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ABSTRACT
Active Galactic Nuclei (AGN) are considered to be the main powering source

of active galaxies, where central Super Massive Black Holes (SMBHs), with masses
between 106 and 109 M� gravitationally pull the surrounding material via accre-
tion. AGN phenomenon expands over a very wide range of luminosities, from
the most luminous high-redshift quasars (QSOs), to the local Low-Luminosity AGN
(LLAGN), with significantly weaker luminosities. While "typical" luminous AGNs
distinguish themselves by their characteristical blue featureless continuum, the Broad
Emission Lines (BELs) with Full Widths at Half Maximum (FWHM) in order of few
thousands km s1, arising from the so-called Broad Line Region (BLR), and strong
radio and/or X-ray emission, detection of LLAGNs on the other hand is quite chal-
lenging due to their extremely weak emission lines, and absence of the power-law
continuum. In order to fully understand AGN evolution and their duty-cycles across
cosmic history, we need a proper knowledge of AGN phenomenon at all luminosi-
ties and redshifts, as well as perspectives from different wavelength bands.

In this thesis I present a search for AGN signatures in central spectra of 542 local
(0.005 < z < 0.03) galaxies from the Calar Alto Legacy Integral Field Area (CALIFA)
survey. The adopted aperture of 3′′ × 3′′ corresponds to central ∼ 100 − 500 pc
for the redshift range of CALIFA. Using the standard emission-line ratio diagnostic
diagrams, we initially classified all CALIFA emission-line galaxies (526) into star-
forming, LINER-like, Seyfert 2 and intermediates. We further detected signatures of
the broad Hα component in 89 spectra from the sample, of which more than 60% are
present in the central spectra of LINER-like galaxies. These BELs are very weak, with
luminosities in range 1038 − 1041 erg s−1, but with FWHMs between 1000 km s−1

and 6000 km s−1, comparable to those of luminous high-z AGN. This result implies
that type 1 AGN are in fact quite frequent in the local Universe. We also identified
additional 29 Seyfert 2 galaxies using the emission-line ratio diagnostic diagrams.

Using the MBH − σ∗ correlation, we estimated black hole masses of 55 type 1
AGN from CALIFA, a sample for which we had estimates of bulge stellar velocity
dispersions σ∗. We compared these masses to the ones that we estimated from the
virial method and found large discrepancies. We analyzed the validity of both meth-
ods for black hole mass estimation of local LLAGN, and concluded that most likely
virial scaling relations can no longer be applied as a valid MBH estimator in such
low-luminosity regime. These black holes accrete at very low rate, having Edding-
ton ratios in range 4.1× 10−5 − 2.4× 10−3. Detection of BELs with such low lumi-
nosities and at such low Eddington rates implies that these LLAGN are still able to
form the BLR, although with probably modified structure of the central engine.

In order to obtain full picture of black hole growth across cosmic time, it is es-
sential that we study them in different stages of their activity. For that purpose,
we estimated the broad AGN Luminosity Function (AGNLF) of our entire type 1
AGN sample using the 1/Vmax method. The shape of AGNLF indicates an apparent
flattening below luminosities LHα ∼ 1039 erg s−1. Correspondingly we estimated ac-
tive Black Hole Mass Function (BHMF) and Eddington Ration Distribution Function
(ERDF) for a sub-sample of type 1 AGN for which we have MBH and λ estimates.
The flattening is also present in both BHMF and ERDF, around log(MBH) ∼ 7.7 and
log(λ) < 3, respectively. We estimated the fraction of active SMBHs in CALIFA by
comparing our active BHMF to the one of the local quiescent SMBHs. The shape of
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the active fraction which decreases with increasing MBH, as well as the flattening of
AGNLF, BHMF and ERDF is consistent with scenario of AGN cosmic downsizing.

To complete AGN census in the CALIFA galaxy sample, it is necessary to search
for them in various wavelength bands. For the purpose of completing the census we
performed cross-correlations between all 542 CALIFA galaxies and multiwavelength
surveys, Swift – BAT 105 month catalogue (in hard 15 - 195 keV X-ray band), and
NRAO VLA Sky Survey (NVSS, in 1.4 GHz radio domain). This added 1 new AGN
candidate in X-ray, and 7 in radio wavelength band to our local LLAGN count.

It is possible to detect AGN emission signatures within 10 – 20 kpc outside of
the central galactic regions. This may happen when the central AGN has recently
switched off and the photoionized material is spread across the galaxy within the
light-travel-time, or the photoionized material is blown away from the nucleus by
outflows. In order to detect these extended AGN regions we constructed spatially
resolved emission-line ratio diagnostic diagrams of all emission-line galaxies from
the CALIFA, and found 1 new object that was previously not identified as AGN.

Obtaining the complete AGN census in CALIFA, with five different AGN types,
showed that LLAGN contribute a significant fraction of 24% of the emission-line
galaxies in the CALIFA sample. This result implies that AGN are quite common in
the local Universe, and although being in very low activity stage, they contribute to
large fraction of all local SMBHs. Within this thesis we approached the upper limit
of AGN fraction in the local Universe and gained some deeper understanding of the
LLAGN phenomenon.



1

CHAPTER 1

Intoduction

1.1 Active Galactic Nuclei

1.1.1 AGN phenomenology

Active Galactic Nucleus (AGN) constitute an important phase in life cycle of galax-
ies. They expand over a wide range of luminosities, from the most luminous quasars
(QSOs) with LB = 1011 − 1014 L� to those of significantly lower luminosities widely
present in our local Universe. It is still not entirely known to what extent of low
luminosites AGN phenomenon persists, due to inability of surveys to reach the low-
luminosity end and resolve the central source. In order to fully understand the pro-
cesses of galaxy formation and evolution, we need a proper knowledge and under-
standing of the AGN phenomenon at all luminosities and redshifts.

The most common type of AGN are Seyfert galaxies with significantly lower lu-
minosities (LB = 108 − 1011 L�) than those of QSOs. The fundamental difference
between Seyferts and quasars is in the amount of radiation emitted by the cen-
tral compact source. Being the most luminous class of AGN, QSO emission out-
shines the one of the host galaxy, therefore they can be seen at the great distances
as a point-like sources. The optical spectra of QSOs and Seyferts are quite similar,
with characteristical strong high-ionization emission lines, and can be categorized
into two distinctive classes – type 1 and type 2. Type 1 objects have very Broad
Emission Lines (BELs) present in their spectra, that may be detected in both permit-
ted (HI,HeI,HII,MgII) and forbidden ([OIII],[NII],[SII]) broad emission lines. These
BELs have Full Widths at Half Maximum (FWHMs) around 1− 10 km s−1. Seyfert
2 galaxies, on the other side, do not have BELs present in their spectra. However,
Narrow Emission Lines (NELs) of both type 1 and type 2 AGN are still quite broad
(FWHM ∼ 500 km s−1) comparing to the ones from the quiescent galaxies. There
are interemediate types between Seyferts 1 and Seyferts 2 galaxies, depending on
the strength ratio of broad and narrow emission lines, labeled as Seyfert type 1.5,
1.8, and 1.9 subclasses. Seyferts reside mainly in the spiral galaxies of types Sb and
SBb, while QSOs are mostly located in giant ellipticals (Osterbrock and Pogge, 1985).
This is due to the observed correlation that the more luminous AGN hosting the
most massive SuperMassive Black Holes (SMBHs) are residing in the most massive
galaxies.

Radio galaxies are elliptical galaxies harbouring an AGN in their centers. Sim-
ilar to Seyferts, they can be divided in two subclasses – with and without BELs:
Broad-Line Radio Galaxies (BLRGs) and Narrow-Line Radio Galaxies (NLRGs), re-
spectively. Some of the strongest radio sources are associated with QSOs and are
typically located in elliptical galaxies. Seyfert galaxies are typically quiet in radio
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domain, since they are mainly located in spirals. Radio galaxies often show a pres-
ence of radio lobes or jets, that are emitted from the nucleus and may be the size of
the entire galaxy in visible spectrum. These lobes and jets may be one-sided, or two-
sided, as seen in some weaker radio sources (Osterbrock and Ferland, 2006). Radio
galaxies can also be distinguished according to their radio morphologies into two
classes – FR I and FR II, according to Fanaroff-Riley classification, where FR I objects
have stronger radio emission in the center, decreasing towards the outer regions,
while in case of FR II objects the situation is reversed.

AGN are known to be very optically variable sources, on time scales from years
to days. One of the subclasses of QSOs are characterised by their extreme optical
variability, and are called Optically Violently Variables (OVV). Their spectra varies
on the time scale of few days. Another rapidly variable class of AGN are objects
known as BL Lac that, unlike OVV, do not show a presence of strong emission and
absorption lines. Their spectral variations are mainly matifested in continuum vari-
ations. BL Lac and OVV together are called blazars, and they also show relatively
high polarization of the optical light and are known to be strong radio emitters.

Some AGN even show a strong emission in infrared wavelengths, being classi-
fied as ultraluminous infrared galaxies (ULIRGs). They are often considered as type
2 QSOs, since the most likely scenario is that the dust around nucleus absorbs and
re-radiates the light from the QSO.

1.1.2 Unified model and spectral energy distribution of AGN

AGN have very broad Spectral Energy Distribution (SED), from the γ- and X-rays,
over the UV and optical radiation, to the IR and radio wavelengths. The AGN con-
tinuum spectrum increases towards the UV wavelengths up to the λ ∼ 1000 Å, and
as a first approximation, its shape can be described by the power-law of the form
Fν ∝ ν−α, where α is the spectral index 0 . α . 2, and it usually increases with
increasing frequency. The realistic picture is more complex than the power law with
the constant spectral index. Broad emission lines of HI, HeI, HeII, and FeII seen
in QSOs contribute to the specific spectral feature in the 2000− 4000 Å wavelength
region, called the "big blue bump" (Shields, 1978; Malkan and Sargent, 1982). The
blue bump consists of many unresolved FeII and Balmer Hydrogen lines, creating a
pseudo-continuum, and is thermal in origin, originating from the optically thick ac-
cretion disk. Although free-free emission might also be responsible for the observed
feature. Another characteristical AGN spectral feature occurs around 1 µm, proba-
bly as a consequence of emission from the warm dust grains, and is called the "red
bump".

The standard AGN model indicates a presence of the rotating SMBH located in
its center, that is surrounded by accretion disks of gravitationally pulled material.
The powering source of AGN is considered to be conversion of gravitational poten-
tial energy into radiation in the accretion disk, that generates strong X-ray emission
on the innermost disk orbit, followed by UV and optical continuum.

The accretion disk is surrounded by the, so-called, Broad Line Region (BLR),
which is the source of formation of the BELs. The BLR most probably has a clumpy
structure, consisting of partially ionized gas clouds, rather than being homogeneous.
Continuum radiation photoionizes the gas, producing the BELs. BELs represent ve-
locity of the gas that is driven by the Doppler motion around the central source,
indicating a strong gravitational field in the center. Strong emission lines of FeII that
are often present in the BLR, indicate temperatures of∼ 104 K, while semi-forbidden
CIII] emission lines indicate number density of ∼ 109 cm−3. The size of the BLR is
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relatively small, with the radius of R ≈ 0.07 pc. The BLR and detection of its BELs is
essential for estimating the masses of the central SMBHs, which we will describe in
more detail in Section 1.2.2.

The BLR is most likely surrounded by large, optically thick torus of gas and dust.
Outside of the torus is the Narrow Line Region (NLR), where NELs are formed.
The NLR has significantly larger dimensions than the BLR, typically on the scale of
∼ 100 pc. The presence of forbidden emission lines in the NLR indicates an electron
density of only ∼ 104 cm−3, while the temperature estimates are around ∼ 104 K,
comparable to the BLR. Also, similar to the BLR, the NLR probably consist of gas
clouds, although they probably have rather cone-shaped than spherical distribution.
The NLR orientation axis overlaps with the radio axis in sources where the extended
radio jets have been detected. The distribution of the clouds in the NLR may be
driven by radiation pressure and accretion disk wind.

According to the unified AGN model, the observed difference between different
types of AGN is mainly due to different orientation angle of the source relative to
the line-of sight. An important parameters to study and understand the physics of
AGN are the mass and the accretion rate of the central SMBH. The structure of the
central engine will be described in more detail in Section 1.2.1.

1.1.3 The physical nature of LINERs

It is found that AGN account for around 10%− 20% of the galaxies in the local Uni-
verse, although with significantly lower levels of activity than the Seyferts (Ho, Filip-
penko, and Sargent, 1993). A very common class of objects in the local Universe are
the, so-called Low-Ionization Nuclear Emission-Line Regions (LINERs), postulated
by Heckman (1980b), may contribute to the one-third of all spiral galaxies. LINERs
distinguish themselves by the stronger low-ionization narrow emission lines of [OI],
[SII], and [NII] than what is found in HII regions and star-forming galaxies. Due
to certain similarities in their spectra, and the fact that the BELs are detected in the
spectra of some LINERs, it is debated that LINERs account for the majority of faint
AGN present in the local Universe (Ferland and Netzer, 1983; Halpern and Steiner,
1983; Ho et al., 1997; Ho, Filippenko, and Sargent, 1993; Ho, Filippenko, and Sargent,
2003),

The common way to separate LINERs from star-forming galaxies, is the strength
of their [OIII]/Hβ emission-line flux ratio, as an indicator of ionization level. Bald-
win, Phillips, and Terlevich (1981) postulated a method that consists of empirical
diagnostic diagrams using strengths of two optical emission line ratios ([OI]/Hα,
[SII]/Hα, [NII]/Hα and [OIII]/Hβ) to distinguish between HII regions, Seyfert 2
galaxies, and LINERs. These diagrams are latter revised and improved by Oster-
brock and Ferland (2006) and Veilleux and Osterbrock (1987), but are commonly
called "the BPT diagrams", for the original authors’ initials. Using a combination of
modern stellar population synthesis, photoionization, and shock models, Kewley et
al. (2001) calculated the first theoretical classification scheme to distinguish between
the HII regions on one side, and Seyferts and LINERs on another. They established
the, so-called, "maximum starburst line", above which the ionization by star forma-
tion is theoretically no longer possible. Kauffmann et al. (2003) made an empirical
division between these objects by shifting the Kewley’s theoretical line to agree with
observations. Kewley et al. (2006) also imposed a purely empirical division line be-
tween Seyfert 2 galaxies and LINERs but this separation is often not clearly visible
in different survey samples, and has no physical meaning. On Figure 1.1 we show
different diagnostic diagrams for SDSS DR7 galaxies, with darker shades indicating
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FIGURE 1.1: Diagnostic diagrams of emission line ratios, with the [OIII]/Hβ ra-
tio on the y axis on all three diagrams, and three different lower ionization ratios
on the x axis – from left to right: [NII]/Hα, [SII]/Hα, [OI]/Hα. The underlying
grey-shaded regions show the distributions of SDSS DR7 galaxies, with darker
shades indicating higher object densities. The red solid lines represent the theoreti-
cal “maximum-starburst lines” derived by Kewley et al. (2001), and the blue dashed
line in the left panel is the empirical demarcation curve established by Kauffmann

et al. (2003).

higher object densities. It is important to note that these spectra do not target central
regions of galaxies precisely, due to SDSS having fixed aperture sizes.

Although they are often considered to contribute to the low-luminosity end of
AGN class, the exact excitation mechanism of LINERs is still an unanswered ques-
tion. Beside AGN photoionization, few other alternate scenarios for LINER exci-
tation mechanism are proposed, of which a very popular one is collisional ioniza-
tion by fast shocks (Burbidge, Burbidge, and Sandage, 1963; Osterbrock, 1971; Koski
and Osterbrock, 1976; Heckman, 1980b; Dopita and Sutherland, 1995; Lípari et al.,
2004). Additional mechanisms include excitation by the cooling flows (Heckman
et al., 1981; Fabian et al., 1986; Heckman et al., 1989), by the hot, old, luminous,
metal-rich evolved stars (HOLMES) (Alonso-Herrero et al., 2000; Taniguchi, Shioya,
and Murayama, 2000), or by the post asymptotic giant branch (pAGB) stars (Kehrig
et al., 2012; Singh et al., 2013; Papaderos et al., 2013). Here I will only briefly describe
these possible mechanisms, while a concise review of excitation mechanisms of LIN-
ERs and analysis of each scenario in greater detail is given by Filippenko (2003) and
Ho (2008).

Some early studies (Burbidge, Burbidge, and Sandage, 1963; Osterbrock, 1971;
Koski and Osterbrock, 1976; Heckman, 1980b; Dopita and Sutherland, 1995) sug-
gested that the emission-line ratios typical for LINERs can be produced by shock-
heated gas, considering the spectral similarity of LINERs and supernova remnants
(Koski and Osterbrock, 1976; Fosbury et al., 1978; Heckman, 1980b). Baldwin, Phillips,
and Terlevich (1981) as well defined LINER region of standard diagnostic diagrams
as the region populated by shock-heated galaxies. Dopita and Sutherland (1995)
and Dopita and Sutherland (1996) implied that gas velocities produced by shock can
in fact be quite large (200 − 500 km s−1), which would result in emission-line ra-
tios observed in LINERs. Most emission lines in LINERs have lower gas velocities
(∼ 100 − 200 km s−1) which are too slow to produce such shocks. Also, in order
for shocks to produce the observed amount of emission in the nucleus, they have
to be repeated frequently which is highly unlikely (Filippenko, 2003). It is possible
that shocks are dominant in some nuclear regions, but shocks alone cannot explain
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the excitation mechanism of LINERs. Shock excitation may be important in galaxies
that have large scale outflows and in galaxy mergers (Bremer et al., 2013; Veilleux
and Rupke, 2002; Lípari et al., 2004; Monreal-Ibero et al., 2010).

LINER-like emission is also detected outside of the nuclear regions, in extended
spectra of some galaxies. These objects, named LIERs considering their non-nuclear
emission, show the presence of low ionization emission lines in the regions 10 – 20
kpc from the nucleus, and are often detected in early-type galaxies (Sarzi et al., 2006;
Sarzi et al., 2010; Singh et al., 2013). Development of Integral Field Spectroscopy
(IFS) enabled us to gain better understanding of these regions and their connection
to the nuclear low ionization emission. Among most known studies in this field
are works conducted by Heckman et al. (1981), McCarthy et al. (1987), Cracco et al.
(2011), Keel et al. (2012), Keel et al. (2015), Obied et al. (2016), Belfiore et al. (2016),
Wylezalek (2017), and Hviding et al. (2018)

Very luminous, massive pAGB stars might generate temperatures high enough
to produce such emission line strengths typical for LINER-like objects. However,
this model may explain extended emission in LIER galaxies (Binette et al., 1994;
Taniguchi, Shioya, and Murayama, 2000; Stasińska et al., 2008; Fernandes et al.,
2011), mostly in early type galaxies where hot old massive stars become dominant
source of ionization (Belfiore et al., 2016), but it is not sufficient to describe nuclear
LINER-like emission that is the main interest of this thesis.

Hot, old, luminous, metal-rich evolved stars such as Wolf-Rayet or O-stars with
higher temperatures can also produce high energy photons. HOLMES have similar
continuum power law shape to the one usually present in LINERs and Seyfert 2
galaxies, and are proposed as ionization mechanism of LINERs by some authors
(Alonso-Herrero et al., 2000; Taniguchi, Shioya, and Murayama, 2000). However,
(Leitherer, Gruenwald, and Schmutz, 1992) showed that this is a simplified model
of Wolf-Rayet stars, while more realistic model would not be able to generate such
high-energy photons required for the emission-line ratios detected in LINERs.

Cooling accretion flows (Heckman et al., 1981; Fabian et al., 1986; Heckman et
al., 1989) is also proposed as one of the possible excitation mechanism of LINERs,
as LINER-like spectra is similar to that of extended gas in elliptical galaxies. These
cooling flows are mostly found in massive galaxies and clusters, and are not suffi-
cient to explain the frequency of LINER-like galaxies in the Universe.

As we can see, there are few possibilities that could produce LINER-like emis-
sion, of which some mechanisms are probably more important for extended and
others for nuclear emission-line regions. Accretion onto the central SMBH by AGN
might be the dominant mechanism responsible for nuclear LINER-like emission. Ho
et al. (1997) detected broad Hα lines, typical for AGN, in 20% of LINERs defined
by the emission-line diagnostic diagrams, using the Palomar survey. This number
sets the lower limit for LINERs that are actually considered to be genuine AGN.
Multiwavelength studies (González-Martín et al., 2006; González-Martín et al., 2009;
González-Martín et al., 2014; Dudik, Satyapal, and Marcu, 2009; Younes et al., 2011;
Asmus et al., 2011; Mason et al., 2012; Maoz et al., 2005; Hernández-García et al.,
2013; Hernández-García et al., 2014) also confirmed that 75− 90% of LINERs show
AGN signature. The most likely scenario is that the LINERs are a heterogeneous
class of objects, of which the most dominant and common excitation mechanisms
are accretion onto the central SMBH in its low-activity stage, and contribution by
fast shocks. Since the topic of this thesis are AGN, we will be focusing on the frac-
tion of LINERs that we confirmed to be ionized by gas accretion onto the SMBH.
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1.1.4 Low-luminosity AGN

As we already mentioned in Section 1.1.2, luminous AGN distinguish themselves
as point-like sources with a power law spectrum in the optical and UV domain, de-
scribed by Fν ∝ ν−α, with α ≈ 0.5 (Vanden Berk et al., 2001). At UV wavelengths,
the luminous AGN continuum indicates a presence of the big blue bump. In spectra
of Low-Luminosity AGN (LLAGN), however, the power law continuum and the big
blue bump are evidently absent, as these sources are extremely faint. Even though
LLAGN are inhabitants of the local Universe, they are target of many observational
challenges due to their very weak emission, and therefore are still not properly un-
derstood. Whether they are just scaled-down version of genuine luminous AGN or
a have a totally different underlying physical mechanism is still an open question.
Very concise review of LLAGN is given by Ho (2008).

Luminous type 1 AGN are easily noticed by the presence of BELs in their optical
spectra. If these BELs are detected in the spectra of LLAGN, it will help us under-
stand the underlying physics of these objects, and subsequently find a link to gen-
uine luminous type 1 AGN. In order to detect such weak BELs, AGN surveys must
be of sufficient spectral resolution (Ho, 2008), since broad Hα luminosities of these
objects are lower even than those of Seyferts (LHα < 1042 erg s−1). Compared to the
luminous AGN spectrum, where broad component is responsible for the majority of
the total Hα flux density, in LLAGN the broad Hα line is rather weak, consisting of
∼ 50% of the total Hα density, on average, which we analyzed within this thesis.

Since LLAGN have significantly low luminosities, their emission is often highly
diluted by the host galaxies’ stellar light. Therefore, in order for their proper de-
tection, the stellar contamination must be precisely accounted and subtracted. On
the other hand, if broad-line LLAGN are indeed detected, they might be extremely
useful for the study of the coevolution of the central SMBHs and their host galaxies,
as the AGN light wouldn’t dominate the spectra in this case, and the host galaxy
properties could be measured with high precision.

Previous work conducted by Ho, Filippenko Sargent (Ho, Filippenko, and Sar-
gent, 1997a; Ho et al., 1997; Ho, Filippenko, and Sargent, 1997b; Ho, Filippenko,
and Sargent, 2003) , consists of monitoring the central regions of around 400 nearby
galaxies from the Palomar survey (Filippenko and Sargent, 1985; Ho, Filippenko,
and Sargent, 1995) in order to search for the LLAGN in the local Universe. They
found weak broad Hα emission line (LHα ∼ 1040 erg s−1) present in around 20% of
AGN in their sample. Their research is performed with the long-slit spectra of mod-
erate resolution. In order to improve the sensitivity to probe even weaker emission
lines, better image quality is required.

Eun, Woo, and Bae (2017) searched for broad Hα line in the local (z < 0.1) SDSS
galaxies, and found significantly lower fraction of type 1 LLAGN in the local Uni-
verse – only 3% of galaxies originally categorized as Seyfert 2 type. Presumably
this difference is partly caused by the strong dilution effects in more distant galaxies
when using a SDSS’s 3′′ aperture diameter.

In the scenario proposed by Nicastro (2000), which we will discuss in greater
detail in Section 1.2.1, the BLR is formed by disk outflows, produced at the transi-
tion radius between accretion disk regions dominated by gas and radiation pressure.
This radius shrinks with decreasing AGN luminosity, and after a certain point the
BLR is expected to disappear. The standard optically thick and geometrically thin ac-
cretion disk then transforms into a 3-component structure. Such accretion disk mod-
els are considered explain the phenomenon of LLAGN. The dust torus and BLR are
expected to disappear for such low-luminosity objects. Yet, in our work, we showed
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that the shift from standard accretion disk into 3-component structure occurs rather
smoothly, therefore the BLR can still be detected with surveys of sufficient sensitivity
and depth.

1.2 Supermassive black holes as central powering source of
AGN

1.2.1 Structure of the central engine

As it is already mentioned, the primary ionization source of AGN is the accretion
of the surrounding material onto the central SMBH, with masses in range 106 M�
to 109 M� (Kormendy and Richstone, 1995). The highest fraction of AGN energy
is produced in the inner regions of the accretion disk, close to the Schwarzschild
radius. The gravitational potential energy is converted into kinetic energy through
processes of energy dissipation into heat and radiation. The luminosity emitted by
the nucleus then can be presented as:

L = ηṀc2 (1.1)

where Ṁ is the accretion rate, η is the efficiency of the process, and c is the speed of
light. The efficiency of the accretion process represents the fraction of the mass that
does not fall onto the central SMBH, but is converted into energy of the AGN, and
depends on the radius at which the emission process occurs (Osterbrock and Fer-
land, 2006). The efficiency has values in range 0.0572 < η < 0.423, where the lower
limit represents the efficiency of the non-rotating Schwarzschild black hole, while
the maximum efficiency is produced by the fast-rotating Kerr black hole (Novikov
and Thorne, 1973).

