The final image on the right is cropped, in order
to highlight the target galaxy. The compass and ruler are valid for both
Images. . . . . .. 64

4.1 Emission line fits of the Pa and Brv line for object 29 (HE0253-1641).
Wheat-colored boxes indicate the emission line in each diagram. The
extracted spectrum is shown as a black step plot. The two blue lines
show the Gaussian fits of the narrow and broad line component that share
the same linear offset. On top of these is their combination in red, i.e.,
the full double Gaussian fit. The grey step plot indicates the difference
between the full fit and the actual spectrum. For visualization purposes,
the difference is levelled by an offset. The fit results and corresponding
BH mass estimates from both lines agree well for this object. . . . . . .. 82
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4.1

4.1

4.2

4.3

Al

(Cont.) Line fits of the Pa and Bry line for object 89 (HE2236-3621).
All components of the graphs have the same meaning as previously. It is
evident that the fit of the P« emission line easily follows the spectrum,
while the fit of the Bry line does not. There is hardly any indication
for the existence of the Br+y line in the spectrum as it drowns in noise.
Respective results from the Brv fit do not appear trustworthy. The P«
line is by far the better candidate for a BH mass estimate for this object.

(Cont.) Line fits of the Pav and Bry line for object 77 (HE1348-1758).
All components of the graphs have the same meaning as previously. This
object is a paradigm for the reason of fitting the Brvy emission line, de-
spite the Pa-based mass estimator. While the spectrum shows a clear
indication for the P« line, the algorithm initially found effectively only a
narrow component. Based on the fit of the Br+ line, the broad component
of the Pa line can be constrained via tighter boundaries, leading in turn
to an overall better fit of the Pa line. Still, the Br+ line fit appears as the
better choice for a BH mass estimate. . . . .. ... ... ... ......

Mgy — Lpuge diagram, where the bulge luminosity is substituted by the
absolute K-band bulge luminosity. The diagram features four literature
relations for inactive galaxies. The z-axis is inverted, such that brighter
objects appear further right in the diagram. Objects from the series
of publications about the LLQSO sample are included as red diamonds,
whereas the objects from this work are added as blue circles. The data
point in the box at the top right of the diagram does not correspond to an
object, but shows the exemplary error for the bulge magnitudes (see the
text for more information). For six objects there are two different mass
estimates, where both estimates are connected via a thick vertical black
bar. In the case of two objects the mass estimates are so close to each
other, that the black bar is effectively not visible. . . . . ... ... ...

Mgy — Lpuge diagram similar to Fig. 4.2, but including the redshift as
a color-coded filling for each object. For an easier distinction between
samples, the LLQSOs from the previous publications are shown as tri-
angles here. Other diagram properties are the same as in the previous
figure, i. e., the data point in the box at the upper right only indicates the
exemplary error of the bulge magnitudes. . . . . .. ... ... ......

Schematic sketch that shows a principally possible, but exaggerated dis-
tortion of the slit-spectroscopy images. As in a previous figure, the z-axis
corresponds to the spatial axis, while the y-axis is the dispersion axis.
The two curved lines correspond to an image that combines either two
sources or one source at two different positions. Without the distortion
effect, both lines would be straight and parallel to the y-axis. . . .. . ..
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All spectra of this figure are not corrected for respective redshifts and
correspond to raw extractions. The two exemplary spectra shown here
feature particularly strong noise in the band gap between the H-band and
K-band. In both cases the noise is dominating the overall flux density
levels. Although there are indications, the Pa emission line is not easily
apparent in these spectra. . . . . . .. ..o L Lo 118
(Cont.) Two more examples with relatively strong noise in the band gap.
However, in both cases here the Pa feature is strong enough to be easily
recognized, as indicated by the arrows. . . . . .. ... ... 0. 119
(Cont.) These two examples show much lower noise levels in the band
gap. Most likely the observation conditions are much better than for
the previous objects of this figure. Still, any potential features within
the region of the band gap need to be treated with great caution. It is
important to note that the Pa emission line is not easily apparent for
these objects. . . . . . . L 120
(Cont.) Yet two more examples for spectra with a relatively low noise in
the band gap. In contrast to the previous two spectra the Pa emission
line (marked by the arrows) is easily apparent and the overall dominating