In order for the material to fall onto the SMBH, the radiation force must be
weaker than the gravitational force. The maximum luminosity that a central source
of mass MBH can achieve while maintaining balance between the gravitational force
and radiation pressure is given by the Eddington luminosity:

LEdd =
4πGcmp

σT
MBH = 1.3× 1038 MBH

M�
erg s−1 (1.2)

where G is the gravitational constant, mp – the proton mass, and σT is the cross
section for Thompson scattering. Eddington limit, or Eddington luminosity, can be
applied only on objects with spherical symmetry, otherwise the limit might be sur-
passed. From the Eddington luminoisty LEdd we can derive the maximum possible
accretion rate ṀEdd for the source of mass MBH, given by ṀEdd = LEdd/(ηc2). This
critical rate, corresponding to LEdd can also be easily exceeded by non-spherically
symmetric models.

A widely used parameter to describe AGN accretion rate is its Eddington ratio,
defined as:

λ =
Lbol

LEdd
(1.3)

with Lbol being the bolometric luminosity of AGN. Since AGN emit in broad spec-
tral range, it is impossible to estimate Lbol directly from their SEDs, rather, the certain
correction factor is applied, and different wavelength bands or even emission lines
can be used as a proxy for Lbol . Eddington ratio and accretion rate indicate at which
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accretion stage a certain AGN is residing, providing information about the struc-
ture of the accretion disk. There is a range of up to three order of magnitudes in
Eddington ratios for given SMBH mass MBH (Woo and Urry, 2002).

Accretion disk structure depends on the variety of parameters, such as the accre-
tion rate, strength of the magnetic field, or presence of the jets. At low accretion rates
(ṀBH/ṀEdd . 1) and high opacities, the accretion disk is considered to be thin, and
optically thick at all radii (Shakura and Sunyaev, 1973), corresponding to the radia-
tivelly efficient (η ≈ 0.1) accretion flows (Blandford, 1985; Begelman, 1985). Broad
emission lines are then present in the spectrum, therefore the central source is con-
sidered to belong to type 1 AGN. According to the scenario proposed by Nicastro
(2000), the BLR is produced by the accretion disk wind, formed at the critical radius
in the transition region between gas and radiation pressure dominated disk.

At high accretion rates (ṀBH/ṀEdd >> 1), the upward flows are trapped by
the accreting material, and the optically thick and geometrically thin accretion disk
then transforms into 3-component structure: an inner optically thick disk, a trun-
cated outer geometrically thin disc, and a jet or an outflow. The inner region of the
accretion disk (Shakura and Sunyaev, 1976; Esin, McClintock, and Narayan, 1997;
Ruan et al., 2019) expands and forms a optically thin quasi-spherical structure, cor-
responding to the Radiatively Inefficient Accretion Flow (RIAF, Quataert (2003)) that
is advection dominated (Narayan and Yi, 1994). Due to very low densities of RIAFs,
energy dissipation is much faster than the radiative cooling of the disk.

According to Nicastro (2000) this transition occurs at Eddington ratios λ ≈ 10−3.
The transition region between gas and radiation pressure dominated disk region
then shrinks, and the critical radius becomes smaller than the innermost stable orbit,
therefore the BLR can no longer be formed within this structure, and BELs cannot be
seen in the spectrum. Such accretion disk models are considered to be present in case
of LLAGN. SMBHs with Eddington ratios below 10−3 were therefore considered to
be inactive. A schematic representation of the difference between "classical" optically
thick and geometrically think radiatively efficient accretion disk and a 3-component
structure is shown on Figure 1.2.

The existence of the outer truncated thin disk might possibly explain the SED of
LLAGN (Lawrence, 2005). The big blue bump, characteristical for luminous AGN,
is evidently absent from the spectra of their low-luminosity counterparts. Instead,
there is a peak in the mid-IR part of the LLAGN spectra, forming the so-called big red
bump (Lawrence et al., 1985; Willner et al., 1985; Chen and Halpern, 1989; Willner et
al., 2004; Bendo et al., 2006; Gu et al., 2007). These changes result in SED of LLAGN
to appear steep in the optical and UV parts, lacking the typical power-law feature.
This shift from blue to the red bump may be explained by the cool thermal outer
disk emission (Lawrence, 2005).

For very low accretion rates (ṀBH/Ṁedd) of optically thin truncated disk, it is
possible for a stable, two-temperature structure to form because of the inability of
the inner regions of the disk to cool efficiently (Peterson et al., 2004). This structure
is known as the ionized torus and is suspected to play the major role in forming of
the radio jets. The magnetic filed of the central source is then trapped in the ionized
torus, rapidly rotating within it, and as a consequence collimating the outflow of
charged particles, which create a jet-like structure. The jets or outflows can be con-
firmed by looking at the images from radio observations. LLAGN are considered to
be more radio loud than typical broad-line AGN (Trump et al., 2011), which might
serve as another aspect in favor of modified accretion disk structure of LLAGN.

In Chapter 3 we showed that BELs can still be detected in LLAGN, indicating
that the transition from high-λ geometrically thin and optically thick accretion disks
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FIGURE 1.2: Difference between optically thick and geometrically thin radiatively
efficient accretion disk of AGN accreting at high Eddington ratio (up) and the 3-
component structure of LLAGN, consisting of a RIAF, a truncated outer geometri-

cally thin disc, and a jet or an outflow. Image credit: Trump et al. (2011).

to the low-λ 3-component structure, happens rather smoothly, and is not fixed to the
value of λ ≈ 10−3. The reason behind such low luminosities of LLAGN may be the
combination of both obscuration as well as low accretion rates.

1.2.2 SMBH mass estimation methods

Direct dynamical SMBH measurements

It is a well known fact that SMBH in the centers of galaxies cannot be observed
directly, rather only through the effects that they have on the surrounding material.
In order for SMBH to be detected, its sphere of influence has to be properly resolved.
The sphere of influence represents the radius at which the central SMBH still affects
the dynamics of the surrounding stars, given by:

Rin f =
GMBH

σ∗
= 10.8 pc (

MBH

108 M�
)(

σ∗
200 km s−1 ) (1.4)

where σ∗ is the stellar velocity dispersion of the stars in the central bulge (Peebles,
1972). Within this radius, the accreting material performs Keplerian motion around
the central SMBH. The gravity of the central SMBH no longer has an influence on
the surrounding gas and stars beyond this radius Rin f (Ferrarese and Ford, 2005).
Therefore with spatial resolution smaller than the sphere of influence, the effect of
SMBH on the surrounding material can no longer be resolved. This sets a space
resolution limit of the telescopes in order to directly measure black hole masses in
the centers of galaxies.
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The black hole mass of the SgrA∗, located in the center of our own Milky Way
galaxy is by far the most accurately measured one. Proper motions and radial veloc-
ities (Ghez et al., 2004; Schödel et al., 2003; Genzel, Eisenhauer, and Gillessen, 2010;
Meyer et al., 2013) of the individual stars rotating around the SgrA∗ were estimated
from high-resolution near-IR observations, and the mass of the central source is esti-
mated to be 4.1(±0.4)×M�. The black hole masses can also be estimated accurately
from the gravitational effect that they have on the surrounding gas and stars. Being
closest to us, the SMBH in the center of Milky way provides us meaningful informa-
tions about black holes in the centres of galaxies.

H2O megamaser dynamics

The second most precise measurement of the MBH is the one of the black hole in
the center of Seyfert 2 galaxy NGC 4258 (Greenhill et al., 1995; Miyoshi et al., 1995),
using the H2O megamaser dynamics. Water masers (Microwave Amplification by
Simulated Emission of Radiation) produce coherent electromagnetic waves on the
principle of stimulated emission and can be formed in the AGN torus (Neufeld,
Maloney, and Conger, 1994). They are produced when the gas surrounding the
central SMBH is heated by X-ray radiation from the inner accretion disk. The warped
circlumnuclear molecular gas disk may then be formed, producing H2O emission at
22 GHz. Such molecular disk can be probed within miliarcseconds from the central
SMBH.

The downside of this method is that masers are very rare (Ferrarese and Ford,
2005) and can only be detected in Seyfert 2 galaxies and LINERs with edge-on ori-
ented accretion disks (Braatz, Wilson, and Henkel, 1996; Braatz, Wilson, and Henkel,
1997; Henkel, Greene, and Kamali, 2018; Hagiwara et al., 2018), since for the strong
megamaser signal to be detected, a large path-length is required. The most comper-
hensive maser study up to date is the Mahamaser Cosmology Project (Reid et al.,
2009), consisting of 180 galaxies with detectable megamasers.

The most interesting observation when studying megamasers is that the SMBH
masses estimated from their dynamics appear to be lower when compared to other
methods for the same objects. Also, masers are usually detected in low-mass S0-Sbc
barred galaxies (Greene et al., 2016). In the past several years, few more black hole
masses are estimated using this method (Pastorini et al., 2007; Greene et al., 2010;
Kuo et al., 2011; Greene et al., 2016; Gao et al., 2016; Gao et al., 2017; Pesce et al., 2018;
Zhao et al., 2018). Whether the mass discrepancy is the result of the sample selection
or there is an underlying inaccuracy present in other methods, is still unknown.

Gas kinematics

Some galaxies have disks of ionized gas in their nuclear regions (Tran et al., 2001),
which can be used to estimate the masses of central SMBHs. The ionized gas motion
is detected in the optical nebular emission lines (Balmer Hydrogen lines and forbid-
den lines of [OIII] and [NII]), therefore the high angular resolution is not required.
The advantage of the gas dynamics is that a gas settles more quickly into the rotat-
ing disk-like structure than stars (Peterson, 2014). This method has been applied to
several elliptical (Ferrarese, Ford, and Jaffe, 1996; Macchetto et al., 1997; Barth et al.,
2001; Capetti et al., 2005; Shapiro et al., 2006; Francesco, Capetti, and Marconi, 2006;
Francesco, Capetti, and Marconi, 2008; Dalla Bontà et al., 2009) and spiral galaxies
(Sarzi et al., 2001; Devereux et al., 2003; Marconi et al., 2006; Coccato et al., 2006;
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Neumayer et al., 2007; Beifiori et al., 2009; Walsh, Barth, and Sarzi, 2010; Walsh et al.,
2013), as well for a galaxy pairs (Hekatelyne et al., 2018).

In order to estimate SMBH mass using gas kinematics, the central region of the
galaxies is mapped spectroscopically, and then the dwo-dimensional velocity field
is reconstructed from the measured emission line strengths and fitted to the data.
Assuming thin rotating disk of the ionized gas that is projected in the line-of-sight,
the modeled rotational velocity is calculated from the stellar density, the contribution
of the ionized gas disk, and the gravitational potential of the central source. The
mass of the central SMBH is then estimated from the fit. Although ionized gas is easy
to model, it assumes that we know the inclination angle of the disk, otherwise the
error in the mass estimate will be significantly large. Also, presence of the magnetic
fields, radiation pressure and dust, and processes such as turbulence and shocks can
change the flow of the gas from the Keplerian orbits, implying inaccurate black hole
mass estimations (Neumayer et al., 2007; Mazzalay et al., 2014; Jeter, Broderick, and
McNamara, 2019; Slater et al., 2019).

Stellar kinematics

Ionized gas disks are only present in the fraction of galaxies, therefore the black hole
masses can be determined only for those galaxies that contain such disks. On the
other hand, dynamical modeling of stellar kinematics can be applied on all galactic
systems, since they don’t require any additional components to be present. In the
most simple scenario, galaxies can be treated as collisionless systems, whose stellar
motion is driven purely by the gravitational force. Therefore, the stellar motion is
defined by the gravitational potential of all stars in the galaxy, the central SMBH
and the dark matter. The black hole mass then can be estimated from these stellar
motions. Realistically, the complexity of the model arises when effects of dust, spi-
ral structures or triaxial gravitational potential are present, therefore this method is
mainly used for determining SMBH mass in early-type galaxies.

In order to derive the stellar kinematics of the system, stars can be represented
by the distribution function, determined on the line-of-sight velocity distribution.
Assuming dynamical equilibrium, velocity field is connected to the stellar gravi-
tational potential. Stellar gravitational potential can be represented as a function
of stellar mass density, which can be estimated from the observed luminosity of
the galaxy. Having the distribution function determined from the observations, the
gravitational potential of the entire system can then be easily estimated. Linking
the stellar gravitational potental to the total, the mass density of the entire system
can then be estimated from the Poisson equation. The total mass density consists of
the stellar, black hole and dark matter mass densities, while dark matter is usually
excluded from the dynamical models, implying that the SMBH mass can then be
estimated directly from the stellar mass density. The reality is that not all of the com-
ponents of distribution function can be estimated from the observations, therefore
the additional assumptions are required.

The first black hole mass estimation using the stellar kinematics dynamical mod-
els was performed for the case of M 87 galaxy (Sargent et al., 1978; Young et al.,
1978), assuming spherical symmetry and isotropy of the non-rotating system. This
is the most simple model where the distribution function can be described only by
one inteegral of motion – the total energy of the system. A somewhat more com-
plex Jeans model assumes the anisotropic velocity distribution (Binney, Davies, and
Illingworth, 1990; Marel et al., 1998; Cappellari, 2008). The distribution function the
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depends on two integrals of motion – the total energy and the verticular component
of the angular momentum.

The most common approach is the so-called Schwarzschild (1979) method where
the distribution function also depends on the third integral of motion. Assuming this
method, the orbital library is computed from a given gravitational potential of the
galaxy. The large number of orbits is computed in order to represent the kinematics
and find the best fit that accurately represents the actual distribution of the starlight.

The advantage of the Schwarzschild model is that it allows for more complex
potentials to be calculated, such as axisymmetric and triaxial potentials (Bosch et
al., 2008; Bosch and Zeeuw, 2010), or additional dark matter component (Gebhardt
and Thomas, 2009; Schulze and Gebhardt, 2011; Rusli et al., 2013). This technique
is widely applied nowadays for the estimating of the SMBH mass in the quiescent
galaxies (Marel et al., 1998; Gebhardt et al., 2003; Shapiro et al., 2006; Gültekin et
al., 2009; Thater et al., 2017; Thater et al., 2019). The method, unfortunately, suffers
from uncertainties, and therefore can only be used for regular early-type galaxies. It
requires the knowledge of the inclinations of galaxies, which is rarely known with
high precision. Presence of dust and LLAGN can also further introduce additional
complications to the model.

Reverberation mapping

Direct measurement of black hole masses is limited only to the closest luminous
quiescent galaxies, since they require for the black hole sphere of influence to be
resolved. The very accurate method for determining the black hole masses of type
1 AGN is the, so-called Reverberation Mapping of the BLR (Blandford and McKee,
1982; Koratkar and Gaskell, 1991; Peterson, 1993). This technique uses the variability
of type 1 AGN in order to estimate time lags between the changes in continuum and
corresponding emission line fluxes.

The gas in the BLR is ionized by nonthermal radiation from the accretion disk
surrounding the central SMBH, and is therefore influenced by its gravitational field,
and, as such, can be used to trace SMBH activity and estimate its mass. Flux changes
in UV ionizning continuum of an AGN will result in changes in the flux of the BELs,
with a time delay required for the light to travel through the BLR. Measuring these
lags will allow us to accurately estimate the size of the BLR as RBLR = cτ, where
RBLR is the radius of the BLR. Reverberation mapping revealed that the emission
lines respond rapidly to the continuum changes, implying a small size and high gas
density of the BLR, since the recombination time is significantly shorter than the
light-travel time (Peterson, 2014).

Assuming the virial equilibrium of the central source, meaning that the motion
is dominated by gravity and that the radiation pressure can be neglected, the mass
of the central SMBH can then be estimated from:

MBH = f
RBLR υ2

G
(1.5)

where υ is the gas velocity in the BLR, and f is the virial scaling factor which depends
on geometry, kinematics and inclination of the BLR. The gas velocity is usually
represented by the width of broad Hβ line, expressed in km s−1. Although different
lines have different time delays and different line widths, they approximately follow
the τ ∝ υ2 law (Wandel, Peterson, and Malkan, 1999; Peterson and Wandel, 2000;
Onken and Peterson, 2002).
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The dimensionless scaling virial factor is usually the order of unity, although it
is the parameter with highest uncertainty in the equation, since it represents every-
thing that we do not know about the BLR. Since the virial factor f depends on so
many factors, it may also vary with each individual object. Individual values of
f can be determined from velocity-delay maps, where the dynamics of the BLR is
modeled, resulting in a black hole mass or virial factor estimate. So far this is done
only for two AGN (Brewer et al., 2011; Pancoast et al., 2012). Another way to individ-
ually estimate f is to determine the black hole mass from another method, of which
the most commonly used is the relationship between the mass of the central SMBH
and stellar velocity dispersions from the bulge, better known as the MBH − σ∗ cor-
relation (Gebhardt et al., 2000a; Gebhardt et al., 2000b; Ferrarese and Merritt, 2000;
Ferrarese et al., 2001; Nelson et al., 2004), which will be discussed in greater detail in
Section 1.3.1.

Assuming that the MBH − σ∗ correlation is the same for quiescent and active
galaxies, it is possible to calculate the mean virial factor. This is done by several au-
thors (Onken et al., 2004; Collin et al., 2006; Woo et al., 2010; Graham et al., 2011; Park
et al., 2012; Grier et al., 2017), where they normalized the reverberation mapping
masses to the MBH − σ∗ correlation of the quiescent galaxies. However, assuming
that both quiescent and active galaxies follow the same MBH − σ∗ correlation turned
out to be inaccurate. Woo et al. (2013) and Shankar et al. (2016) showed that incon-
sistency in the MBH − σ∗ correlation of quiescent galaxies and AGN is a consequence
of the selection bias introduced in dynamically measured black hole masses of the
quiescent galaxies. Since the MBH − σ∗ correlation is out of the scoop of this section,
this will be discussed in more detail in Section 1.3.1. The calibration of the reverber-
ation mapped masses therefore cannot be applied with any accuracy to individual
sources without knowing the exact geometry and inclination of the BLR (Peterson,
2014).

Another uncertainty in the estimation of the reverberation mapping based masses
comes from the estimation of the gas velocity in the BLR υ, more precisely, which
line width to use as its representation. Peterson et al. (2004) found that the virial
relationship τ ∝ υ2 is more accurately reproduced when using σline from the root-
mean-square (rms) spectrum, than the FWHM of the same line. Collin et al. (2006)
estimated f using both σline and FWHM, and concluded that for σline the virial factor
is independent of the line shape, implying that it is a less biased width estimate than
the FWHM.

The first reverberation mapping program was conducted by the, so-called, Inter-
national AGN Watch (Clavel, 1991; Peterson et al., 1991; Maoz et al., 1993; Dietrich
et al., 1993; Alloin et al., 1994). Unfortunately, reverberation mapping is not appli-
cable for large number of objects, since it requires long observation time, therefore
the black hole mass measurements are available only for ∼ 50 objects. (Peterson
et al., 2004) provided the most comprehensive measurements of the reverberation
mapping SMBH masses. More recent studies include the Lick AGN Monitoring Pro-
gram (LAMP,Bentz et al. (2009), Barth et al. (2011), Barth, Pancoast, and Collabora-
tion (2012), Barth, Pancoast, and Collaboration (2013), Pancoast et al. (2014), Skielboe
et al. (2015), and Williams et al. (2018)).
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Virial method

Although reverberation mapping is a direct measurement of the SMBH masses in
type 1 AGN, measuring the actual time lags between the continuum and the emission-
line flux changes can be time consuming and is possible only for the closest lumi-
nous objects. It is therefore necessary to use certain scaling relationships in order to
estimate the size of the BLR RBLR.

Kaspi et al. (2000), Kaspi et al. (2005), and Bentz et al. (2006) found that there is a
strong correlation between RBLR and continuum luminosity of an AGN at 5100 Å:

RBLR ∼ Lγ (1.6)

where γ is a factor ∼ 0.5 (Bentz et al., 2006; Bentz et al., 2009; Bentz et al., 2013).
By introducing these assumptions to the Equation 1.5, it became possible to estimate
black hole masses for a large number of objects (McLure and Dunlop, 2004; Vester-
gaard, 2004; Shen et al., 2008). On Figure 1.3 we present the radius – luminosity
relationship established by Bentz et al. (2013) for a sample of 41 nearby reverber-
ation mapped AGN. Bentz et al. (2013) established this correlation for the lowest
luminosity AGN for which the AGN continuum luminosity at 5100 Å can still be
measured in the spectrum.

The uncertainty of these virially estimated black hole masses are quite large com-
paring to the reverberation mapped masses, being of order of∼ 0.4 dex (Vestergaard
and Peterson, 2006). Therefore, the method may not be very precise, but it can be
used to estimate black hole masses for large samples of type 1 AGN. As we already
mentioned in the previous subsection, the most commonly used proxy for the gas ve-
locity is the width of broad Hβ line. Estimating black hole masses at higher redshifts
using the Hβ will require the observations in near-IR, due to Hβ being redshifted
out of the optical domain (Netzer et al., 2007; Greene et al., 2010), or using other
emission lines as a proxy, of which the most common are MgII and CIV. For the
nearest LLAGN (z ≈ 0) the broad Hα line can be used with high precision, since the
broad Hβ is too weak to be detected in these objects. Greene and Ho (2005) found
that there is a correlation between the luminosities of the broad Hα and Hβ lines, as
well as their FWHMs.

Although it can be used for large AGN samples, the virial method introduces
too many approximations that its validity may be questioned for different samples
of AGN. As we will show in our work, this method appears to be inaccurate for the
lowest-luminosity AGN at z ≈ 0.

1.3 SMBH - host galaxy coevolution

1.3.1 SMBH - host galaxy’s bulge correlations

Dynamical studies of local galaxies showed that black hole masses in massive galax-
ies tightly correlate with host galaxies’ properties, implying that there is a coevolu-
tion of SMBHs and their hosts. (Dressler, 1989) was the first to initiate the existence
of the correlation between SMBH masses and the bulge luminosity of the host galax-
ies, while few years later, Kormendy (1993) derived the correlation for a slightly
higher number of objects.

Similarly, Kormendy and Richstone (1995) observed the correlation between dy-
namically measured black hole masses and luminosities of spheroid component of
the host galaxies. In case of spiral galaxies, the spheroid component refers to the cen-
tral bulge, while in case of elliptical galaxies, it represents the entire galaxy. Later,
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FIGURE 1.3: Correlation between continuum luminosity at 5100 Å and the size of
the BLR, established by Bentz et al. (2013) for a sample of 41 nearby reverberation
mapped AGN. The BLR size is measured from Hβ time lags. The solid blue line

represents the best fit to the data.

Magorrian et al. (1998) used dynamical models and found a correlation between
black hole mass and host galaxy’s bulge mass. Bulge masses are estimated from the
virial theorem:

Mbulge ∝ reσ
2
∗ (1.7)

where re is the effective radius, and σ∗ is the stellar velocity dispersion of the bulge
component, estimated from dynamical modeling (Magorrian et al., 1998; Häring and
Rix, 2004). The correlations between black hole mass and bulge luminosity, on one
side, and black hole and bulge mass on another, are probably just two different man-
ifestations of the same relationship, while bulge luminosity is significantly easier to
measure than the bulge mass. Further work in this field is conducted by Ferrarese
et al. (2001), Merritt and Ferrarese (2001), Gültekin et al. (2009), Kormendy and Ho
(2013), and Davis, Graham, and Cameron (2018).

Another fundamental host galaxy’s bulge property that appears to have the tight-
est correlation with quiescent SMBH mass is the bulge stellar velocity dispersion σ∗
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(Gebhardt et al., 2000a; Gebhardt et al., 2000b; Ferrarese and Merritt, 2000; Tremaine
et al., 2002; Häring and Rix, 2004; Nelson et al., 2004; Gültekin et al., 2009; McConnell
and Ma, 2013; Kormendy and Ho, 2013; Saglia et al., 2016). The MBH − σ∗ correla-
tion has the smallest scatter (ε0 = 0.44, Gültekin et al. (2009)) from all SMBH – bulge
correlations. The MBH −−σ∗ correlation can be represented as:

MBH = kσp (1.8)

where p is the slope that depends mainly on the sample selection, and in praxis has
values between 3.6 and 5.3 (Bhattacharyya and Mangalam, 2018).

Gebhardt et al. (2000b), Ferrarese et al. (2001), and Onken et al. (2004) observed a
consistent correlation between MBH and σ∗ of AGN, to the one found for the dynam-
ically measure black hole masses. This result indicated that AGN and quiescence are
just different phases in one galaxy’s life cycle, where MBH − σ∗ correlation is proba-
bly established during the AGN phase, in which SMBH accretion limits gas supply
for building BH and host galaxy mass simultaneously (Silk and Rees, 1998).

Taking into account larger AGN samples and more sensitive surveys, Greene
and Ho (2006), Woo et al. (2010), Xiao et al. (2011), Woo et al. (2013), Bennert et al.
(2015), Shankar et al. (2016), and Sexton et al. (2019) showed that MBH − σ∗ correla-
tion of active galaxies has a shallower slope and lower normalization compared to
the ones estimated for the samples of quiescent galaxies. Shankar et al. (2016) ob-
served a similar MBH − σ∗ behavior for the sample of local galaxies, selected from
SDSS. Woo et al. (2013) and Shankar et al. (2016) argued that the discrepancy is a di-
rect consequence of the selection biases introduced in dynamically measured black
hole masses of quiescent galaxies, and performed simulations where the same bias
is introduced in AGN samples and local SDSS galaxies. The simulations showed
that the corresponding MBH − σ∗ correlations would be consistent with those esti-
mated from dynamically measured black hole masses. They provide more accurate
MBH− σ∗ correlations for AGN samples. On Figure 1.4 we present the MBH− σ∗ cor-
relation established by Woo et al. (2013), which we will further use in our work for
the purpose of estimating SMBH masses. Woo et al. (2013) established the MBH − σ∗
correlation a sample of 25 nearby reverberation-mapped AGN located mainly in spi-
ral galaxies, with data obtained form Keck, Palomar and Lick Observatories.

The observed black hole mass – bulge correlations, beside the fact that they imply
a tight coevolution of SMBHs and their hosts, can be used as reliable black hole mass
estimators across various redshift ranges. The most commonly used is the MBH − σ∗
correlation, since stellar velocity dispersion is the easiest to measure of all bulge
parameters.

On the other hand, while ellipticals and bulges of spiral galaxies correlate very
tight with SMBH mass, the respective correlation is not found in case of pseudob-
ulges (Hu, 2008; Gadotti, 2009; Greene et al., 2010; Kormendy and Ho, 2013). Zubo-
vas and King (2012) also showed that different environments effect the scatter of
black hole mass – bulge correlations.