feature in each spectrum. . . . . . .. . ... ... L. 121
Line fits of the Pac and Brv line for object 01 (HE0003-5023). All com-
ponents of the graphs have the same meaning as in Fig. 4.1. . . . .. .. 125
(Cont.) Line fits of the Pa and Br+y line for object 13 (HE0108-4743). All
components of the graphs have the same meaning as previously. . . . . . 126
(Cont.) Line fits of the Pav and Bry line for object 20 (HE0149-3626). All
components of the graphs have the same meaning as previously. . . . . . 127
(Cont.) Line fits of the Pa and Br+y line for object 22 (HE0203-0031). All
components of the graphs have the same meaning as previously. . . . . . 128
(Cont.) Line fits of the Pav and Bry line for object 53 (HE0535-4224). All
components of the graphs have the same meaning as previously. . . . . . 129
(Cont.) Line fits of the Pav and Brvy line for object 54 (HE0608-5606). All
components of the graphs have the same meaning as previously. . . . . . 130
(Cont.) Line fits of the Pav and Bry line for object 58 (HE0949-0122). All
components of the graphs have the same meaning as previously. . . . . . 131
(Cont.) Line fits of the Pav and Brvy line for object 64 (HE1108-2813). All
components of the graphs have the same meaning as previously. . . . . . 132
(Cont.) Line fits of the Pav and Brvy line for object 66 (HE1136-2304). All
components of the graphs have the same meaning as previously. . . . . . 133
(Cont.) Line fits of the Pav and Brvy line for object 67 (HE1143-1810). All
components of the graphs have the same meaning as previously. . . . . . 134
(Cont.) Line fits of the Pav and Bry line for object 70 (HE1256-1805). All
components of the graphs have the same meaning as previously. . . . . . 135

(Cont.) Line fits of the Pav and Brvy line for object 71 (HE1310-1051). All
components of the graphs have the same meaning as previously. . . . . . 136
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A.3 (Cont.) Line fits of the Pa and Bry line for object 74 (HE1330-1013). All
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A.3 (Cont.) Line fits of the Pa and Brvy line for object 76 (HE1346-3003). All
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A.4 In principle the same figure as Fig 4.2, but stretched and including the
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A.5 A small part of the redshift-corrected spectrum of object 22 (HE0203-
0031) for z = 0.0424, covering the wavelengths around 1.863 — 1.888 pm.
For easier recognition of features the spectrum is smoothed by a Gaussian
of o = 1.0. The vertical, dashed line marks a wavelength of 1.87561 um,
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3.1

3.2

3.3

4.1

Basic information about the two low resolution grisms, including each
wavelength range and resolution for the 0.6” slit width. As the resolution
scales inversely with the slit width, for example the red grism GRF has a
respective resolving power of ~ 590 when using the 1” slit and < 300 for
the 27 slit. Taken from SOFI User’s Manual, p. 9. . . ... .......

Three of the SOFTI filters relevant to the imaging observations connected
to this work. All shown filters here are broad band filters, as can be
seen by their filter widths. The remaining two broad band filters are
Z and Js. There are 16 available narrow band filters, having widths of
0.010 — 0.031 um. However, as these are not important in the context of
this work, they are not listed here. Taken from SOFI User’s Manual, p. 7.

Properties of the detector array that is a key component of the SOFI
instrument. These detector properties are based on information of the
manufacturer, Rockwell Scientific, which has been acquired in 2006 by
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the example the readout noise depends on the applied readout mode.
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these values changed due to degradation or other changes concerning the
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umn (1): Object ID with respect to the LLQSO sample. Column (2):
Name of each object according to the HES. Column (3): Classification of
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4.2 Observational and general information on the standard stars that are
available for spectroscopy data. Column (1): Name of each standard star.
Column (2): Object IDs of the science targets that are calibrated using
this standard star. Column (3): Date of observation, i.e., the night in
2019 in which each star was observed. Column (4): Average seeing from
the file headers in arcseconds. Column (5): Spectral classification of each
standard star. Column (6) and (7): Apparent magnitude in the H-band
and K-band, respectively. . . . . .. .. ..o Lo 68

4.3 Input parameters with their initial boundaries. Column (1): Descriptive
name of the input parameter. Column (2): Initial value of a parameter at
the start of applying the fitting procedure. Column (3): Lower and upper
boundaries of each input parameter. Column (4): Unit of the parameter
and, if applicable, also a scaling factor. The scaling helps the algorithm
to deal with numbers that are easier to handle, whereas the units are
practically irrelevant for the fitting procedure. Except for the wavelength
range around the central wavelength, which is fixed after its initial setting,
all of these values as well as their boundaries can be adjusted afterwards,
i.e., within the iterative feedback loop. . . . . ... ... ... ... ... 80