The underlying physics behind observed correlations, or the lack of them, is, as
we already mentioned, the coevolution of SMBHs and their hosts. Central SMBHs
are believed to regulate the growth and evolution of their host galaxies through
AGN feedback. Galaxies’ mergers, as well as secular evolution processes, such as
bar instabilities in isolated galaxies, are probably an important mechanisms for the
process of SMBH feeding and its growth. Major mergers trigger star formation and
redirect gas flow towards the center where SMBH is being fed through the process
of accretion. At this stage, the large amount of energy is produced through accretion
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FIGURE 1.4: The MBH− σ∗ correlation (solid red line) estimated by Woo et al. (2013)
for a sample of 25 local reverberation mapped AGN from Keck, Palomar and Lick
Obervatories surveys (black diamonds). The intrinsic scatter of the correlation is
ε0 = 0.41± 0.05, consistent with MBH − σ∗ correlations estimated for samples of

dynamically measured black hole masses of quiescent galaxies.

and part of that energy is turned into heat and unbind the gas in the galaxy. Further
on, the black hole will self regulate its growth by quenching its gas supply through
released energy.

Such rapid black hole growth through radiativelly efficient accretion probably
took place in the massive galactic systems, of which the majority is quenched in
the current epoch, implying that the epoch of efficient SMBH growth is now mostly
over (Kormendy and Ho, 2013). AGN feedback mechanisms are in general poorly
understood due to their complex nature, but are considered to be the main driver
of the slope of the SMBH – bulge correlations. Detailed studies of AGN feedback
are conducted by Croton et al. (2006), Lagos, Cora, and Padilla (2008), Fabian (2012),
McNamara and Nulsen (2012), Ishibashi and Fabian (2014), and Baron et al. (2018).
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1.3.2 Correlation between SMBH masses and total galaxies’ stellar masses

Although SMBH – bulge properties correlations show great consistency between
each other, bulge measurements cannot be established for large statistical samples,
and especially on high redshifts, due to insufficient telescopes’ spatial resolution and
sensitivity (Sanghvi et al., 2014). Therefore it is useful to seek for correlation between
SMBH masses and other parameters that can be measured at greater distances and
for larger samples.

Several studies have pointed out to the correlation between the central SMBH
mass and the total stellar mass of the host galaxy M∗, that is usually estimated
from assumed mass-to-light ratio or SED fitting. Magorrian et al. (1998) were the
first to introduce such correlation, although they found a significantly large scatter
(∼ 0.51 dex). Using data of higher quality, (Häring and Rix, 2004) implied that the
scatter of MBH−M∗ relationship is actually comparable to the one of MBH - σ∗ corre-
lation (∼ 0.3 dex. Several other authors analyzed this correlation for different black
hole samples at different redshifts (Merritt and Ferrarese, 2001; Marconi and Hunt,
2003; Häring and Rix, 2004; Jahnke et al., 2009; Cisternas et al., 2011; Targett, Dunlop,
and McLure, 2012; Merloni et al., 2010; Lamastra et al., 2010; Bongiorno et al., 2014;
Reines and Volonteri, 2015).

The recent work of Reines and Volonteri (2015) (corrected in Erratum: Reines
and Volonteri (2019)) showed that MBH −M∗ correlation is also observed for differ-
ent samples of ∼ 250 broad-line AGN. Their combined sample includes measure-
ments of black hole and total galaxy stellar masses for around 350 local galaxies
(z < 0.055), including dynamically measured black hole masses, dwarfs, type 1 and
reverberation-mapped AGN. Black hole masses of type 1 AGN were estimated using
the virial assumption. On Figure 1.5 we show their result for respective samples of
galaxies. They found that there is an apparent discrepancy between active and qui-
escent SMBH hosts, where AGN fall significantly bellow quiescent ellipticals and
spirals with classical bulges, as seen on the figure as red dots. Also, they noticed a
slight difference in slopes of AGN hosts of different morphologies, suggesting two
separate MBH − M∗ correlations for ellipticals and spirals. They as well propose a
one unified MBH −M∗ correlation for local type 1 AGN, which we used for the pur-
pose of this thesis. Similarly, it is shown (Häring and Rix, 2004; Greene et al., 2010;
McConnell and Ma, 2013; Kormendy and Ho, 2013) that AGN and galaxies with
pseudobulges also fall below MBH − Mbulge correlations established for quiescent
early-type galaxies.

Shankar et al. (2016) also noticed the similar discrepancy between the MBH −M∗
correlations of dynamically measured black hole masses and the local SDSS galaxies.
They analyzed 5 different black hole samples with dynamical black hole mass mea-
surements and early-type SDSS galaxies at 0.05 < z < 0.2. As we already discussed
in Section 1.3.1, they showed that the dynamically measured black hole masses are
biased towards the galaxies with larger stellar velocity dispersions, therefore imply-
ing the bias towards the more massive systems. The correlation between MBH and
M∗ as a consequence has a higher normalization factor than what is observed for
SDSS galaxies in their sample, with the bias being more prominent in MBH − M∗
than in MBH − σ∗ correlation. They established the, so-called, intrinsic MBH − M∗
correlation that shows a slight curvature, which is a direct consequence of the curva-
ture observed in their σ∗ −M∗ correlation. Both (Shankar et al., 2016) and Fontanot,
Monaco, and Shankar, 2015 observed the similar curvature and concluded that the
shape is due to galaxy formation physics, and does not imply anything fundamental
about black hole formation.
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FIGURE 1.5: Correlation between MBH and M∗ (estimate from color-dependant
mass-to-light ratios from Zibetti, Charlot, and Rix (2009) for multiple galaxy sam-
ples. The image is taken from Reines and Volonteri (2015), where they present a
combined sample, consisting of: 244 type 1 AGN with virially estimated black hole
masses (red dots), 15 reverberation mapped AGN (purple dots), 10 type 1 AGN
and composite dwarf galaxies from (pink dots), two dwarf galaxies with low black
hole masses – RGG 118 and Pox 52 (dark green and light green dots, respectively),
and dynamical black hole masses hosted by ellipticals (blue dots), S/S0 galaxies
with classical bulges (turquoise dots), and S/S0 galaxies with pseudobulges (or-
ange dots). The respective MBH measurements were obtained by various authors,
for which we refer to the Reines and Volonteri (2015) paper for more detail. The
gray lines represent various MBH − M∗ correlations estimated by authors men-
tioned on the plot. The gray error bar indicates uncertainties applied to all stellar

masses.

(Lauer et al., 2007) analyzed the biases introduced in SMBH – host galaxy correla-
tions for a multiple samples at different redshifts and different selection criteria. The
correlations between SMBH masses and host galaxy properties beyond the bulge
may provide insightful information about their coevolution, especially for sample
where bulge properties cannot be estimated with high precision.

Beside already mentioned correlations between the mass of the central SMBH
and its host galaxy’s parameters, there are numerous other SMBH – host galaxy scal-
ing relationships that are not as widely used as previously discussed ones. These are
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correlations of SMBH with the bulge optical or near-IR luminosity (Kormendy and
Richstone, 1995; Marconi and Hunt, 2003; Läsker et al., 2014), the galaxy’s light con-
centration (Graham et al., 2001), the galaxy’s total luminosity (Kormendy and Geb-
hardt, 2001; Kormendy, Bender, and Cornell, 2011; Läsker et al., 2014),the galaxy’s
Sérsic index (Graham et al., 2001; Graham et al., 2007; Savorgnan et al., 2013), the
dark matter halo (Ferrarese, 2002), the gravitational binding energy (Aller and Rich-
stone, 2007), pitch-angle for spiral galaxies (Seigar et al., 2008; Berrier et al., 2013;
Davis, Graham, and Seigar, 2017), and the number of globular clusetrs (Burkert and
Tremaine, 2010).

1.4 Growth of SMBHs and AGN evolution through cosmic
history

1.4.1 AGN luminosity function

Growth of SMBH across cosmic time is the key to understanding galaxy formation
and evolution processes, and it is important to study them both in their active and
quiescent phases. Black holes grow mainly through mass accretion in their active
phase, where AGN bolometric luminosity reflects the accretion rate, as described
by Equation 1.1. The accretion rate is usually expressed through Eddington ratio
(Equation 1.3, as normalized AGN bolometric luminosity). Eddington luminosity
LEdd (described by Equation 1.2) is an upper limit that a source of mass MBH can
achieve in order to maintain balance between the radiation pressure and the grav-
itational force. From LEdd we can obtain the growth rate of the black hole of mass
MBH as:

ṀBH =
(1− η)

ηc2 Lbol

where (1 − η) represents the fraction of the energy that is not radiated, and con-
tributes to the black hole growth. Therefore, in order to trace black hole growth it is
important to understand how AGN with different luminoisties evolve across differ-
ent redshifts, which is represented by the AGN luminosity function (AGNLF). AGN
luminosity function is defined as AGN number density at a given volume for a given
luminosity interval:

φ(L, z) =
d2N

dVdL
(L, z). (1.9)

As we already mentioned in Section 1.2.1, bolometric luminosity of AGN can-
not be directly measured due to their wide SED, instead, certain luminoisty bands
or emission lines can be used as good proxies for representation of AGNLF. The
most accurate luminosity function is estimated from hard X-ray band, where X-ray
surveys (XMM-Newton, Chandra, ROSAT, ASCA) provide the most insightful data.
Some of the X-ray AGN luminosity functions from hard and soft X-rays are con-
ducted by Miyaji, Hasinger, and Schmidt (2000), La Franca et al. (2002), Cowie et al.
(2003), Fiore et al. (2003), Barger et al. (2003), Ueda et al. (2003), Hasinger, Miyaji,
and Schmidt (2005), Barger et al. (2005), Sazonov and Revnivtsev (2004), Nandra,
Laird, and Steidel (2005), Ebrero et al. (2009), Aird et al. (2010), Fiore et al. (2012),
Pović et al. (2013), Ballantyne (2014), Ueda et al. (2014), Vito et al. (2014), Miyaji et
al. (2015), Aird et al. (2015b), Aird et al. (2015a), Georgakakis et al. (2015), Ranalli
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et al. (2016), and Fotopoulou et al. (2016), and they all imply that cosmic evolution
of AGN strongly depends on AGN X-ray luminosity (Hirschmann et al., 2012).

AGN luminosity function is relatively well established for luminous QSOs at
high redshifts (Schmidt and Green, 1983; Marshall et al., 1983; Boyle, Shanks, and
Peterson, 1988; Boyle et al., 2000; Hewett, Foltz, and Chaffee, 1993; Schmidt, Schnei-
der, and Gunn, 1995; Hawkins and Veron, 1995; Wisotzki, 1999; Fan et al., 2000;
Richards et al., 2006b; Croom et al., 2009; Palanque-Delabrouille et al., 2013), and
directly traces the growth of SMBH accros cosmic history. Therefore, AGNLF can be
used to estimate the SMBH density that is accreted during bright QSO phase:

ρ(z) =
∫ ∞

z

∫ ∞

0

1− η

ηc2 Lbol φ(L, z)
dt
dz

dLdz (1.10)

Yu and Tremaine (2002), Marconi et al. (2004), and Shankar, Weinberg, and Miralda-
Escudé (2009) showed that the amount of material accreted by the central SMBH
estimated by integrating AGNLF over luminosity and redshift ranges is consistent
with the mass density of quiescent SMBHs in the local Universe (ρ(z = 0)). Shankar,
Weinberg, and Miralda-Escudé (2009) obtained ρ(z = 0) = (3.2− 5.4)× 105 M�Mpc−3,
while Marconi et al. (2004) estimated average growth curves of SMBHs as function
of redshift. Their results imply the rapid growth of SMBHs, where the most massive
QSOs accreted their mass faster and at higher redshifts, while the lower-mass black
holes accrete at the significantly lower level in the local Universe. The "era of QSOs"
peak at at z ≈ 2. Such phenomenon is known as "AGN cosmic downsizing" or "anti-
hierarchical growth of black holes" (Soltan, 1982; Salucci and Persic, 1999; Ueda et
al., 2003; Steffen et al., 2003; McLure and Dunlop, 2004; Merloni, 2004; Merloni and
Heinz, 2008), implying that the era of massive QSOs and rapid SMBH growth is now
mainy over, and that the local Universe is populated mostly by lower-mass SMBH
accreting at low Eddington ratios.

AGN downsizing imposes a characteristic behaviour of AGNLF, where various
AGN studies at different redshift and luminosity ranges show the peak being shifted
towards lower redshifts for fainter objects. However, majority of the studies agree
that AGNLF can be parametrized and described by a double power law with differ-
ent slopes for faint- and bright-end:

φ(L) =
φ∗/L∗

(L/L∗)
α + (L/L∗)

β
(1.11)

with α and β describing the bright- and faint-end slopes respectively, and L∗ is the
characteristic breaking luminosity at φ∗. The downsizing trend is observed in both
optical and X-ray luminosity functions.

In order to fully understand AGN evolution and SMBH growth across cosmic
history, it is necessary to establish the AGNLF in the local, as well as high redshift
Universe. Local AGNLF not only shows us how these objects fit into the bigger
picture of AGN evolution over cosmic time, but may also serve as a zero-point for
higher redshift AGN and QSO luminosity function studies. As we already men-
tioned in Section 1.1.4, LLAGN in the local Universe are extremely faint compared
to the luminous QSOs at high z. Therefore, estimation of their luminoisty function
imposes additional challenges, and is generally poorly known.

A good proxy of the total AGNLF is the emission-line luminosity function of
broad lines, characteristical for type 1 AGN. Koehler et al. (1997) obtained the first
AGNLF for a small sample of local type 1 AGN, as is later followed by works of
Vila-Vilaro (2000), Ulvestad and Ho (2001), Hao et al. (2005a), Greene and Ho (2007),
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FIGURE 1.6: Broad Hα luminosity function as a representation of type 1 AGNLF
obtained by Schulze, Wisotzki, and Husemann (2009) for a sample of ∼ 300 AGN
from Hamburg/ESO survey, in luminosity range (1040.5 − 1044) erg s−1 and red-
shifts 0.01 < z < 3.3. The idea for the plot is adopted from Schulze, Wisotzki, and

Husemann (2009).

Vestergaard et al. (2008), Vestergaard and Osmer (2009), and Schulze, Wisotzki, and
Husemann (2009) for larger samples and better survey quality.

Schulze, Wisotzki, and Husemann (2009) compared their local AGNLF and lu-
minosity functions from Bongiorno et al. (2007) and Croom et al. (2009), estimated
for AGN at higher redshifts and found an apparent disagreement, where Bongiorno
et al. (2007) and Croom et al. (2009) high-z luminosity functions predicted signifi-
cantly higher space density of luminous AGN in the local Universe. Therefore, a
proper estimation of the local AGNLF is important as it may provide us with more
information, that is often not accounted in luminosity function extrapolations. This
will help us gain deeper understanding of the entire AGN evolution.

On Figure 1.6 we used the example from Schulze, Wisotzki, and Husemann
(2009), which shows AGN luminosity function of ∼ 300 type 1 AGN from Ham-
burg/ESO Survey, within redshifts 0.01 < z < 3.3 and in luminosity range (1040.5 −
1044) erg s−1. We used the work from Schulze, Wisotzki, and Husemann (2009) to
compare with our own results and gain deeper understanding of how AGNLF be-
haves at lowest broad Hα luminosities and z ≈ 0.
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1.4.2 Active black hole mass and Eddington ratio distribution functions

Although AGNLF provides us with the meaningful insight of growth history of
SMBHs, it is based on the numerous assumptions, that may, as we mentioned at
the end of the previous subsection, introduce large uncertainties when extrapolated
over larger redshift and luminosity ranges. In order to estimate AGNLF, the single
value of Eddington ratio is assumed for the entire SMBH population. However, it
is now know that SMBHs accrete at very wide range of λ, with no preferred value
(Yu, Lu, and Kauffmann, 2005; Ho, 2009). In order to avoid such biases that would
introduce additional uncertainties, it is useful to separate AGNLF into two parts:
the active black hole mass function (BHMF) and the Eddington ratio distribution
function (ERDF).

While AGN luminosities can be estimated with relatively high precision, black
hole masses are something that we cannot measure directly. As we already dis-
cussed, dinamically and reverberation-mapping measured black hole masses are es-
timated for only a limited number of objects, while for larger AGN samples, indirect
methods of MBH estimation have to be used.

First estimation of BHMF were made by McLure and Dunlop (2004), for a sample
of type 1 QSO from SDSS survey and Heckman et al. (2004), for low-redshift type 2
AGN, followed by more detailed studies for different type 1 AGN samples (Greene
and Ho, 2007; Greene and Ho, 2009; Vestergaard et al., 2008; Vestergaard and Osmer,
2009; Labita et al., 2009; Schulze and Wisotzki, 2010; Shen and Kelly, 2012; Kelly
and Merloni, 2012). These studies are consistent with the results obtained from the
AGNLF, implying an antihierarchical SMBH growth scenario.

Eddington ratio, besides the black hole mass, is the main drive of the SMBH
growth through accretion. Therefore, in order to obtain a complete picture of SMBH
growth history at all stages of their activity, it is essential that we also know the
evolution of ERDF across different redshifts. Figure 1.7 from Merloni and Heinz
(2008) shows the evolution of their estimated BHMF across different redshifts. The
dashed line is the local BHMF and, while the yellow shaded regions represent the
uncertainty in the BHMF, which is a direct consequence of uncertainties in AGNLF.
We can also notice an apparent trend of antihierarchical SMBH growth, where high
mass end of their estimated BHMF is built significantly faster than the low mass end.

So far, only few studies were conducted on ERDF. Yu and Tremaine (2002) es-
timated ERDF for a sample of local type 2 AGN from SDSS, while Schulze and
Wisotzki (2010) used the same sample from Hamburg/ESO survey to derive AGNLF,
as well as BHMF and ERDF, which we will compare to our work presented in this
thesis. Kelly and Shen (2013) also estimated both BHMF and ERDF of type 1 SDSS
QSOs using flexible Bayesian technique In the latest work in this field,Weigel et
al. (2017) used theoretical model to show that SMBH growth in the local Universe
(z < 0.1) can be interpreted by two separate ERDFs, of radiativelly efficient and
inefficient accretion.

Both BHMF and ERDF are estimated in the same manner as luminosity function,
using the Equation 1.7 with the corresponding parameters. Detailed studies of these
distribution functions will further help us gain deeper understanding of the cosmic
history and growth of SMBHs.
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FIGURE 1.7: Representation of SMBH growth across different redshift. The dashed
line represents the local BHMF, and yellow shaded regions represent the uncertain-
ties in BHMF estimated by Merloni and Heinz (2008). The AGN downsizing, or an-
tihierarchical SMBH growth scenario reflects itself in redshift evolution of BHMF,
where black holes of higher mass are built much more rapidly that the low mass

SMBHs. Image credit: Merloni and Heinz (2008).

1.5 Completing AGN census

1.5.1 Multiwavelength surveys

AGN radiate in very broad spectral range, covering wavelengths from the X-ray to
the radio domain. Therefore it is essential for understanding of their nature and
underlying physics, to study AGN properties in more than one wavelength band.
Each band can provide significant information on different phases of AGN activity
and help us understand the bigger picture of the AGN phenomenon.

As we already mentioned, AGN are well-known X-ray emitters, whose strong
X-ray radiation coming from the compact nucleus may distinguish them from other
(quiescent) galaxies. AGN that are too faint or too obscured to be detected in the
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optical spectra may reveal themselves in both soft and hard X-ray domain (Loewen-
stein et al., 2001; Ho, Filippenko, and Sargent, 2003; Ho, 2003; Fabbiano et al., 2004;
Pellegrini, Ciotti, and Ostriker, 2008). Chandra, XMM – Newton, ROSAT, and Swift
– BAT are among the most noteworthy surveys that collected large samples of both
obsucred and unobscured AGN up to redshift z = 5 covering over five orders of
magnitude in X-ray luminosities Civano et al. (2019), Kollatschny et al. (2008), and
Oh et al. (2018)).

Another significant indicator of AGN activity in the centre of a galaxy is the de-
tection of strong compact radio emission in the center of the galaxy or presence of
radio jets that might expand over a scale of the entire galaxy. Early studies Sadler,
Jenkins, and Kotanyi (1989), Wrobel (1991), Heckman (1980a), and Ho, Filippenko,
and Sargent (2003) revealed that compact radio cores are linked to the objects iden-
tified as LINERs according to the standard emission-line ratio diagnostic diagrams,
while Wrobel (1991) and Slee et al. (1994) pointed out that these objects have SEDs
of LLAGN. Later studies (Filho, Barthel, and Ho, 2000; Filho, Barthel, and Ho, 2002;
Filho, Barthel, and Ho, 2006; Nagar et al., 2000; Nagar et al., 2002; Filho et al., 2004;
Nagar, Falcke, and Wilson, 2005; Krips et al., 2007) also revealed that both Seyfert 2
galaxies and LINERs have similar incidence of compact radio cores.

The most definitive proof of AGN presence in a galaxy is detection of jets in ra-
dio domain. Jets are emitted from the compact core, and majority of jetted AGN are
discovered to be radio loud, compared to the radio-quiet AGN without jet signature
(Padovani, 2017). Detection of jets is strongly linked to the phenomenon of LLAGN,
as jets are formed as a consequence of a modified accretion disk structure that we
already described Section 1.2.1 of this chapter. Originally these objects were iden-
tified as Low-Excitation Radio Galaxies (LERGs, Hine and Longair (1979)) having
extremely low Eddington rates and lacking the typical AGN features such as disk or
torus, while in the optical domain such behaviour is linked to LLAGN and LINERs
(Hardcastle, Evans, and Croston, 2007; Hardcastle, Evans, and Croston, 2009; Best
and Heckman, 2012; Mingo et al., 2014; Paggi et al., 2016).

Among most notable surveys significant for radio-AGN detection are NRAO
VLA Sky survey (NVSS, Condon et al. (1998)) and FIRST (Becker, White, and Helfand,
1995; Helfand, White, and Becker, 2015).

1.5.2 Extended AGN

Another interesting feature of AGN is that sometimes their emission can be detected
in farther galactic regions, up to 10 – 20 kpc from the nucleus Husemann et al. (2008),
Husemann et al. (2013), and Husemann et al. (2014). Such regions are usually re-
ferred to as Extended Emission-Line Regions (EELRs) or Extended Narrow-Line Re-
gions (ENLRs) of ionized gas and have emission-line ratios typical for central Seyfert
or LINER-like emission. As these regions are insensitive to the obscuration of the nu-
cleus, their detection might reveal certain hidden AGN that we previously missed
while observing only central galactic regions. This topic came to rise with the de-
velopment of IFS, which enabled us to study both central and spatially resolved
properties of the galaxies in great depth.

There are few scenarios that might explain this extended AGN emission. In case
that the detected extended AGN emission has conical or bi-conical shape, usually
aligned with radio jets, the most likely explanation is that this is generated by out-
flows in form of jets (Morganti, Oosterloo, and Tsvetanov, 1998; Stockton, Fu, and
Canalizo, 2006; Morganti et al., 2007; Morganti et al., 2015). Another explanation is
that these regions actually point out to the historical view indicating former AGN
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activity. In such scenario, central AGN has recently turned off while its relic ion-
ized material is spread across the galaxy, forming the "light echos" that we detect
as extended AGN emission (Shapovalova et al., 2009; Dadina et al., 2010; McElroy
et al., 2016). In this case a galaxy might have a non-AGN mechanism responsible
for the excitation of central regions. And final, and very likely explanation of this
phenomenon is that central regions of these galaxies are just heavily obscured, pre-
venting detection of AGN. Many studies have revised this topic (Heckman et al.,
1981; McCarthy et al., 1987; Cracco et al., 2011; Keel et al., 2012; Keel et al., 2015;
Obied et al., 2016; Belfiore et al., 2016; Wylezalek, 2017; Hviding et al., 2018) of
which the most detailed work is done by Belfiore et al. (2016) on a sample of ∼ 650
MaNGA galaxies. We followed their approach in this thesis and constructed spa-
tially resolved emission-line ratio diagnostic diagrams in order to detect extended
AGN.

Studying different wavelength bands and having multiple approaches in AGN
detection is essential in their proper identification, as each method and wavelength
band carry certain biases and limitations. Like this we are able to gather as much in-
formation as possible in order to improve our understanding of AGN phenomenon
in its different activity and historical stages.

1.6 The CALIFA sample

For the purpose of investigating LLAGN in the local Universe in this thesis we used
the data from the Calar Alto Legacy Integral Field Area (CALIFA) survey (Sánchez
et al., 2012; Walcher et al., 2014; García-Benito et al., 2015; Sánchez et al., 2016).
The CALIFA survey observations were conducted with the Potsdam Multi Aperture
Spectrograph (PMAS, Roth et al. (2005)) mounted at the 3.5 m telescope at Calar
Alto Observatory. PMAS uses the PPAK Integral Field Unit (Verheijen et al., 2004;
Kelz et al., 2006), with a hexagonal field of view of 74′′ × 64′′ that consists of 331
science fibres with diameter of 2.′′7 each. The spectroscopic observation made by the
CALIFA survey enable us to study both integrated and spatially resolved properties
of the galaxies from the sample. The survey targets galaxies in nearby Universe, in
redshift range 0.005 < z < 0.03.

The entire CALIFA sample consists of 939 galaxies – called the "mother sample",
that was selected from the SDSS data release 7 (DR7), with isophote major axis at 25
mag per square second in the r band (isoAr) to satisfy the criteria: 45′′ < isoAr <
79.2′′, cut in the Galactic latitude to exclude the Galactic plane: b > 20 or b < −20,
and petroMagr < 20, to exclude very faint objects. The galaxies were observed
with two spectral setups: a low-resolution (V500) that has a wide spectral coverage
(4240 Å–7140 Å unvignetted) at a spectral resolution of 6 Å, and midium-resolution
(V1200) that covers the wavelength range 3650 Å–4620 Å, and is observed at higher
spectral resolution of 2.3 Å. After a three-point dithering pattern the CALIFA data re-
duction pipeline translated the fibre-fed spectra into combined datacubes that over-
sample the spatial domain by adopting spatial pixels (spaxels) of 1′′ × 1′′.

The CALIFA survey produced three data releases, of which for the purpose of
this thesis we used the final Data Release 3 (DR3, Sánchez et al. (2016). As we
were interested in wide spectral range, we used the V500 setup which consist of
542 galaxies selected from the mother sample. The detailed sample selection and
data processing descriptions are given in the survey presentation papers (Sánchez
et al., 2012; Walcher et al., 2014; García-Benito et al., 2015; Sánchez et al., 2016). On
Figure 1.8 we show an example of one LLAGN from CALIFA (galaxy NGC 0499)
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FIGURE 1.8: An example of CALIFA LLAGN (NGC 0499). The left panel shows the
galaxy in the white light, while the right panel represents a CALIFA datacube slice
at Hα wavelength (∼ 6562 Å). The right panel is colorcoded for the strength of the
measured Hα line from the raw spectrum, without stellar component subtraction
and emission line fitting. The red regions correspond to the strong Hα signatures,
while blue signifies that no traces of Hα line have been detected. The central square
marks to the nuclear region of the galaxy (3′′ × 3′′), which is an aperture size that
we used in order to detect potential AGN activity in the centers of CALIFA galaxies.

in white light (left), obtained from the CALIFA website1, and a datacube slice at
Hα wavelength ∼ 6562 Å (right). The right panel is colorcoded for the strength of
the measured Hα line, obtained from the raw spectrum, therefore stellar component
subtraction and emission line fitting were not performed on the datacube slice, since
this image serves only for the presentation purpose. The central square on the right
panel corresponds to the nuclear region of the galaxy (3′′ × 3′′), an aperture that we
adopted in our work for the purpose of detecting potential activity in the centers of
galaxies.

1.7 Outline of this thesis

The main goal of this thesis is to search for the LLAGN in our local Universe and
study their properties and underlying physics behind their characteristical appear-
ance. For this purpose we used the data from the CALIFA survey DR3. The the-
sis is divided into chapters, each focusing on the specific topic that we analyzed in
greater detail. The chapters are written as paper drafts, of which each has its own
introduction, discussion and conclusions, therefore a certain level of redundancy is
unavoidable.

• In Chapter 2 we set the ground for our research, focusing mostly on detection
of local LLAGN, and their proper separation from other emission-line galaxies.
For this purpose we were interested only in the central regions of the CALIFA
galaxies, adopting an inner 3′′ × 3′′ aperture diameter, which corresponds to
the central diameter of ∼ 100− 500 pc. We used the standard emission-line
ratio diagnostic diagrams to separate galaxies with Seyfert 2 nuclei, as well as
broad-line fitting techniques, in order to detect possible broad component of
Hα emission line.

1https://califaserv.caha.es/CALIFA_WEB/public_html/?q=node/1

https://califaserv.caha.es/CALIFA_WEB/public_html/?q=node/1
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• Chapter 3 is focused on the detected type 1 LLAGN in the CALIFA survey,
and resolves around their properties such as the masses of the central SMBHs
and their Eddington ratios. We valued on the MBH − σ∗ correlation and the
virial method as SMBH estimators of the local LLAGN, and discussed their
reliability for our sample.

• Chapter 4 extends to the Chapter 3, where we established AGNLF, active BHMF,
and ERDF of type 1 AGN that we have mass and Eddington ratio estimations
for.

• In Chapter 5 we construct the AGN census in the local Universe, that beside
already detected Seyfert 2 and type 1 AGN, now includes X-ray and radio
AGN from multiwavelength surveys, as well as spatially extended AGN.

• The final chapter contains the overall summary and discussion of the entire
thesis, and provides a brief outlook on possible future studies and perspec-
tives.
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CHAPTER 2

Large fraction of low-luminosity
type 1 AGN in the CALIFA survey

ABSTRACT

We present a search for AGN signatures in the central spectra of 542 galaxies in
the Calar Alto Legacy Integral Field Area survey (CALIFA). We adopted an aper-
ture of 3′′ × 3′′ corresponding to ∼100–500 pc for the redshift range of the galaxies,
0.005 < z < 0.03. 526 galaxies were found to have significant emission lines. Af-
ter modelling the spectra with the stellar population synthesis code PyParadise and
subtracting the stellar continua we fitted the emission lines with Gaussian profiles.
In 89 of our galaxies we found evidence that an additional broad component in Hα
resulted in a significant improvement of the fit. Using standard emission line ratio
diagnostic diagrams we first classified the galaxies on the basis of only their narrow
emission lines into star-forming, LINER-like, AGN, and intermediates. More than
60% of the objects with broad emission lines in their central spectra are located in
the LINER-like region of the diagnostic diagrams. The broad lines are mostly very
faint, with luminosities in range of 1038–1041 erg s−1, but they have widths of 1000–
6000 km s−1, with distribution typical for broad lines in type 1 AGN. Our results
show that broad-line AGN are actually very common among galaxies with LINER
spectra, and contribute to non-negligible fraction of galaxies in the local Universe.



30 Chapter 2. Large fraction of low-luminosity type 1 AGN in the CALIFA survey

2.1 Introduction

Active Galactic Nuclei (AGN) are spread over a wide range of luminosities, from the
most luminous quasars with LB = 1011 − 1014L�, to the nuclei of Seyfert 1 galaxies
with significantly lower luminosities of LB = 108 − 1011L�. Being much fainter
than QSOs, typical Seyfert 1 nuclei are still quite bright with LHα ≈ 1042 erg s−1 .
Although AGN luminosities extend to even fainter values than those of Seyferts, to
which point this phenomenon expands is still not entirely known. In their studies
Filippenko (1989) and Ho (1996) point out that this faint AGN are quite frequent
in our local Universe. Due to relatively low luminosities of their central engines
(LHα ≤ 1040 erg s−1), the accreting gas may often be ionized by mix of non-thermal
and star-forming ionization processes (Bennert et al., 2006; Villar-Martín et al., 2008).

Very interesting and purely understood class of objects are so-called Low-Ionization
Nuclear Emission-Line Regions (LINERs), postulated by Heckman (1980b). The op-
tical emission-line spectra of LINERs have strong lines of the lower ionization levels
([OI], [OII], [SII]). The power source of LINERs is still under a debate. In their
work, Ho et al. (1997) assumed that LINERs are actually genuine AGN and that
they are an significant constituent of the faint end of the AGN luminosity function
(AGNLF). Due to uncertainty of the origin of their powering source other ionization
mechanisms of LINERs are proposed as well: fast shocks (Heckman, 1980b; Dopita
and Sutherland, 1995; Lípari et al., 2004), hot stars (Filippenko and Terlevich, 1992;
Shields, 1992; Maoz et al., 1998; Barth and Shields, 2000), hot, old, luminous, metal-
rich evolved stars (Alonso-Herrero et al., 2000; Taniguchi, Shioya, and Murayama,
2000), or post asymptotic giant branch (pAGB) stars (Kehrig et al., 2012; Singh et al.,
2013; Papaderos et al., 2013).

The emission line spectroscopy of the central regions of galaxies holds key infor-
mation on the ionization mechanism responsible for the spectral features that we ob-
serve. Nuclear ionization can be stellar or non-stellar in origin, or powered by shock
waves. For non-stellar ionization, a source with "harder" ionizing spectrum, that ex-
tends further into the UV part, such as AGN power-law continuum, must be present
(Osterbrock and Ferland, 2006). Main ionization mechanism of the gas surrounding
AGN is photoionization by accretion of the gas onto the central SuperMassive Black
Hole (SMBH). The spectra of AGN can be identified by the presence of a starlike
nuclei, a blue featureless continuum, strong or broad emission lines (BELs) coming
from the Broad Line Region (BLR), or strong radio or X-ray emission (Ho, 2008). If
nuclear gas is ionized by non-stellar mechanism, forbidden emission lines of metals,
such as [OI] λ6300, [OII] λλ3726, 3729, [SII] λλ6717, 6731, [NII] λλ6548, 6583 and
[OIII] λλ4959, 5007, arising from the Narrow Line Region (NLR), will be relatively
strong in the observed spectrum.

The most popular method to distinguish between the galaxies ionized by star
formation and the ones ionized by other non-stellar mechanisms was proposed by
Baldwin, Phillips, and Terlevich (1981). The method consist of empirical diagnostic
diagrams using two optical emission line ratios (for example: [OI]/Hα, [SII]/Hα,
[NII]/Hα and [OIII]/Hβ), well known as the BPT diagrams. The BPT diagrams are
revised and improved by Osterbrock and Pogge (1985) and Veilleux and Osterbrock
(1987). Kewley et al. (2001) constructed the first theoretical classification scheme
to distinguish between the HII regions and AGN. Using combination of modern
stellar population synthesis, photoionization, and shock models, they derived the
"maximum starburst line" (further in the text: KE01 line), above which the ionization
by star formation is theoretically no longer possible. Kauffmann et al. (2003) shifted
the KE01 line and made an empirical division between the galaxies dominated by
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star formation and others dominated by the non-stellar mechanisms, such as shocks
or accretion onto the SMBH.

Objects with extremely low luminosities are target of many observational chal-
lenges and they are still not properly studied and understood. Whether they are
genuine, but less active AGN, or a completely different class of objects is still un-
known. Quasars and Seyfert 1 galaxies at high redshifts distinguish themselves by
the presence of the characteristic permitted BELs with the Full Width at Half Maxi-
mum (FWHM) of a few thousand kilometres per second. If these broad lines can be
detected in the spectra of low-luminosity AGN (LLAGN), then there must be a cer-
tain physical connection between these objects and high-redshift Seyfert 1 galaxies
and QSOs. But due to the relatively low luminosities of the LLAGN, their emission is
often highly diluted by the light coming from their host galaxies. On the other hand,
if these objects are indeed detected, they might be extremely useful for studying the
coevolution of the central SMBHs and their host galaxies, because in this case, the
AGN light wouldn’t dominate the spectrum and the host galaxy properties could be
measured.

The main purpose of our research is to investigate physical properties of LLAGN
in our local Universe, using the central spectra of the galaxies. Previous work in this
field, conducted by Ho, Filippenko, and Sargent (1995), consists of monitoring the
central regions of around 400 nearby galaxies from Palomar survey in order to search
for LLAGN and quantify their luminosity function (Ho et al., 1997). They found that
the broad component of the Hα emission line is present in 20% of active galaxies in
their sample and that more than a half of them belonged to the LINER part of the
standard diagnostic diagrams (Ho, Filippenko, and Sargent, 1997a). Their research
is performed on the long-slit spectra of moderate resolution. In order to improve the
sensitivity and probe even weaker emission lines, better image quality is required.
For the purpose of our research we used the Calar Alto Legacy of Integral Field
Array (CALIFA) survey Integral Field Spectroscopy (IFS) with moderate spectral
resolution. The IFS has a better image quality and is able to detect weaker emis-
sion lines than long-slit spectroscopy. The CALIFA survey also probes even lower
redshifts than the other surveys theat were previously used in similar studies. The
latest research in this field, conducted by Eun, Woo, and Bae (2017), shows much
lower fraction of type 1 AGN in the local Universe – only 3% of Sloan Digital Sky
Survey (SDSS) galaxies originally categorized as Seyfert 2 type. Using the CALIFA
sample, we found this fraction to be significantly higher (around 35%).

The paper is organised as follows: In Section 2.2 we present the CALIFA data
sample and analysis that we performed on it. In Section 2.3 we present our results
and in discuss them in Section 2.4; and, finally in Section 2.5, we summarise our
work and draw our conclusions.

Cosmological parameters that we used are: H0 = 70 km s−1Mpc−1, ΩM = 0.3
and ΩΛ = 0.7.

2.2 Dataset and spectral analysis

2.2.1 The CALIFA survey

The CALIFA project (Sánchez et al., 2012; Sánchez et al., 2016) has provided wide-
field integral-field spectroscopic data of 667 galaxies in the local universe, cover-
ing a wide range of morphological types and stellar masses. The so-called CALIFA
mother sample consists of 939 target galaxies selected from the SDSS DR7 photo-
metric catalogue (Abazajian et al., 2009). The mother sample was constructed to
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be representative for the general non-dwarf galaxy population in the local universe
(Walcher et al., 2014), including the possibility to perform volume corrections and re-
construct intrinsic distribution functions. On the basis of the mother sample, galax-
ies were selected for observations only according to their visibility in the sky. The
final CALIFA sample therefore constitutes basically a random subset of the mother
sample. The data were made public in three data releases, DR1 (Husemann et al.,
2013), DR2 (García-Benito et al., 2015), and DR3 (Sánchez et al., 2016). Here we use
the 542 galaxies in the final DR3 of the CALIFA Main sample.

The observations were conducted with the Potsdam Multi Aperture Spectro-
graph (PMAS, Roth et al., 2005) mounted at the 3.5 m telescope at Calar Alto Ob-
servatory, Spain, employing the PPAK Integral Field Unit (Verheijen et al., 2004;
Kelz et al., 2006). PPAK has a hexagonal field of view of 74′′ × 64′′ consisting of
331 science fibres with an individual diameter of 2.′′7. Each CALIFA galaxy was ob-
served with two spectral setups: A low-resolution grating (V500) provided wide
spectral coverage (4240 Å –7140 Å unvignetted) at a spectral resolution of 6 Å, while
the wavelength range 3650 Å –4620 Å was observed at somewhat higher spectral
resolution of 2.3 Å (V1200 setup). After a three-point dithering pattern the CALIFA
data reduction pipeline translated the fibre-fed spectra into combined datacubes that
oversample the spatial domain by adopting spatial pixels (spaxels) of 1′′ × 1′′. For
further details of the data processing see Sánchez et al. (2016) and references therein.

In this paper we focus on the nuclear spectra of galaxies. Given the fibre size of
2.′′7, the median seeing on 1.′′0 (FWHM), and the 1.′′8 (FWHM) interpolation kernel
used in the construction of the datacubes, we adopted an aperture of 3× 3 spaxels
as an adequate representation of the nuclear regions, with the central spaxel in each
case defined by the centroid of the of the galaxy in the SDSS R band image. Each
galaxy thus provided one spectrum consisting of the co-added flux densities of each
of these 9 spaxels.

2.2.2 Stellar continuum modelling

The optical spectra of many galaxies are a superposition of emission lines and under-
lying starlight. A crucial step before measuring emission line spectra and parameters
is therefore a proper subtraction of the stellar continuum and absorption lines. Any
significant imperfections in this subtraction could severly affect the apparent prop-
erties of the residual emission line spectra. In line with current practice we modelled
the stellar spectra by means of a population synthesis code. We used the PyParadise
spectral fitting code, developed by Husemann et al. (in prep.), building on previ-
ous work by Walcher et al. (2006) and Walcher et al. (2009). PyParadise obtaines
the stellar population spectrum and the gas emission lines in two separate iterative
steps. The code uses a basis of single stellar population (SSP) templates from the
Bruzual and Charlot (2003) library to obtain a set of coefficients which represent the
best-fitting linear combination to the observed spectra. We used template spectra
from Vazdekis et al. (2012) which has a spectral resolution of 2.51 Å, sufficient for
the CALIFA dataset. The SSP library consisted of 84 models covering 6 metallici-
ties (Z = 0.0004, 0.001, 0.004, 0.008, 0.019, and 0.03) and 14 ages, from 0.063 to 17.8
Gyr. After a preliminary model has been obtained, the kinematic solution is deter-
mined using a non-linear Monte Carlo Markov Chain fitting process. For the stellar
population modelling all strong emission line regions are masked. Upon output the
final stellar component model, which, when subtracted from the original spectrum,
gives us the desired residual emission line spectrum. In Figure 2.2.1 we illustrate
this process and the typical data quality.
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FIGURE 2.1: Example of the stellar continuum modelling process with PyParadise.
Upper panel: Central spectrum of the galaxy NGC1093 (black line), overplotted by
the best-fit spectrum (red line). Lower panel: Residual pure emission line spectrum

after subtraction of the stellar component model fit (blue line).
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2.2.3 Emission line fitting

We then proceeded to measure the emission line properties of the central regions of
our galaxies. We assume that the dominant mechanism for any line broadening is
random Doppler motion of the gas and model each emission line with Gaussians.
We focused on the usual strong lines in the optical range: Balmer Hα and Hβ; [NII]
λλ 6548, 6583; [OIII] λλ 4959, 5007; [SII] λλ 6716, 6731; and [OI] λλ 6300, 6363. As
all these lines are contained in the V500 spectral range of CALIFA, we only analysed
the spectra from this setup.

Single Gaussian fits

As a baseline approach we assumed that all emission lines originate from the same
spatial region and can be represented by single Gaussians of identical line widths
and at identical redshifts. We designed a spectral fitting code in order to obtain
emission-line models of the central galactic regions. The code uses χ2 minimization
routine to determine the best fit model. The initial values for the velocity dispersions
were taken from the prior fit to the stellar kinematics. The line fluxes were left as free
parameters, except for the [NII] and [OIII] doublets where the flux ratios were fixed
to the quantum mechanical value of 3 in both cases.

In order to estimate errors of the measured parameters, we added random Gaus-
sian noise scaled by the associated error spectra to the emission line model and refit-
ted the lines. We repeated this procedure 100 times for each object and calculated the
dispersions of each refitted parameter. We performed visual eye inspection of each
fit, and, while overall quality is very good, we noticed that some spectra have slight
asymmetries that cannot be captured by single Gaussian fit. These asymmetries then
get highlighted when the emission-line fit model is subtracted from the spectrum.

Of the 542 galaxies in the sample, we did not detect any emission lines in the
central spectra of 16 of them. Among the remaining 526 galaxies, 43 only showed
very weak Hα and no other emission lines. 483 galaxies revealed also detectable
emission from [NII], and 447 galaxies presented a detectable [SII] doublet, enabling
us to classify them through standard emission line ratios as discussed in Section 2.3
below, and 432 of them had detectable [OI] emission line in their central spectra.

Broad Hα emission

Inspecting the single-Gaussian emission line fits we noticed that in the Hα+[NII]
spectral region, several spectra displayed an apparent excess around the [NII] λ6548
line, while at the same time Hα appeared to be overfitted. While one might first
suspect an overall profile mismatch given the simple template shape as single Gaus-
sians, we also noted that the excess was typically less pronounced in the brighter
[NII] λ6583 line, which is opposite to what one would expect for template mismatch.
Instead, adding a single broad component only in Hα to the fit provided a very sig-
nificant improvement in such cases. This is illustrated in Figure 2.2, especially in the
middle panels: Although the additional broad line is quite weak, the excess emis-
sion around λ6548 is significant, and a broad hump centred on Hα can be discerned
already in the left panel. We emphasize that it is in general only the Hα line that re-
quires such an additional component; we generally do not detect strong indications
for broad components in [NII] or other forbidden lines. In a 2 objects we also find
hints of a broad Hβ component, but as these are generally much weaker and less
convincing, we did not consider them any further.
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FIGURE 2.2: Examples for the emission line fits of the Hα + [NII] region, without
(left panels) and with a broad Hα component included in the fits (right panels).
The black dots represent the data points of the spectra after subtracting the stellar
component. The red lines show the best-fit models, while blue lines trace the in-
dividual fit components. The smaller panels below each main panel show the fit
residuals. The top row presents a clear case of a type 1 AGN (UGC 03973 or Mrk
79) in the sample where the broad Hα component is obvious. The middle panels
illustrates a typical example for the objects of special interest in this paper, where
the fit with only narrow lines is overall not bad, but improves significantly when
adding a weak broad component. The representing object is MCG-02-51-004. The
bottom row shows a case where the additional broad Hα component does not im-
prove the fit and is therefore rejected; this object (NGC 2480) is counted as having
only narrow emission lines. More BEL fit examples can be found in Appendix B.
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We found that for 89 galaxies in our sample a broad Hα component was needed
to make the fit to the [NII] doublet acceptable. When included in the fit, the broad
emission line component added three free parameters: line width, wavelength cen-
troid, and line flux. Table A provides the best-fit broad line parameters for all 89
galaxies in our CALIFA sample. The line widths were approximately corrected for
instrumental broadening. BEL fits of our type AGN are shown in the Appendix B.

The presence of a weak broad Hα component in the nuclear spectrum of several
of our galaxies suggests that these object may harbour faint AGN. We discuss the
arguments in support of this hypothesis in Section 2.3.2

Detection limits for broad emission lines

As many of the detected Hα broad emission line components in our data are quite
weak, we made the following experiment to asses the minimum strength of a broad
component in order to be detected with our method. For this purpose we selected
100 galaxies from our sample that appeared to show pure narrow emission line cen-
tral spectra. We then added a sequence of broad Hα components to each spectrum,
with gradually increasing line fluxes and also varying the other line parameters.
The minimum flux considered was 1× 10−17 erg s−1 and incremented by half that
value up to a maximum of 120× 10−17 erg s−1. The line widths (FWHM) were var-
ied over the range of 700–9100 km s−1, with a step size of 300 km s−1, and the line
centroid was shifted between ±1000 km s−1 relative to the narrow lines, stepped by
10 km s−1. Each of those artificial spectra was refitted twice, with and without a
broad component.

For each fit we calculated the reduced χ2
red value over the wavelength range

6460–6670 Å and compared the values with and without the additional broad Gaus-
sian. If χ2

red was improved by more than 20% we assumed the fake broad Hα to be
detected; otherwise we considered it undetected.

Repeating this procedure for all 100 spectra, we estimated the detection fre-
quency in dependence of flux, FWHM and line shift. Figure 2.3 shows the result-
ing detection probability as a function of line flux after marginalising over all line
widths and shifts. We approximated the probability dependence on flux by the fit-
ting function

p( f ) =
1

1 + e−k( f− f0)
(2.1)

where f0 characterises the location of the turnover from essentially zero to essen-
tially unit detection probability. This fitting function is overplotted in Figure 2.3. We
found that the location of the turnover probability is fairly invariant with respect to
variations of the line width and shift and mainly depends on the line flux.

Figure 2.3 reveals that a 50% detection limit corresponds roughly to a broad line
flux limit of about 1.5× 10−16 erg s−1. Also depicted in Figure 2.3 are the actually
measured broad line fluxes of the objects in our sample. In fact only the weakest
lines are plotted, as most of the detected lines have fluxes outside the plot limits
and correspond to a detection probability of essentially one. Of the 89 objects in
our broad line subsample, only 14 have marginalised detection probabilities below
unity, and none has a probablity of less than 0.4. This shows that while our dataset is
probably somewhat incomplete at the level of the faintest detected lines, the overall
sample has a very high degree of completeness.

We also tested whether the detected broad emission lines were limited to the
central region. While an analysis of the spectra over the full spatial extent of the
galaxies is beyond the scope of the present paper, we extracted centrally positioned



2.2. Dataset and spectral analysis 37

0 5 10 15 20 25 30 35

Broad Hα flux [10−17  erg s−1 ]

0.0

0.2

0.4

0.6

0.8

1.0
P
ro

b
a
b
ili

ty
 o

f 
d
e
te

ct
io

n

FIGURE 2.3: Detection probability of the broad Hα fluxes, obtained by adding the
variety of broad Hα components to the pure narrow line central spectra of 100
galaxies, in order to determine the point from which the broad line fluxes could
be detected. The cumulative function (black solid line) represents broad line flux
detection probability averaged over FWHM and intrinsic shift range. The blue solid
line represents a curve fit of the data, and the red stars are the data points that we
measured in the real broad line spectra of CALIFA survey, by applying the same

procedure as for the artificial line fluxes.

test apertures of 11′′ in diameter, but with excluded central 3′′ × 3′′ region. These
spectra always showed either no broad line at all, or a much weaker signal than in
the central spectra as expected from a blurred point source.

2.2.4 Corrections for dust reddening

Before proceeding to calculate emission line ratios we corrected all fitted line fluxes
for extinction using the Balmer decrement Hα/Hβ. As HII regions and AGN have
slightly different intrinsic values of this ratio and also somewhat different extinction
curves, we used the line ratio classifications presented in Section 2.3 to differentiate.
Based on the standard diagnostic diagram [OIII]/Hβ vs. [NII]/Hα and the empirical
separation curve from Kauffmann et al. (2003, KA03 hereafter) we identified galax-
ies that are possibly hosting AGN. We adopted the extinction curve from Cardelli,
Clayton, and Mathis (1989) for star-forming galaxies and the curve by Gaskell and
Benker (2007) for objects above the KA03 line. Following usual practice we assumed
the intrinsic Hα/Hβ ratio to be 2.86 in the former, corresponding to case B recom-
bination in a photoionized nebula with electron density ne = 102 cm−3 and temper-
ature T = 104 K (Brocklehurst, 1971). For the objects in the potential AGN region
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FIGURE 2.4: Diagnostic diagrams of emission line ratios, always showing the
[OIII]/Hβ ratio on the y axis and three different lower ionization ratios on the x axis
– from left to right: [NII]/Hα, [SII]/Hα, [OI]/Hα. The blue dots represent our mea-
surements in the central spectra of CALIFA galaxies. The underlying grey-shaded
regions show the distributions of SDSS DR7 galaxies, with darker shades indicat-
ing higher object densities. The solid lines represent the theoretical “maximum-
starburst lines” by Kewley et al. (2001), and the dashed line traces the empirical

demarcation curve by Kauffmann et al. (2003) in the left panel.

we adopted Hα/Hβ = 3.1 (Halpern and Steiner, 1983; Gaskell and Ferland, 1984).
In cases where the measured Balmer decrement was less than the adopted intrin-
sic value we assumed that no extinction is present. We left the broad emission line
fluxes uncorrected for extinction.

2.3 AGN candidates in CALIFA

2.3.1 Emission line ratio diagnostics

To identify likely AGN among the CALIFA galaxies we first followed the usual ap-
proach of consulting diagnostic diagrams based on emission line ratios. We employ
the three standard diagrams established by Veilleux and Osterbrock (1987), each of
which combines the high-excitation [OIII]/Hβ ratio with the ratio of a low-excitation
line to Hα. Figure 2.4 presents the resulting distributions of our measured line ra-
tios. For these diagrams we used only the narrow components of the Balmer emis-
sion lines, even if a broad line was included in the best fit. For comparison we also
show the data for nearly 106 galaxies in SDSS DR7. We stress the differences in the
captured spatial scales between SDSS and our CALIFA central spectra: Although
the angular spectral apertures are of the order of 3′′ in both cases, the typical red-
shifts of CALIFA galaxies (the median z is ∼ 0.015) are lower by a factor of ∼ 6 than
those in the full SDSS DR7 sample, implying that the CALIFA central spectra cover
a correspondingly smaller region of typically only a few 100 pc in radius.