4.4  The resulting BH mass estimates from the chosen mass estimator (Eq. 4.4)
for the Pa and Bry broad emission line fits. All values are given as
log (MBr/Mg). Column (1): Object ID from the LLQSO sample. Col-
umn (2): Name of each object according to the HES. Column (3): BH
mass estimate from the broad Pa line fit. Column (4): Mass scatter for
the broad Pa line fit. Column (5): BH mass estimate from the broad Bry
line fit. Column (6): Mass scatter for the broad Bry line fit. The scatter
range is based on the variations that are introduced by the uncertainties
in the mass estimator, i.e., the internal scatter of the estimator only. . . 85

4.5 Comparison of results for measurements of fitting a Moffat and a Gaussian
profile to different sources. Respective lines indicate for which object the
measurements, that are shown below, are valid. The unit of the peaks is
counts (ADU) and that of the radius is pixel, which is effectively irrelevant
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Column (2): Peak of the Moffat profile fit. Column (3): FWHM of the
Moffat profile fit. Column (4): Peak of the Gaussian profile fit. Column
(5): FWHM of the Gaussian profile fit. . . . . ... ... ... ... ... 89

4.6 Exemplary flux measurements for different aperture radii on a point source.
Column (1): Aperture radius in pixel. Column (2): Description of the ra-
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measurements were conducted on. Column (3): Measured flux within the
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Cross-calibration results within the reduced image of object 67 for one
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procedure (“objl”: 2MASS J11454837-1827433; “obj2”: 2MASS J11453600-
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three sections that correspond to different radii, which are indicated above
of each section. Column (1): Identifier of the object as given in this cap-
tion. Column (2): Measured flux for the current radius of each section in
arb. unit. Column (3): Expected flux for the current radius of each sec-
tion in arb. unit. Column (4): Difference between measured and expected
flux in percent. Column (5): Difference between measured and expected
magnitude, based on the flux values. . . ... ... ... ... ......

Cross-calibration results within the reduced images of objects 11 and 83.
The table is split in respective sections for each LLQSO object. For object
11 the reference star is 2MASS J01051798-5825446, the “object” star is
2MASS J01051960-5827109. For object 83 the reference star is 2MASS
J22074439-3234420, the “object” star is 2MASS J22074648-3235184. The
radii follow the same scheme as in Tab. 4.7, i. e., first half the median Mof-
fat FWHM, then the median Moffat FWHM, and lastly the 3M-fit radius.
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between measured and expected magnitude, based on the flux values.

Literature values and results for measurements on the sample of test ob-
jects. Column (1): Object ID from the LLQSO sample. Column (2):
Number of reference stars for the respective object that are used for flux
measurements. Column (3): Average absolute K-band bulge magnitude
from measurements on all reference stars, where the aperture size is set
using the 3M-fit radius. Column (4): Average absolute K-band bulge
magnitude from measurements on all reference stars, where the aperture
size is set using the adjusted radius. Column (5): Absolute K-band bulge
magnitude from literature. . . . . . .. ..o Lo

Results for the extraction of K-band bulge magnitudes for all imaging
objects according to Tab. 4.1. Those objects, that are observed during
two different nights are accordingly listed twice. Column (1): Object ID
from the LLQSO sample. Column (2): Date of the night of observation.
Column (3): Descriptive size of the radius that is chosen for the aperture,
where “m.M.pwmv” is an abbreviation for the median Moffat FWHM.
Column (4): Number of reference stars for the respective object that are
used for flux measurements. Column (5): Average absolute K-band bulge
magnitude from measurements on all reference stars, where the aperture
size is set using the adjusted radius. . . . . . ... ... ... ...
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4.11

4.12

Al

A2

A3

A4

LIST OF TABLES

The effectively chosen BH mass estimates for each object and their re-
spective errors. The basis for the adjustments is described in the text.
Column (1): Object ID from the LLQSO sample. Column (2): Chosen
BH mass estimate, either from the broad Pa or Bry line. Column (3):
Maximal deviation based on the internal scatter as listed in Tab. 4.4.
Column (4): Adjusted error for the mass estimate. . . . . ... ... ...

Values of the absolute K-band bulge magnitudes for three objects as pro-
vided by Busch et al. (2014). Column (1): Object ID with respect to the
LLQSO sample. Column (2): Name of each object according to the HES.
Column (3): Absolute K-band bulge magnitude. . . . . . ... ... ...

Observational information for the available spectroscopy data in this work.
Column (1): Object ID. Column (2): Date of observation, i.e., the night
in 2019 in which each object was observed. Column (3): The total in-
tegration time in seconds that is used to create a final reduced image.
Column (4): Average seeing from the file headers in arcseconds. . . . . .