We first focus on the classical [OIII]/Hβ vs. [NII]/Hα diagram (Figure 2.4, left
panel): Of the 483 CALIFA galaxies with central spectra showing these lines, 196
(37%) have line ratios putting them above the “extreme starburst line” of Kewley
et al. (2001, ; KE01 hereafter), putting them in the AGN/LINER domain and in-
dicating that excitation by young stars is unlikely to be the dominant mechanism
in the nuclear regions of these galaxies. Basically an equal proportion of objects
(179/483 ≈ 37%) have central spectra that place them into the star-formation do-
main below the Kauffmann et al. (2003, ; KA03 hereafter) line in this diagram. The
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remaining 108 objects (21%) have intermediate line ratios. In contrast, more then
2/3 of SDSS galaxy spectra are found on the star-forming branch, and only 15% are
located to the right of the KE01 line.

The other diagnostic diagrams in Figure 2.4 show a qualitatively similar pattern,
in the sense that the fraction of points in the AGN/LINER region is substantially
higher for the CALIFA central spectra than for the SDSS DR7 datapoints. This is
presumably a consequence of the above mentioned aperture differences, highlight-
ing that in many galaxies the physical conditions change significantly when zoom-
ing into their central zones. It is also noteworthy that the star-forming sequence in
the [SII]/Hα and [OI]/Hα diagrams basically becomes inconspicuous in the CAL-
IFA data, due to the low number of objects in these parts of the diagrams. This trend
is probably enhanced by differences in the distributions of stellar masses between
SDSS DR7 and CALIFA, the latter containing a larger proportion of massive galaxies
than the former.
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FIGURE 2.5: The central emission line ratios of the CALIFA galaxy sample repre-
sented on the [OIII]/Hβ vs. [NII]/Hα (left) and [OIII]/Hβ vs. [SII]/Hα (right) stan-
dard diagnostic diagrams. The galaxies with star-forming nuclei, determined using
the empirical Kauffmann et al. (2003) line (dashed line, left) on the [OIII]/Hβ vs.
[NII]/Hα diagnostic diagram, are marked with blue stars. Seyfert 2 nuclei, located
above the theoretical Kewley et al. (2001) "maximum-starbust line" (solid line) and
left from the Kewley et al. (2006) "Seyfert-LINER classification line" (dotted line,
right) on the [OIII]/Hβ vs. [SII]/Hα diagram, are represented with red dots, while
LINER-like nuclei (above the Kewley et al. (2001) line and right from the Kewley
et al. (2006) line on the [OIII]/Hβ vs. [SII]/Hα diagram) are marked with green tri-
angles. The additional "intermediate nuclei" (located above the Kauffmann et al.
(2003) line on the [OIII]/Hβ vs. [NII]/Hα, and below the Kewley et al. (2001) line
on the [OIII]/Hβ vs. [SII]/Hα diagram) are represented with purple diamonds.
Empty red circle and green triangle symbols represent objects that we classified as
either Seyfert or LINER-like according to their [OIII]/Hβ ratio as they are miss-
ing [SII] lines in their central spectra to be classified according to the [OIII]/Hβ vs.
[SII]/Hα diagram. Empty diamonds represent those objects that are located below
Kewley et al. (2001) line on [OIII]/Hβ vs. [SII]/Hα and above Kewley et al. (2001)

on [OIII]/Hβ vs. [NII]/Hα diagram.

A more refined view of the information contained in these diagnostic diagrams
is provided by Figure 2.5, where we used different colours and symbols to mark
certein regions in the diagrams. We leave out [OI]/Hα from these considerations
as [OI] is the weakest of these lines and too often undetected or very noisy in our
spectra. Of the remaining two low-ionization line ratios, [NII]/Hα is very efficient
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in separating the star-forming from the AGN/LINER branch, whereas [SII]/Hα has
higher discriminative power within the latter domain. This was demonstrated by
Kewley et al. (2006, ; hereafter KE06) who proposed an empirical dividing line be-
tween AGN and LINER (or LINER-like) spectra which is also plotted in the lower
panel of Figure 2.5. If we apply this classification to the 160 objects having detectable
[SII] line above the KE01 separation on [SII]/Hα diagram, we find 33 objects on the
AGN side (red circles on Figure 2.5) and 127 on the LINER-like side (green triangles)
of the K06 dividing line. The left panel of Figure 2.5 shows that the objects classified
as AGN in the [SII]/Hα diagram are still above the LINER-like objects in [NII]/Hα,
but with significant overlap. We classified additional 22 objects that lack [SII] emis-
sion in their central spectra according to their [NII]/Hα diagram and [OIII]/Hβ line
ratios. Adopting the criterion [OIII]/Hβ = 3 from Heckman (1980b), we classified
objects above this limit as Seyferts (14 objects), and below as LINERs (8 objects).
There is one object in the far LINER region that has [OIII]/Hβ > 3, which we at-
tributed to LINERs. These objects are marked with corresponding empty symbols
on [NII]/Hα diagram. This resulted in total 47 objects with Seyfert 2 and 135 with
LINER-like nucleus.

For the 108 objects with intermediate line ratios in the [NII]/Hα diagram (ma-
genta diamonds on Figure 2.5), the [SII]/Hα ratio appears not to provide much ad-
ditional discriminatory power, as most of these objects are scattered over much the
same region as the star-forming galaxies in the lower panel of Figure 2.5. These ob-
jects have weak [SII] lines, while their [NII] lines are still relatively strong, setting
them apart from the star-forming branch. Additional 14 objects are located below
KE01 line on the [SII]/Hα diagram, placing them on star-forming region, while on
the [NII]/Hα diagram they are located above KE01 line, which we used to sepa-
rate AGN-LINER region from star-forming and intermediate galaxies. We attributed
these objects to the intermediate class (marked with empty magenta diamonds), re-
sulting in total of 122 galaxies with intermediate nucleus. Several of these objects
probably have composite spectra, with emission lines powered by young stars as
well as other mechanisms. It is also possible that this category contains centrally
obscured AGN that might be detectable by their radiative influence on other parts
of their host galaxies. This will be studied in another chapter.

2.3.2 Broad emission line objects

We now consider the 89 objects of our sample where we detected a broad Hα line. In
Figure 2.6 these objects are marked by black circles. Interestingly, the vast majority
of them (59/89) are located in the LINER-like part of the diagnostic diagrams, fol-
lowed by 18 objects located in the Seyfert region and 12 located in the “intermediate”
region. None of them is classified as purely star-forming. Assuming that our broad
line objects are genuine low-luminosity type 1 AGN increases the AGN fraction of
our CALIFA sample considerably. We return to this point in Section 2.4 below.

We converted all broad Hα fluxes to luminosities, shown as a histogram in Fig-
ure 2.7. The object with the lowest broad Hα luminosity is NGC 0955 with only
2 × 1038 erg s−1; the most luminous (by far) is the well-known Seyfert 1 galaxy
UGC 03973 = Mrk 79. The median luminosity for our sample is 2.6× 1039 erg s−1.
Comparing these luminosities with those of the SDSS-selected local broad-line AGN
sample of Hao et al. (2005a) and Hao et al. (2005b), our objects are among the lowest
luminosity (in broad Hα) AGN known.

The distribution of broad line widths for our sample, on the other hand, is quite
similar to that of other broad-line AGN samples, as shown in Figure 2.7. The values
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FIGURE 2.6: As Figure 2.5, but marking all objects by a black circle where we de-
tected a broad Hα component in the central spectrum.

range from a minimum of 1000 km s−1 (NGC 5056) to a maximum of 6000 km s−1

(NGC 0499); the mean value is 3000 km s−1. On Figure 2.7 (right) we see the dis-
tribution of FWHMs of CALIFA type 1 AGN compared to the FWHMs obtained by
Hao et al. (2005a), normalized for the same number of objects. Hao et al. (2005a)
obtained this distribution for a sample ∼ 1300 AGN selected from SDSS catalogue.
We can notice that our LLAGN width distribution clearly resembles the one of the
"genuine" AGN. This is further proof that the BELs that we detected are in fact, an
actual representation of the BLR in these objects.
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FIGURE 2.7: Left: Histogram of broad Hα luminosities of our 89 objects, in loga-
rithmic units log(L/erg s−1). Right: Histogram of line widths (FWHM) for the 89
detected broad emission lines from CALIFA (blue) compared to distribution of lu-
minous type 1 AGN selected from SDSS and normalized for the same number of

objects, obtained by Hao et al. (2005a).

2.3.3 HeII as AGN indicator

We also considered HeII λ4686 emission as an additional potential AGN indicator.
Due to its high ionisation potential (54.4 eV compared to 35.2 eV for [OIII]), HeII
is sensitive to hard ionizing spectra and can be used to separate AGN from star
forming galaxies (Baer, Schawinski, and Weigel, 2016). The downside of this line
is that it is typically quite faint and therefore hard to detect. Only 13 objects in our
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CALIFA sample showed HeII emission in their central spectra, all of which were
already classified as an AGN by either diagnostic diagrams or the detection of a
broad Hα component.

2.3.4 Summary of classification results

We combined the results from the diagnostic emission line ratio diagrams and the
detections of broad emission lines into a final classification in the following way:

• All objects to the right of the KE01 line in the [NII]/Hα diagram and above
the KE06 line in the [SII]/Hα diagram, as well as the objects with [OIII]/Hβ
> 3 that do not have [SII] lines in their nuclear spectra, were tagged as AGN,
with or without broad lines (47 objects in total). Of these, 18 show a broad Hα
component and 29 do not.

• Of the objects to the right of the KE01 line in the [NII]/Hα diagram and below
the KE06 line in the [SII]/Hα diagram, i.e. in the LINER region, as well as those
with [OIII]/Hβ < 3 with no [S]II], 59 were found to have broad Hα lines and
were therefore also counted as AGN. The remaining 76 have LINER spectra
without detected evidence for an AGN.

• Of the 122 ‘intermediate’ objects between the KA03 and KE01 lines in the
[NII]/Hα diagram, and below KE01 line on line on [SII]/Hα and above KA03
line on [NII]/Hα diagram, 12 have broad Hα and get added to the AGN cate-
gory; this leaved 110 intermediate objects with unclear or composite excitation
mechanism.

• And finally, 179 galaxies in the CALIFA main sample are classified in their
central spectra as purely star-forming.

2.3.5 Total stellar mass of CALIFA AGN

We analyzed dependence between our AGN types and total stellar mass M? of host
galxies, estimated by the CALIFA colaboration (Walcher et al., 2014) using Sloan
Digital Sky Survey (SDSS) ugriz growth curve magnitudes. (Walcher et al., 2014)
used Bruzual and Charlot (2003) models with a Chabrier (2003) Initial Mass Function
(IMF) to calculate total stellar masses, where possible bursts and different amounts
of dust extinction were accounted.

We noticed that type 1 AGN in CALIFA have the highest stellar masses in the
sample, from (1010.2 − 1011.9) M�, with an average of 1011 M�. Seyfert 2 galaxies
have M∗ in range (109.8 − 1011.7) M�. This shows that large number of the most
massive galaxies in CALIFA are in fact AGN hosts, where even though these LLAGN
are significantly faint, they still prefer massive galactic systems.

On Figure 2.8 we present the distribution of total galaxy stellar masses M∗ of
both Seyfert 2 and type 1 AGN. On the left we have a standard histogram of stellar
masses for the full sample. We gave priority to type 1 AGN, meaning that objects
that are identified as both Seyfert 2 and type 1 AGN are attributed to the type 1 AGN.
On the right we show the mass-dependant fraction of both AGN types, where full
bin contains all emission line galaxies within that M∗ range. As we can see, AGN
contribute to the large fraction of higest M∗ bins in the CALIFA galaxy sample.
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FIGURE 2.8: Left: Histogram showing total stellar masses M∗ of AGN hosts (Seyfert
2 + type 1 AGN) in CALIFA, compared to the all emission-line galaxies in the sam-
ple. Right: Seyfert 2 and type 1 AGN given as a mass-dependant fraction of all

emission-line galaxies in CALIFA.

2.4 Discussion

2.4.1 The frequency of low-luminosity type 1 AGN

The occurrence of AGN is clearly heavily biased towards massive galaxies as we
showed in previous section. For stellar masses of log(M?/M�) > 9.5 we obtain
a mean AGN fraction of 27% and up to 42% for one bin. The mean type 1 AGN
fraction is 21%. Walcher et al. (2014) showed that for a range of stellar masses of
9.7 < log(M?/M�) < 11.4, the CALIFA sample can be taken as representative for
the local galaxy population, but with very different survey volumes and therefore
subsample sizes for different masses. At any given mass within this range, the AGN
fraction obtained from CALIFA should therefore be a valid estimate for galaxies in
general.

The total number of AGN among 542 galaxies in the CALIFA main sample, iden-
tified from their central spectra, is 118 or 22%. The fraction of only the type 1 AGN
is 16%. This is much higher than the fraction measured by Eun, Woo, and Bae (2017)
who looked for broad Hα lines among z < 0.1 SDSS galaxies classified by their emis-
sion line ratios as type 2 AGN and found that only 3% of the type 2 objects revealed
a broad line. Presumably this difference is partly caused by the strong dilution ef-
fects in more distant galaxies when using a 3′′ aperture. As mentioned already in
Section 2.2.3, we investigated such dilution effect in our data by extracting spectra
through apertures slightly offset from the central position and found that the de-
tectability of broad lines decreases very rapidly. But another explanation for the low
fraction of broad-line objects is probably also that they searched for such lines only
among already confirmed type 2 AGN, whereas we find most of the broad-line AGN
in galaxies classified as LINERs from their narrow emission lines.

On the other hand, our numbers are in good agreement with the survey by Ho,
Filippenko, and Sargent (1997a) who analysed nuclear slit spectra of nearly 500
nearby galaxies and found broad Hα emission lines in 10% of all galaxies. In fact
our approach can almost be seen as a modern “remake” of the Palomar survey con-
ducted by Ho et al., using integral field rather than long slit spectroscopy and also
employing other analysis techniques such as full spectral fitting of population syn-
thesis models instead of matching empirical template spectra to subtract the stellar
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continuum. We speculate that these technical improvements benefited our search in
terms of sensitivity for weak broad emission lines, which may well explain our even
somewhat higher detection fraction.

2.4.2 The nature of LINER galaxies

As discussed already in the Introduction, the LINER class of galaxies is very difficult
to characterise and explain in terms of the dominant powering mechanism. While
this conundrum has only been deepened by the discovery of LINER-like emission
from galactic regions far outside the nuclear zone (Sarzi et al., 2006; Sarzi et al., 2010;
Singh et al., 2013; Belfiore et al., 2016), we emphasize that in the present chapter we
are only discussing nuclear emission regions and thus genuine LINERs.

A very interesting result of our analysis is the location of so many broad-line
objects in LINER region of the standard diagnostic diagrams. In fact, more than
40% of all LINER-classified objects were found to show broad-line nuclear emission.
Again the venerable Palomar survey already came to a very similar conclusion (Ho
et al., 1997): 50% of the type 1 AGN detected by them belong to the LINER part of
the diagnostic line ratio diagrams. If we take these broad lines detected in LINERs as
signposts of nuclear activity, i.e. objects powered by accretion onto central SMBHs,
then at least half of all LINERs are indeed weak AGN. Of course this still leaves open
the possibility that the other 50% have different and possibly diverse origins.

2.4.3 On the ratio of type 1 to type 2 AGN

An interesting finding of this chapter is that the ratio of type 1/type 2 AGN is quite
high (3 : 1) in CALIFA. This ratio is also high even for the Seyfert region of the stan-
dard diagnostic diagrams, as 40% of Seyfert 2 galaxies have broad Hα line in their
central spectra. There is a possibility that the emission-line ratio method "picks"
more luminous AGN in the sample, while rest of the type 2 objects are "masked"
as intermediate. Also noteworthy is, that for such faint AGN as we have in CAL-
IFA, host galaxy contamination plays a huge role. BELs are insensitive to the stellar
contamination, as they can only be produced by accretion onto the central SMBH.

Another important factor to analyze is the dust obscuration. According to the
Unified AGN model, the central source is surrounded by optically thick dusty torus.
In "typical" luminous AGN this dusty tours blocks the emission coming from the
BLR, while the NLR which is located outside of the tours, still remains "visible". As
a result, in luminous AGN we observe only the emission coming from the NLR,
correspondingly classifying these objects as type 2 AGN. The theoretical work of
Elitzur and Shlosman (2006) implies that in very faint AGN with bolometric lumi-
nosities below Lbol ∼ 1042 erg s−1, accretion can no longer sustain required cloud
outflow rate (González-Martín et al., 2015).

Several studies found the correlation between AGN bolometric luminosities and
dust covering factor CT in optical and X-ray AGN studies (Simpson, 2005; Ueda et
al., 2003; Ueda et al., 2011; Ricci et al., 2013). However, more recent studies (Ichikawa
et al., 2019; Netzer et al., 2016; Stalevski et al., 2016) actually showed that the correla-
tion between Lbol and CT is in fact really weak to non-existing. Almeida et al. (2011)
showed that type 2 AGN have larger CT than type 1. The most likely scenario is that
the torus structure disappears for Lbol < 1042 erg s−1, while the BLR still persists at
very low level, resulting in detection of BELs that were hidden in more luminous
AGN. As a consequence we have a higher fraction of type 1 than type 2 LLAGN.
More insight into this topic will be presented in the next chapter.
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2.5 Conclusions

We analyzed the central spectra of the CALIFA sample, a representative set of galax-
ies in the local universe, with respect to the occurrence of AGN signatures. We pur-
sued two different methods to identify AGN from the spectra: By placing charac-
teristic emission line ratios into diagnostic diagrams, and by searching for broad
emission lines, in particular from Hα. We find 47 AGN by the first method, based
on their narrow lines alone, and another 89 likely broad-line AGN. Out of these 47
objects 18 have detectable broad Hα in their central spectra, which we then classi-
fied as type 1 rather than Seyferts, leaving us with 29 Seyfert 2 and 89 type 1 AGN,
out of 542 galaxies investigated. These fractions show that AGN are actually widely
present in the local Universe, once the bar is sufficiently low that even very weak
AGN can be detected.

In fact our tally of AGN in CALIFA galaxies is almost certainly still incomplete,
because here we investigated only the central spectra of our galaxies. However,
some objects may not display any significant emission from photoionized material
in their centres due to obscuration, or if the material was blown away into the outer
regions of the galaxy (Congiu et al., 2017; Stockton, Fu, and Canalizo, 2006; Mor-
ganti et al., 2007; Morganti et al., 2015) It might even happen that the central AGN
has recently "turned off" (Shapovalova et al., 2009), in which case photoionized ma-
terial can only be detected outside the central region (Keel et al., 2012; Keel et al.,
2015). With the integral field spectroscopic coverage of the CALIFA data we will be
able to investigate this possibility for the entire sample; this will be the topic of a an-
other chapter. Further clues to possible AGN might come from the X-ray and radio
domains. Only then will we be approaching a complete AGN census of our sample.
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CHAPTER 3

Black hole mass scaling relations
for type 1 AGN from CALIFA

ABSTRACT

We found that significant fraction of galaxies in the CALIFA sample host type 1
AGN. These AGN are extremely faint, with broad Hα luminosites ∼ 1039 erg s−1,
which makes them very hard to detect in optical domain. We estimated masses
of central black holes of these type 1 low-luminosity AGN, using both virial as-
sumption and MBH − σ∗ correlation established for active galaxies. We obtained that
the masses estimated using the virial assumption are on average for a factor ∼ 10
smaller than the ones estimated from MBH − σ∗ correlation, while the Eddington ra-
tions are for more than a factor of 10 larger. This would imply that either MBH − σ∗
correlation or the virial assumption and virial scaling relationships break down at
these extremely low luminosities, and therefore cannot be applied for black hole
mass estimation of the local low-luminosity AGN. We discussed the likelihood of
each scenario, and investigated how well our black hole mass estimates agree with
previously established MBH −M∗ correlations. Virial black hole masses seem to fall
off of both MBH − σ∗ and MBH − M∗ correlations, implying that they are probably
underestimated. The most probable scenario is that the virial scaling relationships
are no longer linear in this low-luminosity regime. Detection of broad emission lines
in these low-luminosity AGN implies that they are still able to form the broad line
region, despite their extremely low Eddington ratios. According to this scenario,
low-luminosity AGN in the local Universe still appear to be scaled-down version
of luminous AGN at high redshifts, with certain modifications in structure of the
central engine.
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3.1 Introduction

Super Massive Black Holes (SMBHs), with masses between 106 and 109 M�, reside
in the centers of majority of massive galaxies. When the central SMBH is in its active
phase, its gravitational pull of the surrounding material – accretion is considered
to be the primary powering source of an Active Galactic Nucleus (AGN). Typical
luminous AGN distinguish themselves from other galaxies by the presence of Broad
Emission Lines (BELs) in their central spectra. These BELs have Full Widths at Half
Maximum (FWHMs) in order of few thousands km s−1. BEL components are formed
in the Broad Line Region (BLR), which is located in vicinity of the central SMBH.

Filippenko (1989) and Ho (1996) were the first to point out that significant AGN
fraction in our local Universe reaches even fainter luminosities than those of Seyferts
(with the broad Hα luminosity LHα < 1042 erg s−1). But even still, detection of these
Low-Luminosity AGN (LLAGN) is quite challenging due to their very weak emis-
sion lines, and absence of the characteristical power-law continuum. Host galaxy
stellar light might then dominate the spectrum, and AGN contribution may be un-
derestimated or completely omitted. Therefore, it is very important that the stellar
component is properly subtracted and that the emission-line detection method is of
high sensitivity.

Although AGN can be identified with multiple methods, our knowledge of black
hole demographics still remains incomplete. First obstacle is that direct measure-
ment of black hole masses is limited only to the closest luminous objects. The most
accurate technique of active black hole mass estimation is the Reverberation Map-
ping (RM) of the BLR (Blandford and McKee, 1982; Koratkar and Gaskell, 1991;
Peterson, 1993). RM method consists of measuring time lags between flux variations
in continuum and BELs, that correspond to the light-travel time through the BLR,
allowing us to estimate its size. Assuming virial equilibrium of the central source,
black hole masses can be estimated from:

MBH = f
RBLR υ2

G
(3.1)

where G is the gravitational constant, RBLR is the size of the BLR, υ is the gas ve-
locity in the BLR usually represented by the width of broad Hβ line, expressed in
km s−1, and f is the virial scaling factor which depends on geometry, kinematics
and inclination of the BLR. RM method is not applicable for large number of objects,
since it requires long observational time, hence the black hole mass measurements
are available only for ∼ 50 objects.

On the other hand, Kaspi et al. (2000), Kaspi et al. (2005), and Bentz et al. (2006)
found that there is a strong correlation between RBLR and continuum luminosity of
an AGN:

RBLR ∝ Lγ (3.2)

where γ is a factor ∼ 0.5. By introducing these assumptions to the virial theorem, it
became possible to estimate black hole masses for large number of objects.

Dynamical studies of local galaxies showed that black hole masses in massive
galaxies are tightly correlated with host galaxies’ properties, such as bulge stellar
velocity dispersion σ∗ and bulge stellar mass Mbulge (Ferrarese and Merritt, 2000;
Gebhardt et al., 2000a; Gebhardt et al., 2000b; Ferrarese et al., 2001; Merritt and
Ferrarese, 2001; Tremaine et al., 2002; Onken et al., 2004; Gültekin et al., 2009; Kor-
mendy and Ho, 2013; McConnell and Ma, 2013). Gebhardt et al. (2000b), Ferrarese
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et al. (2001), and Onken et al. (2004) observed a consistent correlation between MBH
and σ∗ of AGN. This further provided evidence that AGN and quiescence are just
different phases in life cycle of a galaxy, where MBH − σ∗ correlation is probably
established during the AGN phase, in which SMBH accretion limits gas supply for
building black hole and host galaxy mass simultaneously (Silk and Rees, 1998). Woo
et al. (2010), Woo et al. (2013), and Shankar et al. (2016) showed that MBH − σ∗ cor-
relation is slightly different for active and quiescent galaxies, due to the selection
biases introduced in dynamically measured black hole masses of quiescent galaxies.
They provide more accurate MBH − σ∗ relationships for AGN, which will be used
for the purpose of this thesis.

The observed correlation between MBH and σ∗ implies the existence of close rela-
tionship in coevolution of SMBHs and their host galaxies. Therefore, AGN evolution
over cosmic time is important, not only for understanding the accretion mechanism,
but the evolution of host galaxies as well.

Beside bulge mass and stellar velocity dispersion, another parameter that corre-
lates with MBH is the total stellar mass of the host galaxy M∗, although many authors
are still not convinced in the accuracy of this correlation. Magorrian et al. (1998) were
the first to introduce the correlation between these two parameters, although they
found very large scatter (∼ 0.51 dex). Merritt and Ferrarese (2001), Marconi and
Hunt (2003), Häring and Rix (2004), and Reines and Volonteri (2015) reestablished
this relation with more accurate measurements, and found that the scatter is com-
parable to the one in MBH - σ∗. Due to lack of bulge mass measurements, for the
purpose of this chapter we used M∗ and corresponding correlations with MBH, and
observed how well they represent our data.

Another fundamental characteristic of AGN, besides its black hole mass, is its
accretion rate. Accretion rate is often represented by the Eddington ratio and defines
the accretion power of an AGN:

λ =
Lbol

LEdd
(3.3)

where Lbol is bolometric and LEdd Eddington luminosity of an AGN. The best way to
estimate Lbol would be to measure it directly from AGN Spectral Energy Distribution
(SED), since AGN emit their energy in very broad spectral range. In practice this is
not possible, but AGN bolometric luminosity can be estimated from its optical lumi-
nosity by applying a certain correction factor (Ho, 2008). Eddington luminosity, or
Eddington limit, is defined as the maximum luminosity that AGN with black hole
mass MBH can attain so that it remains in hydrostatic equilibrium, where gravita-
tional force is balanced by radiation pressure. There is a range of up to three orders
of magnitude in Eddington ratios for given SMBH mass MBH (Woo and Urry, 2002).