Observational information for the available imaging data in this work.
Four objects appear twice, as each of these objects has two different
nights of observations. Column (1): Object ID. Column (2): Date of
observation, i.e., the night in 2019 in which each object was observed.
Column (3): The total integration time in seconds that is used to create
a final reduced image. Column (4): Average seeing from the file headers
inarcseconds. . ... o

Important line parameters from fitting simultaneously a narrow and broad
component to the Pa emission line. The expected central wavelength is
1.87561 um, but small deviations from this are possible. Column (1):
Object ID from the LLQSO sample. Column (2): Narrow line position,
i.e., the central wavelength at the peak of the fit profile in um. Column
(3): Narrow line width, i.e., the FWHM of the fit profile in kms™?.
Column (4): Narrow line flux of the fit profile in 1072 Wm™2. Column
(5): Broad line position (see Col. (2)). Column (6): Broad line width (see
Col. (3)). Column (7): Broad line flux (see Col. (4)). . . ... ... ...

Important line parameters from fitting simultaneously a narrow and broad
component to the Bry emission line. The expected central wavelength is
2.16612 um, but small deviations from this are possible. Column (1):
Object ID from the LLQSO sample. Column (2): Narrow line position,
i.e., the central wavelength at the peak of the fit profile in um. Column
(3): Narrow line width, i.e., the FWHM of the fit profile in kms~1.
Column (4): Narrow line flux of the fit profile in 1072 Wm™2. Column
(5): Broad line position (see Col. (2)). Column (6): Broad line width (see
Col. (3)). Column (7): Broad line flux (see Col. (4)). . . ... ... ...
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A5

A6

All errors that the fitting algorithm finds for the different parameters of
Tab. A.3 and A.4 shown here in the upper and lower part, respectively.
According to the description in Sect. 4.2.1, this affects only a few objects.
It is important to note the different scaling of some parameters in com-
parison to the other tables. If necessary, an additional scaling is found
directly at the respective value. Column (1): Object ID from the LLQSO
sample. Column (2): Narrow line position error, in 10~* um. Column (3):
Narrow line width error, in kms~!. Column (4): Narrow line flux error,
in 1072 Wm~2. Column (5): Broad line position error (see Col. (2)).
Column (6): Broad line width error (see Col. (3)). Column (7): Broad
line flux error (see Col. (4)). . . . . . . . . . ...
All objects with BH mass estimates from literature. The masses are given
as log (Mpy/Mg). Column (1): Object ID from the LLQSO sample.
Column (2): Chosen emission line for the BH mass estimate in this work.
Column (3): BH mass estimate in this work. Column (4): Mass estimate
scatter in this work. Column (5): Literature BH mass estimate. . . . . .
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List of Acronyms

2MASS Two Micron All-Sky Survey
ADU Analog-Digital Unit

AGN active galactic nucleus

BB black body

BH black hole

BLR broad-line region

BLRG broad-line radio galaxy

DIMM differential image motion monitor
DIT detector integration time

EHT Event Horizon Telescope

EHTC Event Horizon Telescope Collaboration
ENLR extended narrow-line region
ESO European Southern Observatory
FIR far-infrared

FITS Flexible Image Transport System
FOV field of view

FWHM full width at half maximum
HDU Header/Data Unit

HES Hamburg/ESO Survey

ID identifier

IPAC Infrared Processing and Analysis Center
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IR
IRAF
IRSA
ISAAC
JWST
LEDA
LINER
LLQSO
LM
LOS
MIR
MW
NASA
NED
NIR
NIST
NLR
NLRG
NOAO
NTT
OB
ovVv
PID
PSF
QSO
RM
S/N

LIST OF ACRONYMS

infrared

Image Reduction and Analysis Facility
Infrared Science Archive

Infrared Spectrometer And Array Camera
James Webb Space Telescope
Lyon-Meudon Extragalactic Database
low-ionization nuclear emission-line region
low-luminosity type-1 quasi-stellar object
Levenberg-Marquardt

line-of-sight

mid-infrared

Milky Way

National Aeronautics and Space Administration
NASA/IPAC Extragalactic Database
near-infrared

National Institute of Standards and Technology
narrow-line region

narrow-line radio galaxy

National Optical Astronomy Observatory
New Technology Telescope

observation block

optically violent variable

program identifier

point spread function

quasi-stellar object

reverberation mapping

signal-to-noise ratio



SED

SF

SFR
SIMBAD

SMBH
SOFI
STScl
Uuv
VLT

spectral energy distribution
star formation
star formation rate

Set of Identifications, Measurements and Bibliography for
Astronomical Data

supermassive black hole

Son of ISAAC

Space Telescope Science Institute
ultraviolet

Very Large Telescope
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