Accretion rate shows us in which phase of activity a certain AGN is residing,
providing us with information about the structure of the accretion disk and AGN
itself. At high Eddington ratios, falling material around SMBH forms geometrically
thin and optically thick accretion disk, BELs are evidently present in the spectrum,
and the central source is considered to be type 1 AGN according to the unified AGN
model. Low Eddington ratios, that are typical for LLAGN, change the structure of
the accretion disk, and strong BELs can no longer be detected in the spectrum. As a
consequence, MBH is often difficult to estimate in LLAGN. It is usually accepted that
below Eddington ratio of log(λ) ∼ −3 (Nicastro, 2000), central SMBH is considered
to be inactive. This limit is still debatable, while with current surveys and fitting
procedures, we are able to detect much weaker BELs than it was previously possible.
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In Chapter 2 we showed that LLAGN fraction is even higher in the local Universe
than what Filippenko (1989) and Ho (1996) estimated in their work. We reached
even lower broad Hα luminosities, typically around 1039 erg s−1, with some ob-
jects going all the way down to even ∼ 1038 erg s−1. Such low-luminosity regime
is out of domain of the virial scaling relationships that are established so far. There-
fore, we wanted to investigate the validity of using these scaling relationships for
these extreme LLAGN. Luminosities were calculated using the standard cosmolog-
ical parametars with the following values: H0 = 70 km s−2 Mpc−1, ΩM = 0.3 and
ΩΛ = 0.7.

This chapter is organized as follows: in Section 3.2 we briefly present the data
sample and analysis that we performed, in Section 3.3 we describe and compare the
methods that we used for black hole mass estimations of CALIFA type 1 AGN, in
Section 3.4 we investigate the relationship between black hole mass estimations and
total stellar masses of their host galaxies. Results are interpreted and discussed in
Section 3.5, and, finally, in Section 3.6 we draw the final conclusions and summarize
our work.

3.2 Data Sample and Analysis

3.2.1 Sample description

For the purpose of this work we used data from the Calar Alto Legacy Integral Field
Area (CALIFA) survey (Sánchez et al., 2012; Walcher et al., 2014), whose observa-
tions were made with the Potsdam Multi Aperture Spectrograph (PMAS, Roth et al.
(2005)), installed at 3.5m telescope at the Calar Alto Observatory. CALIFA is an In-
tegral Field Spectroscopy (IFS) survey with large hexagonal Field of View (FoV) of
74′′ × 64′′, and sampling of 1′′ × 1′′ per spaxel. This allows us to study both inte-
grated and spatially resolved properties of the sample galaxies. The survey targets
galaxies in the nearby Universe, in redshift range 0.005 < z < 0.03.

Data of each galaxy is stored within two datacubes, one for each spectral setup,
a low resolution V500 (3745 < λ < 7500, R = 6 Å), and a medium resolution V1200
(3650 < λ < 4840, R = 2.3 Å) one. More detailed description of the data sample can
be found in Chapter 2.2.1, as well as in the original CALIFA survey sample papers
(Sánchez et al., 2012; Walcher et al., 2014; García-Benito et al., 2015; Sánchez et al.,
2016).

We used V500 setup of Data Release 3 (DR3, Sánchez et al. (2016)), which consists
of 542 galaxies. Since AGN are located exclusively in the centers of galaxies, we were
only interested in the physical processes that take place in this region. Therefore we
obtained observed flux densities from the central 3′′ × 3′′ regions of CALIFA dat-
acubes, and estimated total flux density for each galaxy by summing flux densities
in these 9 central spaxels. We considered only those spectra that have total central
signal to noise ratio S/N > 3.

3.2.2 Spectral fitting

LLAGN have very weak emission lines, especially BELs, that are often masked by
host-galaxy stellar light. In order to obtain pure emission line spectrum, it is impor-
tant that the host galaxy’s stellar contamination is properly subtracted. The detailed
spectral fitting procedure is described in Chapter 2.2.2 and we will give just a brief
summary of the fitting process here.
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In order to subtract stellar component from our spectra, we used the pyPAR-
ADISE spectral fitting code (Husemann et al. (in prep.), Walcher et al. (2006) and
Walcher et al. (2009)), which performs fitting of stellar kinematics and stellar popula-
tions in two iterative steps. As an output, the code produces a "model spectrum" that
is the best representation of continuum and absorption from host galaxy’s starlight.
We obtained pure emission line spectrum of galaxy’s central region by subtracting
stellar component model from the original spectrum.

For emission line modeling we assumed that all Narrow Emission Lines (NELs)
originate from the same region – the Narrow Line Region (NLR), and that Doppler
motion of the gas around SMBH is dominant mechanism of line broadening. We
assigned one Gaussian to fit each NEL, and allowed for a possibility that the Balmer
lines, Hα and Hβ, may have broad components, which are then fitted with one ad-
ditional Gaussian, each. We obtained emission line profiles of both narrow and
broad (if present) Hydrogen lines, Hα and Hβ, and narrow-line profiles of [NII]
λλ6548, 6583, [OIII] λλ4959, 5007, [SII] λλ6717, 6731 and [OI] λ6300. All NELs were
set to have same FWHMs, while FWHMs and central wavelengths of the broad lines
were left as free parameters, allowing for different line widths and blue- or redshifts
of the broad components.

In order to establish detection probability of the broad lines, we performed a
test: we added broad Hα line to 100 pure NEL spectra from the sample. This way
we created artificial spectra that contain broad Hα component, with different values
of fluxes, FWHMs, and central wavelength shifts. We established the detection prob-
ability for each broad Hα line flux, FWHM and shift value by taking into account the
frequency of how many times the reduced χ2 was improved after the broad Hα com-
ponent is added to the fit. Results of our test, as well as detailed description of the
emission-line fitting procedure can be found in Chapter 2.2.3.

Galaxies in the CALIFA sample are already corrected for galactic extinction (Sánchez
et al., 2012; Husemann et al., 2013). In order to correct obtained emission line fluxes
for dust reddening caused by Earth’s atmosphere, interstellar medium (ISM) and/or
circumnuclear dust, we used the extinction curve from Gaskell and Benker (2007).

3.2.3 Stellar Velocity Dispersions

In order to estimate black hole masses using MBH − σ∗ correlation, proper measure-
ments of bulge stellar velocity dispersions σ∗ of host galaxies are required. Obtain-
ing σ∗ is particularly challenging for AGN hosts, because the bright AGN emission
dilutes stellar features in galaxy’s center. This is not the case with LLAGN, which
makes them very convenient for good estimation of σ∗. Méndez-Abreu et al. (2017)
performed multi-component photometric decomposition of 404 CALIFA DR3 galax-
ies, including bulges, bars and disks. From their results we obtained the following
bulge properties: effective radius re f f , ellipse axis ratio q, and the position angle PA.
With these parameters, we were able to define central ellipses that represent bulges
of galaxies that have them as a component. We then binned the data of all spaxels
within each ellipse, and obtained average bulge flux density. Finally, we used the
pyPARADISE spectral fitting code in order to fit stellar kinematics of each bulge,
which provided us with estimations of σ∗.
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3.3 Black Hole mass estimation

We used BEL detection method described in Section 3.2.2 in order to separate type 1
AGN from other galaxies in the sample. Out of 483 CALIFA galaxies with detectable
emission lines, 89 have broad Hα line present in their central spectra. These are
all extremely faint objects, with broad Hα fluxes in range (13.48× 10−17 − 26.14×
10−15) erg s−1 cm−2 Å

−2
, with the mean value of 82.26 × 10−17 erg s−1 cm−2 Å

−2
.

On the other hand, FWHMs of these objects are comparable to the FWHMs of "typi-
cal" luminous type 1 AGN at high redshifts, occupying the range of values between
1000 km s−1 and 6000 km s−1, with the average of 3000 km s−1. We obtained broad
Hα luminosities LHα in range (0.23− 303.25)× 1039 erg s−1, with the average value
of 7.21× 1039 erg s−1. Majority of objects from our sample have extremely low LHα,
reaching below 1039 erg s−1, with exception of Mrk 79 (UGC 03973), being the only
relatively luminous type 1 AGN in our sample, with LHα = 3.03× 1041 erg s−1. The
histograms representing broad Hα luminosities can be found on Figure 2.7 Chapter
2.3.1.

3.3.1 MBH − σ∗ correlation

Tight correlation between black hole masses and bulge stellar velocity dispersions
is of high importance for understanding the coevolution of SMBHs and their host
galaxies through cosmic time. Establishing this relation is also very useful when
MBH cannot be measured directly, which is at higher redshifts or in LLAGN. In that
case, black hole masses can be estimated, with high accuracy, from the correlation
with bulge stellar velocity dispersions σ∗.

MBH − σ∗ correlation was primarily established for quiescent galaxies whose
MBH were measured directly from stellar or gas kinematics (Ferrarese and Merritt,
2000; Gebhardt et al., 2000a; Gebhardt et al., 2000b; Ferrarese et al., 2001; Merritt
and Ferrarese, 2001; Tremaine et al., 2002; Onken et al., 2004; Gültekin et al., 2009;
Kormendy and Ho, 2013; McConnell and Ma, 2013). Strong radiation from lumi-
nous AGN often contaminates host galaxy’s starlight, making σ∗ very challenging
to measure in these objects. For LLAGN, this is not the case, due to very weak AGN
emission. This allows us to estimate host galaxy’s properties without AGN contami-
nation, which is important for establishing unbiased correlations between AGN and
their hosts.

The assumption of consistent MBH − σ∗ relationship for quiescent galaxies and
AGN was a starting point in establishing the relationship for active galaxies (Geb-
hardt et al., 2000b; Ferrarese et al., 2001; Nelson et al., 2004). Woo et al. (2010), Greene
and Ho (2006), and Xiao et al. (2011) found, on the other hand, somewhat shallower
slope and lower normalization of MBH − σ∗ for different samples of active galax-
ies. The observed mismatch between correlations for active and quiescent galaxies
might be a consequence of biases introduced in sample selections, or it indicates an
actual physical difference between AGN and quiescent galaxies, and cooevolution
with their hosts.

Woo et al. (2013) and Shankar et al. (2016) showed that dynamically based MBH−
σ∗ correlations are biased towards more massive galaxies with larger σ∗, due to lim-
iting telescope resolution to resolve smaller black hole sphere of influence. Therefore
MBH − σ∗ correlations predicted from dynamically based black hole masses would
have higher normalization and would be steeper than those observed for AGN. They
showed, using Monte Carlo simulations, that if we include the same bias in AGN
samples, relationships between active and quiescent galaxies would be consistent.
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For purpose of this research, we used the MBH − σ∗ correlation established by
Woo et al. (2013), for a sample of 25 reverberation-mapped AGN, with data obtained
form Keck, Palomar and Lick Observatories. We chose this specific correlation as
a black hole mass estimator because their AGN sample consists of nearby spirals,
similar to ours. They provide the following equation for black hole mass estimation:

log(
Mσ

BH
M�

) = (7.31± 0.15) + (3.46± 0.61) log(
σ∗

200 km s−1 ) (3.4)

with intrinsic scatter of ε0 = 0.41 ± 0.05. The slope that they obtained is flatter
than that of quiescent galaxies but is consistent with previous MBH − σ∗ correlations
established for AGN.

Using the method described in Section 3.2.3, we estimated bulge stellar velocity
dispersions σ∗ of 404 objects, of which 55 have detectable broad Hα component, and
are therefore classified as type 1 AGN. Stellar velocity dispersions σ∗ of CALIFA
type 1 AGN are in range between 118 km s−1 and 397 km s−1, with mean value of
212 km s−1. We then applied Equation 3.4 in order to calculate black hole masses
Mσ

BH of these objects. Black hole masses that we obtained have values between 3.3×
106 M� and 2.2× 108 M�, with the average of 2.1× 107 M�. This result implies that
black hole masses lay on the low end of MBH − σ∗ correlation, which is expected for
LLAGN at low z.

In order to estimate bolometric luminosity of an AGN (Lbol), we need luminosity
measurements at all wavelengths, which is impossible to obtain for LLAGN. We,
therefore, used the broad Hα luminosity LHα as a proxy for Lbol . Using the correction
factor of 9.26 from Richards et al. (2006a) and the relation:

Lσ
bol = 130 ×2.4

÷2.4× LHα (3.5)

from Stern et al. (2012), we obtained Lσ
bol in range (3.5× 1040 − 3.9× 1043) erg s−1,

with the average value of 1.2× 1042 erg s−1. From estimated Lbol and LEdd = 1.25×
1038 (

Mσ
BH

M� ) erg s−1 (computed for Thompson scattering opacity and pure hydro-
gen composition, Shankar, Weinberg, and Miralda-Escudé (2013)), we calculated
Eddington ratios λ, using Equation 3.3. We obtained wide range of λ, occupying
extremely low values (4.1× 10−5− 2.4× 10−3), with an exception of Mrk 79 that has
λ = 4.3× 10−2. All measurements are documented in Table A.3 in Appendix.We
conclude that the LLAGN in the CALIFA sample occupy the low-mass and the ex-
tremely low-accretion rate end of AGN population.

In order to avoid any confusion, we referred to black hole masses, bolometric
luminosities, and Eddington ratios estimated from the MBH − σ∗ correlation estab-
lished by Woo et al. (2013) as Mσ

BH, Lσ
bol , and λσ, and the ones estimated using the

virial method as Mvir
BH, Lvir

bol , and λvir.

3.3.2 Virial Black Hole masses

Assumption that gas motion in the BLR is dominated by gravitational accretion onto
the central SMBH enables us to estimate black hole masses using the virial theorem,
defined by Equation 3.1 (Peterson and Wandel, 1999; Peterson and Wandel, 2000;
Kollatschny, 2003; Peterson et al., 2004; Bentz et al., 2010). Velocity of the gas υ in the
BLR is usually estimated from FWHM of broad Hβ emission line.

Since changes in flux of BELs follow changes of flux in continuum, it is possible
to estimate the size of BLR by measuring time lags between these flux variations.
Measuring the actual lags can be time consuming and is possible only for the closest
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luminous objects, therefore it is convenient to use some other, secondary mass in-
dicator. The radius – luminosity relationship (Equation 3.2) describes the empirical
correlation between BLR size and AGN continuum luminosity at 5100Å. Bentz et
al. (2013) established radius – luminosity relationship for low-luminosity end, using
RM measurements of 41 nearby AGN:

log(
RBLR

lt-day
) = 1.527+0.031

−0.031 + 0.533+0.035
−0.033 log(

L5100

1044 erg s−1 ) (3.6)

where L5100 is AGN continuum luminosity at 5100Å.
The challenge with LLAGN is that their continuum and broad Hβ lines are very

weak and, therefore hard, or even impossible, to detect. Greene and Ho (2005)
showed that broad Hα luminosity LHα and its FWHM can be used as proxies for
L5100 and FWHM of Hβ line, respectively. These correlations allow us to estimate
black hole masses relying only on the width and luminosity of broad Hα line.

From Greene and Ho (2005) we have:

LHα = (5.25± 0.02)× 1042 (
L5100

1044 erg s−1 )
(1.133±0.005)

ergs s−1 (3.7)

and

FWHMHβ = (1.07± 0.07)× 103 (
FWHMHα

103 km s−1 )
(1.03±0.03)

km s−1 (3.8)

which gives us the estimates of L5100 and FWHMHβ.
It is worth mentioning that Greene and Ho (2005) used total Hα luminosity in

Equation 3.7. The reason for this is that the narrow Hα luminosities from their sam-
ple account for only 7% of the total Hα luminosities, and they obtained consistent
relationships when they used both broad and total LHα. In our case, broad lumi-
nosities are much weaker, ∼ 50% of the total, therefore we used only the broad
component of LHα in Equation 3.7. This is justified by the observation that only BLR
traces AGN continuum.

Another parameter that contributes to MBH calculation is the virial factor f . The
f factor accounts for geometry, kinematics and inclination of the BLR, and can be a
source of the great uncertainty in black hole mass estimation, since these properties
are unknown. The virial factor may also vary with each individual object, but that
can only be determined if we have some other precise method of estimating MBH.
Hence it is much easier and more practical to compute the mean value of f , by scal-
ing RM measurements to MBH − σ∗ correlation of quiescent galaxies (Onken et al.,
2004; Woo et al., 2010; Graham et al., 2011; Park et al., 2012). This procedure, of
course, assumes that AGN follow the same MBH − σ∗ correlation as quiescent galax-
ies, which is not fully accurate, as discussed in the previous section. In order to esti-
mate black hole masses, we used the most recent value of virial factor log( f ) = 0.18,
calculated by Grier et al. (2017), using RM measurements of 9 AGN.

Combining equations 3.6 and 3.7, we estimated RBLR, and calculated BLR gas
velocity υ from Equation 3.8. Including the virial factor of f = 1.51 in Equation 3.1,
we estimated virial black hole masses Mvir

BH for all 89 type 1 AGN from the CALIFA
sample. These virial black hole masses are in range (3.5 × 105 − 2.4 × 107) M�,
having mean value of 4.3× 106 M�.

In order to estimate Lvir
bol , we again used broad Hα line as a proxy for AGN lu-

minosity, only this time, we used Equation 3.7 to connect broad Hα and continuum
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L5100 luminosities, in order to preserve consistency with virial black hole mass es-
timations. We obtained Lvir

bol values in range (1.6× 1041 − 7.9× 1043) erg s−1, with
mean value of 2.6× 1042 erg s−1. For virial Eddington ratios λvir we obtained values
5.1× 10−4 − 2.9× 10−2, with the average of 6.2× 10−3.

3.3.3 Comparison between virial black hole masses and the ones esti-
mated from MBH − σ∗

Using two distinctive methods of black hole mass estimation, we obtained signifi-
cantly different results. As a next step, we analyzed which of these two methods is
more reliable for black hole mass estimation. On Figure 3.1 we compared the distri-
butions of black hole masses (left) and Eddington ratios (right) estimated from both
virial method and MBH − σ∗ correlation of Woo et al. (2013) (further addressed as
W13). Mσ

BH are on average 9 times larger than Mvir
BH, reaching a factor > 30 for more

massive systems.
On the other side, Eddington ratios estimated using virial method λvir are on

average higher than those estimated from MBH −−σ∗ (λσ) for a factor of 12 (Figure
3.1 right), which is consistent with the Bondi accretion, where λ ∝ 1/MBH. Virial
Eddington ratios λvir are still in, what is considered, mildly active accretion phase,
while λσ reach values as low as log(λ) = −4.5, but majority of objects have values
above log(λ) = −3.75.
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FIGURE 3.1: Left: Comparison between virial black hole masses and those esti-
mated from the MBH − σ∗ correlation of Woo et al. (2013), and their respective dis-
tributions. Green histogram represents Mvir

BH , while the purple one represents Mσ
BH .

Dashed line is 1 – 1 correlation between Mvir
BH and Mσ

BH , while dotted line is the 1
– 10 correlation. Mσ

BH are on average larger than Mvir
BH for a factor of 9, reaching

a factor of 30 for more massive systems. Right: Comparison between respective
Eddington ratios, λvir and λσ. In this case dotted line represents 10 – 1 correlation

between λvir and λσ. λvir are on average larger than λσ for a factor of 12.

On Figure 3.2 we wanted to show where virial black hole masses Mvir
BH fall on

some previously established MBH − σ∗ correlations. We included both MBH − σ∗
correlation lines from W13 and Shankar et al. (2016) (in further read S16). One can
clearly see that discrepancy is larger for objects with larger σ∗. Few objects with the
lowest σ∗ are located close, but still below, W13 line, while all of them are extremely
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FIGURE 3.2: Virial black hole mass estimates Mvir
BH (green dots) plotted on the

MBH − σ∗ plane. The purple line is the correlation from Woo et al. (2013) that we
used to estimate Mσ

BH , while the dashed black line is the intrinsic MBH − σ∗ cor-
relation from Shankar et al. (2016). Majority of Mvir

BH lie below the two correlation
lines, implying underestimated Mvir

BH (if we assume that MBH − σ∗ is reliable black
hole mass estimator for LLAGN).

far from S16 intrinsic line. The only object that is located slightly above the relation
of W13 is Mrk 79. Mrk 79 even has a higher black hole mass and Lbol estimated
from virial method than from MBH − σ∗ of W13. Kaspi et al. (2000) obtained RM
measurements for this object and reported MBH = 7.2× 107 M� and log(Lbol) =
44.6. Using the W13 relation we obtained somewhat lower black hole mass and
bolometric luminosity (Mσ

BH = 2× 107 M�, log(Lbol) = 43.6), while virial estimation
gave Mvir

BH = 2.4× 107 M� and log(Lbol) = 43.9. If we use the S16 line, we obtain
black hole mass of 5.9 × 107 M�, which is closer to the RM value. Still, the S16
line is established for elliptical systems, which are minority in our LLAGN sample.
It is also important to mention that RM measurements are slightly biased against
LLAGN (Woo et al., 2013), therefore we do not have a clear picture of the exact
situation in this regime.

From obtained results, we can conclude that Mvir
BH are underestimated, according

to predictions from MBH − σ∗ correlations. This implies that we trust that MBH − σ∗
correlation still holds in such low-luminosity regime. This will be discussed further
in Section 3.5.

We wanted to investigate whether the black hole mass ratio Mσ
BH/Mvir

BH somehow
scales with λσ or λvir. Due to similarity of results for λσ and λvir, we will only discuss
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λσ, in order to avoid unnecessary repeating. On Figure 3.3 we plotted Mσ
BH/Mvir

BH
over λσ (black dots) and noticed that the area covering low λσ (log(λσ) < −3.6)
and high mass ratio (Mσ

BH/Mvir
BH > 14) remains blank (no black dots). In order to

establish whether this is due to selection effects or perhaps lack of objects in this
area has actual physical meaning, we designed a test that will show us where would
the hypothetical objects with low detection probability be located on this diagram.
We divided the Mσ

BH/Mvir
BH − λσ plane into 4 different areas, and analized FWHMs

and broad Hα luminoisities of objects falling into these 4 quadrants. We found
that objects with extremely low λσ (log(λσ) < −3.6) and smaller discrepancy be-
tween black hole masses estimated from virial method and MBH − σ∗ correlation
(Mσ

BH/Mvir
BH < 14), have the lowest broad Hα luminosities (2.7 × 1038 erg s−1 <

LHα < 1.0× 1039 erg s−1). These objects are located in the bottom left quadrant of the
diagram. On the other hand, objects located in the top right quadrant of the diagram,
with large discrepancy between black hole masses (Mσ

BH/Mvir
BH > 14) and log(λσ) >

−3.6, have the lowest FWHMHα in the sample (FWHMHα ∼ 1000− 2000 km s−1).
Our detection probability (Chapter 2.2.3) is higher than 50% for luminosities LHα >
2 × 1039 erg s−1 and higher than 80% for FWHMHα > 1000 km s−1. We then se-
lected objects with the lowest FWHMs and decreased their luminosities LHα for
50%, so that they fall in the range 1.4 × 1038 erg s−1 < LHα < 5.2 × 1038 erg s−1,
and recalculated virial black hole masses of these hypothesized objects. What we
obtained is that these objects have high Mσ

BH/Mvir
BH and low λσ, which would place

them in the blank area of the Mσ
BH/Mvir

BH − λσ diagram. These hypothesized objects
are represented with cyan stars on Figure 3.3. This quick test showed us that there
is no physical reason why we did not observe any objects with extremely low Ed-
dington ratios and high black hole mass discrepancy, since the lack thereof is only
due to the selection effects. These objects would have broad Hα fluxes fHα in range
(7− 22) × 10−18 erg s−1 cm−2 Å

−2
, which is between 10% and 50% (20% on average)

detection probability of our emission-line fitting code.

3.4 Relationship between black hole masses and total galaxy
stellar masses

In order to investigate connection between AGN and their host galaxies beyond the
bulge region, we investigated how well our black hole mass estimates fit on the
previously established correlations between MBH and total galaxy’s stellar mass M∗.
These correlations may provide further information about the coevolution of AGN
and their hosts.

Total stellar masses were calculated by the CALIFA collaboration (Walcher et al.,
2014) from Sloan Digital Sky Survey (SDSS) ugriz growth curve magnitudes. The
M∗ estimation method used the Bruzual and Charlot (2003) models with a Chabrier
(2003) Initial Mass Function (IMF), where possible bursts and different amounts of
dust extinction were accounted.

We found that type 1 AGN from CALIFA are hosted by the most massive galaxies
in the sample (1010.2 − 1011.9) M�, M∗ ≈ 1011 M� on average. On the Figure 3.4 we
present the link between Hubble types of type 1 AGN hosts from CALIFA, and their
total stellar masses. As we can see from the figure, these objects cover wide range
of morphological classes, but majority of them are distributed between S0 and Sbc
Hubble types. This was our motive to use W13 MBH − σ∗ correlation for black hole
mass estimations, since their sample consists mainly of spirals.
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FIGURE 3.3: Graphical representation of type 1 LLAGN selection effect on the
Mσ

BH/Mvir
BH − λσ plane. Black dots correspond to BH mass and Eddington ratio

estimates of the CALIFA AGN. Objects in the top bottom left quadrant have the
lowest broad Hα FWHMs in the sample, while the objects in the top right quad-
rant have the lowest broad Hα luminosities (below 50% detection probability). We
decreased LHα of the objects in the bottom left area for 50% and calculated the hypo-
thetical virial black hole masses (Mvir

BH) of these objects. The test objects are marked
with cyan stars and they fill in the blank area of the Mσ

BH/Mvir
BH − λσ diagram, im-

plying that we do not have data points in this region due to the inability to detect
such faint objects, and not for any particular physical reason.

Reines and Volonteri (2015) (further RV15) established the correlation between
black hole and total stellar masses of their hosts, for the sample of 341 nearby (z <
0.055) galaxies. Their sample includes type 1 AGN, dynamically measured black
hole masses, dwarfs and reverberation-mapped AGN. Black hole masses of type 1
AGN were estimated using the virial assumption. They calculated M∗ using the
procedure from Zibetti, Charlot, and Rix (2009), where total stellar masses were de-
rived from color dependant mass-to-light ratios, which is the method used for M∗
estimations at higher redshifts.

In order to investigate whether there may be some discrepancy between Zibetti,
Charlot, and Rix (2009) total stellar mass estimation method used by RV15 and ours,
we recalculated total stellar masses of the CALIFA galaxy sample, following the pro-
cedure described in RV15. We showed on Figure 3.5 that the total stellar masses
estimated using the RV15 recipe and the ones estimated by the CALIFA collabora-
tion correlate well with each other. Therefore, any source of discrepancy between
black hole mass estimates and MBH −M∗ relationships, if present, cannot be due to
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FIGURE 3.4: Connection between total host galaxies’ stellar masses M∗ and Hubble
types of galaxies hosting type 1 LLAGN in CALIFA. Our type 1 AGN are majorly

located in spiral galaxies between morphological classes S0 and Sbc.

different methods of estimations of total stellar masses.
S16 also established the, so-called, "intrinsic" MBH −M∗ correlation for the sam-

ple of local (0.05 < z < 0.2) early-type galaxies selected from the SDSS DR7 (Abaza-
jian et al., 2009), and 5 different black hole samples with dynamical black hole mass
measurements. They imply, similar to previous discussion about MBH − σ∗ correla-
tion, that the dynamically measured black hole masses are biased towards galaxies
with larger σ∗, therefore, towards the more massive ones. This provides higher nor-
malization factor than what is observed for SDSS galaxies in their sample. S16 states
that the bias is much stronger in MBH − M∗, than in MBH − σ∗ correlation. From
σ∗ − M∗ and MBH − σ∗ correlations, they established the intrinsic MBH − M∗ cor-
relation that has a slight curvature. They claim that the curvature in MBH − M∗ is
a consequence of the curvature in σ∗ − M∗ relation, which is due to galaxy forma-
tion physics, and does not imply anything fundamental about black hole formation
(Shankar et al., 2016; Fontanot, Monaco, and Shankar, 2015).

On Figure 3.6 we showed where our Mσ
BH measurements are located compared

to the MBH − M∗ correlations established by RV15 and S16. The data points were
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FIGURE 3.5: Correlation between total stellar masses estimated by the CALIFA
collaboration M∗ and the ones estimated using the recipe from Zibetti, Charlot,
and Rix (2009) (MZ09

∗ ). Since the correlation is strong, we conclude that any source
of discrepancy between black hole mass estimations and MBH −M∗ correlations is

not due to different methods of M∗ estimations.

color-coded for Eddington ratios λσ, where circles represent AGN located in spiral
galaxies, and squares the ones located in elliptical galaxies. It is clear that ellipticals
host the most massive black holes in the sample. We can also see that there is a slight
correlation with λσ, corresponding to Bondi accretion model (λ ∝ 1/MBH). We
noticed that the objects with the lowest Eddington ratios (log(λσ) < −3) correlate
very well with Mσ

BH and M∗ (yellow to green). On the other hand, the objects with
higher λσ (log(λσ) > −3) are distributed over almost the entire range of MBH and
M∗ values (all shades of blue). This is not surprising, considering the fact that one
Eddington ratio can cover wide range of black hole masses. Still it is an interesting
observation that there is a stronger correlation between black hole and total stellar
masses, on one side, and Eddington ratios on the other, in regime where λσ < 10−3.
This implies that only low-mass SMBHs accrete at these extremely low Eddington
ratios. According to the literature (Nicastro, 2000) such low accretion stages imply
that black holes are no longer in their active phase. Our results actually point out
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FIGURE 3.6: Distribution of the CALIFA type 1 AGN black hole masses, calculated
from the MBH − σ∗ correlation of Woo et al. (2013). Green dotted line was estab-
lished by Reines and Volonteri (2015) for a sample of local type 1 AGN, whose black
hole masses were estimated using the virial assumption, while the black dashed
line is from Shankar et al. (2016), established for a sample of local SDSS galax-
ies. The data points represent our black hole mass measurements, color-coded for
Eddington ratios λσ, where circles represent AGN located in spiral galaxies, and
squares the ones located in elliptical galaxies. We can see strong correlation for
lower Eddington ratios (log(λσ) < −3), while in the range of log(λσ) > −3, one

value of λσ spreads over a wide range of Mσ
BH and M∗.

that this threshold of log(λσ) ∼ −3 for black hole activity should be lowered, since
it implies that BLR cannot be seen in these objects, which is definitely not the case in
our observations. This will be discussed in detail in the next section.

Our Mσ
BH measurements fit perfectly on the MBH −M∗ correlation of RV15, and

have a slightly flatter slope than the MBH − M∗ correlation of S16. Our results are
in high agreement with the unbiased MBH − M∗ correlations of the local galaxies,
suggesting that the MBH − σ∗ relation of W13 can be used a reliable black hole mass
estimator of nearby type 1 LLAGN.

RV15 also noticed the difference between slopes of ellipticals and spirals, which
we do not observe in our data. This may come from the difference in sample sizes,
since we have only 12 type 1 AGN that are classified as ellipticals, which is statisti-
cally less significant than the number of data points from RV15.

It is interesting to note that our Mvir
BH estimates lay significantly below the MBH −

M∗ correlation of RV15 (Figure 3.7), even though this specific correlation was estab-
lished for the sample of viral black hole masses. We can also notice that the slope
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of Mvir
BH distribution on the MBH − M∗ plane is slightly shallower than both RV15

and S16 correlation lines, and our measurements of Mσ
BH. This result indicates that

Mvir
BH may be underestimated for an order of magnitude, or even more, for ellipticals,

which also agrees with Mσ
BH/Mvir

BH ratios that we estimated in Section 3.3.3.
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FIGURE 3.7: Distribution of virial black hole masses Mvir
BH (green stars) and those

estimated using the MBH − σ∗ correlation of Woo et al. (2013) (purple dots), on
MBH − M∗ plane. We can see that Mvir

BH lay significantly below (order of magni-
tude on average) the correlation lines of Reines and Volonteri (2015) and Shankar
et al. (2016), and that they have a shallower slope compared to Mσ

BH distribution
on MBH −M∗ diagram.
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3.5 Discussion

As we showed in Section 3.3.3, black hole masses estimated from the MBH − σ∗ cor-
relation and the ones estimated from virial assumption are inconsistent with each
other. Here we will discuss reliability of the methods that we used and try to offer
solutions for the problem of estimating black hole masses in nearby LLAGN.

MBH − σ∗ correlation is considered to be one of the most reliable black hole mass
estimators, since it was established for both quiescent and active galaxies in various
redshift ranges. On the other hand, virial method is often used as the most accurate
black hole mass estimation technique for nearby AGN. Many authors (Greene and
Ho, 2005; Greene and Ho, 2007; Zhang, Dultzin-Hacyan, and Wang, 2007; Woo et al.,
2015; Eun, Woo, and Bae, 2017) used virial assumption in order to estimate black
hole masses of local LLAGN. However, previous research in this field was done in
higher luminosity regime, with LHα ∼ 1040 erg s−1, than the one that we reached in
our work. Our broad Hα luminosities are of order∼ (1038− 1039) erg s−1, the regime
that remained unexplored so far. Do the established scaling relationships between
continuum luminosity and BLR size, or continuum and broad line luminosities still
hold in this low-luminosity regime? Or maybe MBH − σ∗ correlation cannot be ap-
plied on such faint sources? In the worse case scenario, can we be sure that the BELs
that we detected are actually representing gas motion in the BLR? Could they be an
indication of some other line broadening mechanism, or even source of an error?

Results that we obtained could be interpreted with three possible scenarios:

1. We didn’t actually detect the BLR feature, rather this is a fitting error or BELs
that we detected are produced by some other mechanism, and not by accretion
onto the central SMBH

2. Scaling relationships and virial assumption are still valid at extremely low lu-
minosities→ MBH − σ∗ correlation breaks down

3. MBH − σ∗ correlation is reliable black hole mass estimator for nearby low-
luminosity AGN→ virial scaling relationships break down

3.5.1 First scenario: Broad emission lines that we detected are not pro-
duced in the broad line region

Let’s start with the first scenario where there is still a possibility that the BELs that we
detected are not actually a product of the accretion of the material onto the central
SMBH, or that the fitting procedure was not precise enough, therefore the detected
broad line features are actually not real. This is the most unlikely scenario, because
we have solid evidence that these BELs are actually coming from SMBH accretion.
This would imply that FWHMs of our LLAGN are underestimated, which is highly
unlikely, since our detection probability of FWHMs in range between 1000 km s−1

6000 km s−1 is larger than 80%.
One of commonly used methods to distinguish between different types of emis-

sion line galaxies are the well known emission-line diagnostic diagrams (Baldwin,
Phillips, and Terlevich, 1981; Osterbrock and Pogge, 1985; Veilleux and Osterbrock,
1987; Kewley et al., 2001; Kauffmann et al., 2003; Kewley et al., 2006). This method
uses two narrow emission line ratios in order to separate star-forming galaxies from
Seyfert 2 AGN, and LINERs. On Figure 2.6 in Chapter 2.3.1 we marked the objects in
which we detected broad Hα lines on the diagnostic diagrams, and observed an in-
teresting result, which is that all of them are located in the AGN (Seyfert 2 + LINER)
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region on the [OIII]/Hβ over [NII]/Hα diagram. If these BELs are not the product
of central SMBH accretion, these broad-line objects would be distributed all over
the diagnostic diagrams, without any preferred direction. Some of them even have
confirmed counterparts in Radio and X-ray domains, which is the subject of Chapter
5.

We also wanted to compare widths of our LLAGN to the widths of typical lumi-
nous type 1 AGN. For that purpose we plotted the distribution of the FWHMs that
we obtain over the distribution of FWHMs from Hao et al. (2005a), normalized for
the same number of objects (Fig. 11 in Jonić et al. in preparation). Hao et al. (2005a)
obtained this distribution for a sample ∼ 1300 AGN selected from SDSS catalogue.
We can notice that our LLAGN width distribution clearly resembles the one of the
"genuine" AGN. This is further proof that the BELs that we detected are in fact, an
actual representation of the BLR in these objects. This would imply that BLR ex-
ists even in this extremely low luminosity and low Eddington ratio regime, which
would then bring further questions about the limiting accretion rate. If BLR is accre-
tion driven, then this threshold value of log(λ) ∼ −3 cannot be used as an indication
of activity of the central SMBH.

3.5.2 Second scenario: MBH − σ∗ correlation breaks down for local type 1
low-luminosity AGN

If we consider the second scenario, and assume that virial black hole masses that we
obtained are trustworthy, this would imply that MBH − σ∗ correlations established
so far, break down after a certain point and cannot be applied on nearby LLAGN
from our sample. This will result in scenario where we have relatively low black
hole masses in nearby Universe, but unlike previous studies (Greene and Ho, 2007;
Ho, 2008) that showed that these black holes are hosted by low massive galaxies, our
LLAGN are located in high-mass systems.

Zhang, Dultzin-Hacyan, and Wang (2007) also calculated smaller virial black
hole masses of the Palomar survey LLAGN, than what is predicted by MBH − σ∗ cor-
relations. They concluded that this offset of virial black hole masses from MBH − σ∗
is due to larger BLR of LLAGN. It is also possible that FWHMs of broad Hα lines
were systematically underestimated (Ho and Kim, 2016).

Nicastro (2000) proposed a scenario where the BLR is produced by accretion disk
wind, that is formed at the critical radius in the transition region between gas and
radiation pressure dominated disk. At high accretion rates, the accretion flow forms
geometrically thin and optically thick accretion disk (Shakura and Sunyaev, 1973)
that is typical for AGN with high luminosities. Low Eddington ratios, that are typi-
cal for LLAGN, introduce certain modifications to the accretion disk structure. As λ
decreases, the transition region between gas and radiation pressure dominated disk
region shrinks, and below the certain point, the critical radius becomes smaller than
the innermost stable orbit. For Eddington ratios below 10−3, optically thick and
geometrically thin accretion disk transforms into 3-component structure: an inner
optically thick disk, a truncated outer geometrically thin disk, and a jet or an out-
flow. The inner region of the accretion disk truncates (Shakura and Sunyaev, 1976;
Esin, McClintock, and Narayan, 1997; Ruan et al., 2019) and forms a quasi-spherical
radiatively inefficient accretion flow (RIAF, Quataert (2003)) that is advection dom-
inated (Narayan and Yi, 1994). These accretion flows are radiatively inefficient due
to their extremely low densities, at which the radiative processes are much weaker
than the energy dissipation.
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The existence of the outer truncated thin disk may possibly explain the SED of
LLAGN (Ho, 2008). The big blue bump, characteristical for luminous AGN, is ev-
idently absent from the spectra of LLAGN. Instead, there is a peak in the mid-IR
part of the LLAGN spectra, forming the so-called big red bump (Lawrence et al.,
1985; Willner et al., 1985; Chen and Halpern, 1989; Willner et al., 2004; Bendo et al.,
2006; Gu et al., 2007). These changes result in SED of LLAGN to appear shallow
in the optical and UV parts, lacking the typical power-law continuum feature. The
shift from blue to the red bump may be explained by the cool thermal outer disk
emission (Lawrence, 2005).

The last feature of the modified accretion disk – jets or outflows can be confirmed
by looking at the images from radio observations. LLAGN are considered to be more
radio loud than typical broad-line AGN (Trump et al., 2011). However, this topic is
beyond the scoop of this chapter.

The 3-component accretion disk model suggests that the critical radius is located
within the RIAF, from which point the disk wind cannot be generated, and there-
fore the classical BLR cannot be formed. Rather, these low-Eddington ratio LLAGN
would have the broadest possible emission lines, that are hidden in the optical spec-
tra (Laor, 2003). Since, according to this model, the BELs disappear for Edding-
ton ratios λ < 10−3, it would indicate that the black hole mass estimates from the
MBH − σ∗ of W13 would imply inactive black holes, since the BELs that we detected
could not be formed in the BLR. Similar model of BLR formation is proposed by Laor
(2003), except that in this model, FWHMs of broad lines are the parameter responsi-
ble for the correlation between radius of BLR and AGN luminosity, not the accretion
rate, as in Nicastro (2000) model.

An interesting discovery of our work is that both virial theorem and MBH − σ∗
correlation predict AGN with extremely low Eddington ratios. This would imply
that local LLAGN accrete at very low level, especially if we consider the black holes
from MBH − σ∗, where λσ lie significantly below the threshold value of 10−3. This
finding goes in favor of the second scenario. If we were able to detect an actual
BLR, then the Eddington ratios of these AGN should be higher than 10−3, according
to the models. Virial black hole masses still accrete at sub-Eddington ratios, but
majority of them are slightly above the limit. If we assume that LLAGN obey the
virial assumption, their black hole mass depends on BLR velocity and its luminosity.
If velocities are underestimated, black hole masses would be underestimated as well.

Kormendy and Ho (2013) concluded that rapid SMBH growth by radioactively
efficient accretion took place at higher z, in massive galaxies that are majorly quenched
today. They suggest that local SMBHs grow their masses by secular processes only,
which are not enough to keep black holes coevolving with their hosts. This would
imply that local LLAGN are not coevolving with their host galaxies. Still, the obvi-
ous correlations between both Mσ

BH and Mvir
BH with σ∗ and M∗ prove otherwise. Non-

existent coevolution may be the case in low-mass galaxies, but AGN hosts from our
sample are relatively massive systems, whose total stellar masses correlate well with
central SMBH masses. This implies that the second scenario where MBH − σ∗ cor-
relation breaks down for low-luminosities, and the virial method is still valid black
hole mass estimator is unlikely to be true.

3.5.3 Third scenario: Virial assumption can no longer be applied for black
hole mass estimations of local type 1 low-luminosity AGN

Finally we consider a scenario where the MBH − σ∗ correlation of W13 can be trusted
as a reliable black hole mass estimator for our local type 1 LLAGN. We have strong
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evidence from MBH − M∗ correlation to support this. MBH − σ∗ of W13 and and
MBH − M∗ correlation of RV15 represent totally independent data samples, there-
fore there is no reason to believe that somehow black hole mass estimates from
MBH − σ∗ correlation of W13 would be biased towards the MBH − M∗ relation of
RV15. We already mentioned that it is interesting that our actual Mvir

BH estimations
fall off the MBH − M∗ correlation of RV15, which is in fact established for virial
black hole masses. We can look at this from reversed perspective: let’s assume that
the MBH − M∗ correlation of RV15 is a valid black hole mass estimator for local
LLAGN. If we use this relation to calculate black hole masses, we obtain result that
is consistent with the MBH − σ∗ correlation of W13 (Figure 3.8). This proves that
even when black hole masses are estimated using two different methods and corre-
lations, in this case MBH − σ∗ and MBH −M∗, we obtain results that are consistent
with each other, which is not the case with virial black hole masses. The possible
explanation why virial black hole masses from RV15 are larger than ours may be
because their sample consists of AGN in luminosity regime where the scaling rela-
tionships are well established. In our work, we probed much fainter luminosities,
and it is possible that the scaling relationships do not hold to this point, since we
have no data in this regime to prove otherwise. Of course it is possible that both
MBH − Mσ and MBH − M∗ correlations break down at such low luminosities, but
it is highly unlikely, since they are two distinctive methods of black hole mass esti-
mation. Also, the fact that there is an actual correlation between Mvir

BH and σ∗, just
with lower normalization and slightly different slope, favors the idea that MBH − σ∗
correlation can still be used in extremely low-luminosity regime.

The largest uncertainty attributed to MBH − σ∗ correlation is, which one should
be trusted to be adequate in case of LLAGN, considering the variety of them. As we
already mentioned, W13 and S16 showed that MBH − σ∗ correlations of quiescent
galaxies are biased towards larger stellar velocity dispersions, therefore they favor
galaxies with more massive SMBHs. When they introduced the same bias to AGN
in their Monte Carlo simulations, they obtained higher normalization and steeper
slope, comparable to MBH − σ∗ correlations of quiescent galaxies. From this we can
conclude that the optimal solution would be to use one of MBH − σ∗ correlations
established for AGN. Still, there are few of them. In this work, we justified using the
one from W13 by similarities between objects in their sample and CALIFA.

The first scenario excludes the possibility that virial assumption can be used as
black hole mass estimator in this extreme low-luminosity regime. The assumption of
validity of MBH− σ∗ correlations for LLAGN, have more arguments on its side, since
virial method requires lot of extrapolations, where each of them may contribute to
the uncertainty in black hole mass estimation of these faint AGN. The first contribu-
tion to an error in black hole mass estimation may come from virial scaling factor f .
We already mentioned that f factor accounts for kinematics, geometry and inclina-
tion of BLR, which are the properties that we cannot estimate with current methods.
Yong, Webster, and King (2016) performed Monte Carlo simulations of two BLR disk
wind models, in order to recover virial factor f . Their result implies that f strongly
correlates with inclination angle of BLR, where larger values of f are associated with
smaller inclination angles, and smaller values of f – with larger inclination angles.
This shows that the standard assumption of one average value of f may introduce
significant error in black hole mass estimation. Still, virial factor alone cannot be
responsible for Mvir

BH offset from MBH − σ∗ or MBH −M∗, that is of an order of mag-
nitude or larger.

Other contribution to uncertainty of virial assumption may come from the virial
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FIGURE 3.8: Black hole masses estimated from the RV15 MBH − M∗ correlation,
represented on MBH − σ∗ plane. The respective lines are from MBH − σ∗ correla-
tions established by Woo et al. (2013) (solid purple line) and Shankar et al. (2016)

(dashed black line).

scaling relationships (Equations 3.6 and 3.7). It is important to investigate the ac-
curacy of these relationships if they are extrapolated beyond regions in which they
were established. LHα − L5100 from Greene and Ho (2005) and RBLR − L5100 from
Bentz et al. (2013) correlations were established for LHα > 1040 erg s−1. In our sam-
ple we have only one object with LHα in this regime – Mrk 79. Virial black hole mass
estimation of this object fits well on the MBH − σ∗ correlation of W13. This is, al-
though statistically insignificant, proof that both virial scaling relationships and the
MBH − σ∗ of W13 are valid in this luminosity regime. Also, some previous studies
at significantly higher luminosities than ours (Gebhardt et al., 2000b; Ferrarese et al.,
2001; Nelson et al., 2004; Onken et al., 2004) showed that virial black hole masses are
consistent with MBH − σ∗ correlations of quiescent galaxies.

In order to investigate whether a slight change of one or both scaling relation-
ships might provide virial black hole mass measurements that are consistent with
Mσ

BH, we varied the slopes and normalizations of RBLR − L5100 and LHα − L5100, in-
dividually and together, and recalculated Mvir

BH. Assuming that the relationships
are still linear, they would have to be changed so drastically that they would not
be applicable in higher luminosity domain, at which they are established in the first
place. This may indicate a turnover in scaling relationships, implying non-linear cor-
relation that would satisfy accounting of the faintest sources. Unfortunately AGN
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continuum of these objects is so weak that it is impossible to measure its luminos-
ity, which is necessary for establishment of these scaling relationships for broad Hα
luminosities below 1040 erg s−1.

The assumption of MBH − σ∗ being a valid black hole mass estimator for LLAGN
would imply that these objects are still able to form the BLR, although the struc-
ture of their central engine is probably modified to a certain extent. The most likely
scenario is that there is a smooth transition between classical optically thick and
geometrically thin accretion disk to the 3-component structure where we can no
longer detect the broad emission lines. According to this, low-luminosity local AGN
are weak scaled-down versions of luminous high-z AGN, which disagrees with the
claims of Ho (2008). Still, the objects that Ho used in his research (see also Greene
and Ho (2007)) are located in significantly less massive galaxies than AGN from our
sample. Type 1 LLAGN that we detected with CALIFA are accreting below tradi-
tionally used "treshold" value of SMBH activity (log(λ) ∼ −3), implying that their
accretion mechanism is consistent with the one of the typical luminous AGN. Con-
sidering our LLAGN as genuine type 1 AGN would require lowering of this limit,
implying that the current BLR formation and accretion models need to be reexam-
ined.

3.6 Conclusions

Local type 1 LLAGN are extremely difficult objects to detect due to their weak emis-
sion lines and non-existent typical power law AGN continuum. Yet, they are very
important for improving our understanding of black hole demographics across cos-
mic time, and coevolution of AGN and their host galaxies.

We used the CALIFA survey in order to detect these faint objects in the local Uni-
verse. We found that more than 16% of CALIFA galaxies host BELs in their spectra.
These BELs are extremely weak (LHα ∼ 1039 erg s−1), but have FWHMs comparable
to the "typical" high-luminosity high-z type 1 AGN (3000 km s−1 on average). We
also estimated bulge velocity dispersions σ∗ and total stellar masses M∗ of the host
galaxies of these objects, which helped us gain insight into the correlations between
these parameters and black hole masses.

We estimated black hole masses of these type 1 LLAGN using the MBH − σ∗ cor-
relation of Woo et al. (2013), on one hand, and virial assumption, on another. We
obtained significant discrepancy between the results. Our virial black hole masses
are on average ∼ 10 smaller than the black hole masses estimated from MBH − σ∗
correlation, while the Eddington ratios are on average 12 times larger. The discrep-
ancy is the smallest for the low-mass spiral galaxies, and reaches more than a factor
of 30 in black hole mass for the massive elliptical systems.

These results lead to three possible scenarios: the BELs that we detected are not
produced in the BLR by the accretion of the material onto the central SMBH, they
can be produced by some other mechanism or they represent a systematic error in-
troduced by fitting procedures; the virial assumption and virial scaling relationships
are a valid black hole mass estimator for LLAGN and MBH − σ∗ correlations break
down; or MBH − σ∗ correlation is still valid in this extreme low-luminosity regime
and the scaling relationships are probably no longer linear and therefore cannot be
applied for black hole mass estimation.

The scenario where MBH−σ∗ correlation is still a valid black hole mass estimator,
even for the faintest AGN, is probably the most likely one, while the virial theorem
requires lot of assumptions and extrapolations beyond the established luminosity
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regime. Also, the location on the emission-line diagnostic diagrams and the dis-
tribution of FWHMs of the objects with detected broad Hα imply that these are in
fact AGN. Another factor that favors the MBH − σ∗ correlation is that the black hole
masses estimated from it correlate very well with previously established MBH −M∗
correlations for local type 1 AGN. If MBH − σ∗ correlation is still valid black hole
mass estimator, this would imply that these objects are weak scaled-down versions
of genuine luminous type 1 AGN originating at high redshifts, and that there are
no drastic changes of LLAGN accretion disk structure. They are still able to form
the BLR that produces very faint, yet still detectable BELs. Accretion disk most
likely changes smoothly from optically thick and geometrically thin structure, to
the 3-component model consisting of inner RIAF, an outer geometrically thin disk,
and a jet or an outflow. The virial scenario would require modifications of the cen-
tral engine, where the accretion disk is probably decomposed into this 3-component
structure, in which case, LLAGN would have to be different type of objects than
luminous high-z AGN.

We can not claim with 100% accuracy that one of the three proposed scenarios
is certainly the correct one. In order to derive such statement, further studies of
LLAGN are necessary. Still we gained some new insight on the LLAGN in the local
Universe.

Our results can further be used to establish the faint end of AGN luminosity
function, as well as black hole mass function and Eddington ratio distribution func-
tion. This will help us gain better insight into the AGN population as a whole and
study AGN and SMBH phenomenon on the entire redshift range.
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CHAPTER 4

Luminosity and distribution
functions of the CALIFA type 1
AGN

ABSTRACT

We applied 1/Vmax method to estimate AGN luminosity function (AGNLF), as
well as black hole mass (BHMF) and Eddington ratio distribution (ERDF) functions
of local type 1 AGN, using the CALIFA survey (0.005 < z < 0.03). For a sample of
89 type 1 AGN we estimated both broad and total Hα emission-line luminosity func-
tions, and combined our result with previous studies in this field, in order to obtain
local AGNLF for a wide range of luminosities. We found double power law to be
good representation of our binned AGNLF. The shape of AGNLF shows an apparent
flattening for LHα / 1040 erg s−1, indicating that we approached the upper limit of
AGN number density in the local Universe. BHMF and ERDF were estimated for
a sub-sample of 55 type 1 AGN, for which we had measurements of stellar velocity
dispersions. BHMF is well described both by a double power law and the Schecter
function. Consistently with the shape of AGNLF, we observed clear flattening of
both BHMF (for log(MBH) < 7.7 in units of M�) and ERDF (log(λ) < −3), depict-
ing the peak of low-mass and low-activity SMBHs at z ≈ 0. Comparing our active
black hole mass function with the one of local quiescent black holes, we estimated
the fraction of active SMBHs in CALIFA. The active fraction decreases with increas-
ing black hole mass, agreeing with the scenario of anti-hierarchical growth of black
holes, or AGN downsizing. We showed that both BHMF and ERDF contribute to
the downsizing, and signified the importance of including black holes in the lowest
stages of their activity in order to fully understand their growth history.
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4.1 Introduction

Growth of Super Massive Black Holes (SMBH) across cosmic time is the key to un-
derstanding formation and evolution processes of galaxies. In order to fully com-
prehend black hole growth, it is essential that we study them in different stages of
their activity. Active Galactic Nuclei (AGN) represent important phase in black hole
and galaxy’s activity cycle and can provide significant insight into demographics of
SMBHs.

Correlations between black hole masses and their host galaxies’ properties, such
as stellar velocity dispersion (Ferrarese and Merritt, 2000; Gebhardt et al., 2000a;
Gebhardt et al., 2000b; Tremaine et al., 2002; Nelson et al., 2004; Onken et al., 2004;
Gültekin et al., 2009; Kormendy and Ho, 2013; McConnell and Ma, 2013), bulge
mass or bulge luminosity (Ferrarese et al., 2001; Merritt and Ferrarese, 2001; Gül-
tekin et al., 2009; Kormendy and Ho, 2013), or galaxy’s total stellar mass (Magorrian
et al., 1998; Merritt and Ferrarese, 2001; Marconi and Hunt, 2003; Häring and Rix,
2004; Reines and Volonteri, 2015), imply that there is a strong coevolution of cen-
tral SMBHs and their hosts. In previous chapter, we showed that this coevolution
persists until present epoch for SMBHs in massive galactic systems. The correlation
between black hole mass MBH and bulge stellar velocity dispersion σ∗ (the MBH − σ∗
correlation) is proven to be reliable black hole mass estimator across various redshift
ranges. Greene and Ho (2006), Woo et al. (2010), and Xiao et al. (2011) found that
MBH − σ∗ correlations of active galaxies show shallower slope and lower normaliza-
tion than the ones established for samples of quiescent galaxies. The same discrep-
ancy is observed for the sample of local galaxies, selected from Sloan Digital Sky
Survey (SDSS) database (see Shankar et al. (2016)). Woo et al. (2013) and Shankar
et al. (2016) pointed out that this inconsistency is a consequence of selection biases
of MBH − σ∗ correlations established for dynamically measured black hole masses
of quiescent galaxies. Their simulations showed that, if the same bias is introduced
to the samples of AGN and local SDSS galaxies, the corresponding MBH − σ∗ corre-
lations would be consistent with those estimated from dynamically measured MBH.

AGN luminosity function

In order to properly understand the growth of AGN population, it is necessary to
establish the AGN luminosity function (AGNLF) at different redshifts and luminosi-
ties. AGNLF represents AGN number density at a given volume for a given lumi-
nosity, and is relatively well established for the luminous QSOs at high z (Schmidt
and Green, 1983; Marshall et al., 1983; Boyle, Shanks, and Peterson, 1988; Boyle
et al., 2000; Hewett, Foltz, and Chaffee, 1993; Schmidt, Schneider, and Gunn, 1995;
Hawkins and Veron, 1995; Wisotzki, 1999; Fan et al., 2000; Richards et al., 2006b;
Croom et al., 2009; Palanque-Delabrouille et al., 2013). Low-Luminosity AGN (LLAGN)
are extremely faint when compared to luminous QSOs at high redshifts, making
them consequently much harder, or even impossible, to detect with methods that
are used for QSO identification. This is the reason behind our lack of proper knowl-
edge of AGNLF at z ≈ 0 and in lower luminosity regimes (Ho, 2008). Another
important factor is that the weak LLAGN emission can often be heavily diluted by
its host galaxy starlight. This requires very precise stellar continuum and absorption
modeling and their proper subtraction from the observed spectrum.

Objects that are particularly useful for luminosity function studies are type 1
AGN, that distinguish themselves by the presence of permitted broad emission lines
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(BELs) in their central spectra. Most commonly used BELs for black hole mass esti-
mations are the Balmer series lines of Hydrogen, Hα and Hβ. Such lines with Full
Widths at Half Maximum (FWHMs) of few thousands km s−1 can only be produced
by accretion of the material onto the central active SMBH, therefore they remain un-
affected by host galaxy’s stellar contamination.

On the other hand, weak emission of LLAGN is very useful for studying the
properties of central SMBHs and their hosts separately, since black hole emission
doesn’t prevail over host galaxy’s starlight. Hence, the detection of type 1 LLAGN is
extremely important for establishing unbiased correlations between central SMBHs
and their host galaxies, and for determining the faint-end of AGNLF.

Koehler et al. (1997) were the first to obtain luminosity function for a small sam-
ple of local type 1 AGN, followed by works of (Vila-Vilaro, 2000; Ulvestad and Ho,
2001; Hao et al., 2005a; Greene and Ho, 2007; Schulze, Wisotzki, and Husemann,
2009). For the purpose of our work, we used the data from the Calar Alto Integral
Field Survey (CALIFA, Sánchez et al. (2012), Husemann et al. (2013), Walcher et al.
(2014), and García-Benito et al. (2015)), and probed even weaker luminosity broad
Hα regime than previous studies in this field. This allowed us to establish the faint-
end of AGNLF at z ≈ 0, for a sample of 89 type 1 LLAGN from the CALIFA survey.

Local AGNLF not only show us how these objects fit into a bigger picture, but
also serve as a zero-point for higher redshift AGN and QSO luminosity function
studies. If AGNLF is well established for a wide range of luminosities at different
redshifts, it can be used for studying of evolution of entire AGN population over
cosmic time.

Schulze, Wisotzki, and Husemann (2009) estimated type 1 AGN luminosity func-
tion at z < 0.3 and performed a comparison between their local AGNLF and lumi-
nosity functions from Bongiorno et al. (2007) and Croom et al. (2009), estimated for
AGN at higher redshifts. They extrapolated these high-z luminosity functions to
z ≈ 0 and found disagreement with their local AGNLF. Bongiorno et al. (2007) and
Croom et al. (2009) luminosity functions predicted significantly higher space density
of luminous AGN in local Universe. This emphasises the importance of estimating
AGNLF at z ≈ 0, as it may give us additional information on AGN distribution
through cosmic history.

One important aspect of comparing high-z luminosity functions to the local ones
is that there is a clear difference in their respective shapes. The breaking point, typi-
cal for high-z AGNLF, occurs at significantly higher luminosities than in case of local
luminosity function. This so called "AGN downsizing" scenario (Ueda et al., 2003;
Steffen et al., 2003; McLure and Dunlop, 2004; Merloni, 2004; Merloni and Heinz,
2008) implies that the majority of luminous AGN with high-mass SMBHs are mainly
formed earlier in cosmic history, while in current epoch the majority of LLAGN with
lower black hole masses are accreting at significantly lower rate.

Black hole mass and Eddington ratio distribution functions

Although AGNLFs are particularly important for studies of black hole demograph-
ics and their growth history across cosmic time, they require numerous assumptions
in order to be established in the first place. The most common one is assuming the
same Eddington ratio for the whole SMBH population which implies that at differ-
ent redshifts SMBHs of all mass ranges are accreting at the same level. The history
of SMBH mass growth would then directly depend on AGN luminosity, indepen-
dent on the stage of their activity (Nobuta et al., 2012). This is, however, far from
realistic scenario. Kauffmann and Heckman (2009) and Schulze and Wisotzki (2010)
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showed that local AGN have wide range of Eddington ratios, while in Chapter 3 we
concluded that LLAGN of CALIFA accrete at extremely low level. In order to avoid
these biases that would introduce additional uncertainties in understanding of the
AGN population, it is useful to divide AGNLF into two parts: the active black hole
mass function (BHMF) and the Eddington ratio distribution function (ERDF). This
will further help us gain deeper understanding of SMBH population growth.

Estimation of active BHMF requires that we already have known black hole
masses which is something that cannot be estimated directly. The BHMF of local
active galaxies from our sample can be estimated by relying on the correlations be-
tween black hole masses and host galaxies’ bulge properties, such as bulge mass or
bulge stellar velocity dispersion (Salucci and Persic, 1999; Yu and Tremaine, 2002;
Shankar et al., 2004; Marconi et al., 2004). Correlation between black hole masses
and host galaxies’ stellar velocity dispersions σ∗ is originally established for samples
of quiescent galaxies that have MBH measurements obtained directly from stellar or
gas kinematics (Ferrarese and Merritt, 2000; Gebhardt et al., 2000a; Gebhardt et al.,
2000b; Ferrarese et al., 2001; Merritt and Ferrarese, 2001; Tremaine et al., 2002; Onken
et al., 2004; Gültekin et al., 2009; Kormendy and Ho, 2013; McConnell and Ma, 2013).
Further research showed that MBH − σ∗ correlation can also be applied on samples
of active galaxies (Gebhardt et al., 2000b; Ferrarese et al., 2001; Nelson et al., 2004;
Greene and Ho, 2006; Woo et al., 2010; Xiao et al., 2011), when certain selection bi-
ases are taken into account and eliminated (more in Chapter 3.3.1 and in the original
works of Woo et al. (2013) and Shankar et al. (2016)). Emission of luminous AGN
often dominates the spectrum and outshines host galaxy’s stellar component, which
introduces challenges in measuring bulge stellar velocity dispersion. On the other
hand, LLAGN have significantly weaker emission, which allows us to properly mea-
sure σ∗ of their host galaxies, while undiluted AGN emission can be measured from
BELs of type 1 objects. It is for that reason our sample of type 1 LLAGN is of great
use for setting the zero-point of active BHMF. Another commonly used method, es-
pecially for local AGN, is the virial assumption, but as we discussed in Chapter 3,
this method appears to be unreliable black hole mass estimator for CALIFA type 1
AGN.

First BHMF estimation were made by McLure and Dunlop (2004), for a sample
of type 1 QSO from SDSS survey and Heckman et al. (2004), for low-redshift type
2 AGN. Later studies (Greene and Ho, 2007; Vestergaard et al., 2008; Labita et al.,
2009; Schulze and Wisotzki, 2010) showed there is an evidence of cosmic downsiz-
ing or antihierarchical growth of SMBHs, consistent to the one observed in AGN
luminosity functions. Marconi et al. (2004) derived the first local BHMF, by apply-
ing correlations between MBH and bulge luminosity and stellar velocity dispersion.
Further works in this field (Graham et al., 2007; Vika et al., 2009; Shankar, Weinberg,
and Shen, 2010; Li, Ho, and Wang, 2011) used different data sets and appeared to be
in great agreement with results of Marconi et al. (2004).

Considering ERDF, there are only few studies conducted so far on this topic, of
which the one estimated by Schulze and Wisotzki (2010) for a sample of local type
1 AGN from Hamburg/ESO survey (HES, Wisotzki (1999)) is the most connected to
our work.

The main goal of this chapter is to explore how AGNLF, BHMF and ERDF of
CALIFA type 1 AGN fit into a bigger picture, by comparing them to the previous
results in slightly higher luminosity regime. Throughout this chapter we assume
Hubble constant of H0 = 70 km s−1 Mpc−1, and cosmological density parameters:
ΩM = 0.3 and ΩΛ = 0.7.
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The outline of this chapter is as follows. In Section 4.2 of this chapter we briefly
describe our data sample and the method that we used for its volume correction. In
Sections 4.3, 4.4 and 4.5 we discuss our methods and present the results of emission-
line AGNLF, BHMF and ERDF, respectively. In Section 4.6 we discuss our results
and weight on how they agree with the previous studies in this field, and in Section
4.7 we summarize our work and draw the final conclusions.

4.2 CALIFA survey and type 1 AGN sample

4.2.1 Survey area

The detailed description of the CALIFA survey and its galaxy sample selection is
given in Chapter 2.2.1. Here, we will only give a brief information about the survey
area and selection criteria.

The CALIFA survey observations were conducted with the Potsdam Multi Aper-
ture Spectrograph (PMAS, Roth et al., 2005) mounted at the 3.5 m telescope at Calar
Alto Observatory, Spain, employing the PPAK Integral Field Unit (Verheijen et al.,
2004; Kelz et al., 2006). PPAK has a hexagonal field of view of 74′′ × 64′′, and the
sampling is 1′′ × 1′′ per spaxel. The survey covers ΩC = 8700 deg2 area on the sky,
which, in its redshift range (0.005 < z < 0.03), this corresponds to ∼ 1.7× 106 Mpc3

of comoving volume (Walcher et al., 2014). The entire galaxy sample of CALIFA
consists of 939 galaxies, which is called the "mother sample". Mother sample was
selected from the SDSS data release 7 (DR7), with isophote major axis at 25 mag
per square second in the r band (isoAr) to satisfy the criteria: 45′′ < isoAr < 79.2′′,
cut in the Galactic latitude to exclude the Galactic plane: b > 20 or b < −20, and
petroMagr < 20, to exclude very faint objects.

4.2.2 Sample selection

For the purpose of this research we used Data Release 3 (DR3, Sánchez et al. (2016))
of CALIFA survey sample, which consists of 542 galaxies. We extracted spectra from
the central 3× 3 spaxel (3′′ × 3′′) aperture of these galaxies. We performed spatial
binning of the data within these 9 central spaxels, at each wavelength, in order to
obtain total flux density of the nuclear galactic regions, since this nuclear region cor-
responds to approximately 100 - 500 pc at CALIFA redshifts, which is comparable to
the size of the central AGN. Further we conducted spectral analysis of these central
regions, consisting of, first, host galaxy’s stellar continuum and absorption model-
ing, and, secondly, emission line modeling. In order to remove host galaxy’s stellar
component from the spectrum of interest, we used the PyParadise (Husemann et
al. (in prep.),Walcher et al. (2006) and Walcher et al. (2009)) spectral fitting code,
which generates a model spectrum that represents stellar continuum and absorp-
tion coming from the host galaxy. After the stellar component model is properly
subtracted from the original spectrum, what remains is pure emission line spec-
trum of the galactic central region. In order to obtain emission-line model spectrum
and measure the emission-line parameters, we designed a code that detects and fits
broad component of Hα emission line, if one is present in the spectrum.

Detailed description of the the PyParadise fitting procedure can be found in
Chapter 2.2.2, and, of course, in PyParadise description papers (Husemann et al.
(in prep.)), while the emission-line fitting procedure is described in Chapter 2.2.3.

By applying this broad line fitting procedure, we detected the broad Hα compo-
nent in 89 central spectra of the CALIFA DR3 galaxies. These BELs appear to be very
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weak, but their FWHMs (1000− 6000) km s−1 are comparable to those of "typical"
type 1 AGN (detailed discussion in Chapter 2.3.2). Correspondingly, we classified
these objects as type 1 AGN, and established their luminosity and distribution func-
tions.

4.3 AGN luminosity function of CALIFA type 1 AGN

Establishing AGNLF at z ∼ 0 is essential for AGN evolution studies, as it may serve
as a zero-point of QSO luminosity functions. The AGNLF, φ(L), represents the num-
ber of objects, N, per unit comoving volume, V, per unit luminosity, L:

Φ(L, z) =
d2N

dL dV
(4.1)

Before establishing luminosity function for a sample of objects from a diameter-
limited survey, it is important to introduce a correction for the volume effect. This is
an effect where at certain apparent brightness, brighter objects have larger volume
over which they could be detected, as more luminous objects can be observed at
greater distances, resulting in their higher fraction in the survey.

In order to correct for this bias, it is necessary to perform volume correction that
uses a weighed mean to properly account for its relative contributions at all magni-
tudes. In our work, we obtained space densities of the objects in the sample by using
the 1/Vmax estimator (Schmidt, 1968; Felten, 1976; Avni and Bahcall, 1980). Vmax rep-
resents the calculated maximal volume that galaxies could have inhabited in certain
redshift range, in order to still be observable.

We used the Vmax values estimated by the CALIFA collaboration (Walcher et al.,
2014), for a sample of 937 CALIFA galaxies. Vmax for each galaxy is estimated as:

Vmax =
∫ zmax

zmin

Ωe f f (m)
dV
dz

dz (4.2)

where Ωe f f is the effective survey area, and zmin and zmax are minimum and maxi-
mum redshift for which an object of the same linear size Diso would still be captured
by the CALIFA selection criteria. Equation 4.1 assumes that probability of finding
AGN in the survey is independent from redshift, which is justified for a narrow red-
shift range of CALIFA. By implementing such volume correction, we secured that
our sample is not affected by Malmquist bias Malmquist (1922) and volume effects.

Since type 1 AGN with measured black hole masses consists only of a fraction
(55 objects) of the entire type 1 AGN sample from CALIFA, it is important to account
for this reduction of the entire type 1 AGN sample when performing a volume cor-
rection. The effective solid angle Ωe f f is then given as Ωe f f = f × ΩC, where f
represents the completeness of spectroscopic coverage of the sample. In the case of
DR3 galaxy sample the completeness amounts f = 55/89 ≈ 61.8%.

In the sense of logarithmic luminosity, log(L), Equation 4.2 becomes:

Φ(L) =
1

∆logL ∑
k

1
f Vk

max
(4.3)

where ∆logL is luminosity bin size.
The most common parametrization of AGNLF is done using a double power law

(Marshall, 1987; Boyle et al., 2000) defined as:
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φ(L) =
φ∗/L∗

(L/L∗)−α + (L/L∗)−β
(4.4)

where φ represents a non-logarithmic form of LF, and is connected to the binned
luminosity function Φ(L) by φ(L) = loge Φ(L)/L. φ∗ is the normalization, L∗ is
a characteristic break luminosity, and α and β represent bright-end and faint-end
slopes, respectively.

In order to obtain AGNLF, we would need estimates of AGN bolometric lumi-
nosities Lbol , which would require luminosity measurements at all wavelengths. As
this is impossible for such LLAGN as we have in CALIFA, broad Hα luminosity LHα

might serve as a proxy for Lbol , when certain corretion factor is applied (Richards
et al., 2006a). We calculated broad Hα luminosities of our type 1 AGN, adapt-
ing cosmological parameters mentioned in Section 4.1. We obtained remarkably
low values of LHα, in range (2 × 1038 − 3 × 1041) erg s−1, with the average value
of 7.2× 1039 erg s−1. This is extremely low luminosity regime, and might serve as a
great zero-point for further studies of AGN luminosity function.

In order to understand whether our sample suffers from incompleteness, we re-
fer to the results obtained in the experiment in Chapter 2.2.3, where we determined
the minimum strength of broad Hα component required in order for it to be de-
tected with our emission-line fitting method. We concluded that all 89 CALIFA type
1 AGN have probability of more than 40% that their broad Hα lines are genuine
BELs formed in the broad line region (BLR) by accretion of the material onto the
central SMBH. Therefore our type 1 AGN sample overall has a very high level of
completeness, but might still suffer from the incompleteness for the lowest lumi-
nosities (log(LHα) < 38.5). By marking CALIFA galaxies with detectable BELs on
the standard emission-line ratio diagnostic diagrams (Chapter 2.3.1) we showed that
they are located in AGN – LINER-like regions, which may serve as a valid confir-
mation that these objects are indeed genuine AGN. The BEL recovery test that we
performed and the location of CALIFA galaxies with BELs on the diagnostic dia-
grams show that such weak BELs that we detected are real and that we can detect
them in AGN.

On Figure 4.1 we show binned emission-line luminosity function of broad Hα
component combined with broad LHα histogram. Binned broad AGNLF is calcu-
lated for a sample of 89 CALIFA type 1 AGN. Bin size is 0.25 dex in log(LHα). The
errors of AGNLF were estimated from Poisson statistics, but in case of the lowest
luminosity bin, which might suffer from sample incompleteness, and two highest
luminosity bins that contain only a single object per bin, realistic errors are larger
than Poissonian’s. The object that distinguish itself from others by apparently higher
broad Hα luminosity is Mrk 79, the only well known type 1 AGN in the CALIFA
survey. This is the only measurement in the highest luminosity bin, and, although a
single object, it can be used for comparison with other higher-luminosity studies, in
order to test our results. Binned AGNLF of CALIFA is documented in Table 4.1.

We fitted our binned broad AGNLF with double power law function (Equation
4.4), and obtained φ∗ = 6.94× 10−4 Mpc−4, with a breaking point at log(L∗) = 39.65,
α = −0.92 describing the faint-end, and β = −4.18 bright-end slopes, and reduced
chi-square value of χ2

red = 2.83. We excluded two highest luminosity bins from the
fit as they contain only one object each, therefore we cannot statistically weight them
in, as well as the lowest luminosity bin due to incompleteness. Although we can not
accurately describe the high-luminosity end of AGNLF, it is evident from the fit that
the shape of the double power law and the data indicates a flattening of AGNLF at
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FIGURE 4.1: Top: Histogram of broad Hα luminosities of 89 type 1 AGN from the
CALIFA sample. Luminosity range is (2× 1038− 3× 1041) erg s−1. Bottom: Binned
emission-line AGNLF of these objects estimated using 1/Vmax method, and fitted
with double power law (dashed green line), excluding the two highest luminosity
as well as the lowest luminosity bins. The bin size of 0.25 dex. Open symbol rep-
resents an incomplete bin, while arrows on errorbars indicate that respective bins

contain only a single object.

low-luminosity end. The flattening occurs approximately at 39.5 in logΦ(L) units,
and is crucial to describing and understanding the local AGNLF. Therefore, in order
to properly describe the shape of the local AGNLF, and understand its evolution, it
is necessary to combine our results with other studies at z ≈ 0 that are established in
slightly higher luminosity regimes. This will be analyzed in detail in Section 4.6.1,
where we will perform parametrization of the combined AGNLF, consisting of our
data points and the results obtained by Schulze, Wisotzki, and Husemann (2009) and
Hao et al. (2005b).

Comparison between luminosity function and a histogram that we see on the fig-
ure highlights the importance of including volume corrections in order to properly
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understand distribution of objects in certain luminosity and redshift range. As we
can see, fraction of AGN with broad Hα luminosities below 1039.5 erg s−1 is signifi-
cantly higher in the local Universe than what it can be concluded from the histogram
of luminosities. As we can detect brighter sources at larger distances, it appears that
they are much more common in the local Universe than fainter objects, which intro-
duces a bias in our understanding of AGN demographics.

TABLE 4.1: Binned broad Hα emission-line AGN luminosity function of 89 CALIFA
type 1 AGN. N is the number of objects per bin.

log LHα,broad N log Φ
[erg s−1] [Mpc−3 log L−1

Hα,broad]
38.25 2 −3.62+0.27

−0.82
38.50 4 −2.70+0.13

−0.18
38.75 5 −2.96+0.12

−0.17
39.00 12 −3.00+0.09

−0.12
39.25 28 −2.83+0.08

−0.10
39.50 18 −2.73+0.21

−0.40
39.75 13 −3.43+0.12

−0.16
40.00 4 −3.93+0.14

−0.21
40.25 1 −5.06+0.20

−0.40
41.25 1 −4.72+0.20

−0.40

4.4 Active black hole mass function of CALIFA type 1 AGN

As we showed in Chapter 2, type 1 AGN account for a non-negligible fraction of the
entire SMBH population, therefore estimation of active BHMF is important in order
to properly understand SMBH growth across cosmic time. CALIFA type 1 AGN
provide a great opportunity to study how local SMBHs fit into a bigger picture of
black hole demographics.

We constructed the CALIFA active BHMF by applying the same approach as in
case of emission-line AGNLF in Chapter 4.3. We used the same 1/Vmax estimator
as for AGNLF. Usually, in order to estimate the local BHMF, evolution corrections
are necessary, but in case of such narrow redshift range as the one of CALIFA, evo-
lution has no effect on BHMF. We calculated the binned BHMF from the following
equation:

Φ(MBH) =
1

∆log(MBH)
∑

k

1
f Vk

max
(4.5)

where Φ(MBH) is the binned BHMF, ∆log(MBH) is the black hole mass bin size, and
f ≈ 61.8% is the same factor of spectroscopic coverage of the sample that we used
for calculation of luminosity function of CALIFA AGN.

The most common parametrization of BHMF is done using the double power
law from the Equation 4.4, adopted for MBH instead of luminosity:

φ(MBH) =
φ∗/M∗

(MBH/M∗)−α + (MBH/M∗)−β
(4.6)

where, similar to AGNLF, φ∗ is the normalization, M∗ is the break black hole mass,
and α and β are the low-mass and high-mass end slopes, respectively.
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Another function commonly used for BHMF parametrization is the Schecter func-
tion (Schechter, 1976) of the following form:

φ(MBH) =
φ∗

M∗
(

MBH

M∗
)α exp(

MBH

M∗
) (4.7)

where the parameters φ∗ and M∗ are the same as in Equation 4.6, and α is the slope.
In order to calculate black hole masses residing in centers of our type 1 AGN, we

used the MBH − σ∗ correlation from Woo et al. (2013), estimated for a sample of 25
reverberation-mapped AGN:

log(
MBH

M�
) = (7.31± 0.15) + (3.46± 0.61) log(

σ∗
200 km s−1 ) (4.8)

In order to estimate stellar velocity dispersions of CALIFA type 1 AGN, we
used the results obtained by Méndez-Abreu et al. (2017). They performed multi-
component photometric composition of 404 CALIFA DR3 galaxies, and estimated
bulge parameters of galaxies that have them: effective radius re f f , ellipse axis ratio
q, and the position angle PA. We used these parameters to confine central ellipses
that define bulge regions of host galaxies, and binned the flux densities of all spax-
els within each ellipse, in order to obtain average bulge flux density of each galaxy.
Then, with pyPARADISE spectral fitting code we fitted stellar kinematics of each
bulge, which provided us with estimations of σ∗. Unfortunately, the measurements
from Méndez-Abreu et al. (2017) lacked data on 44 objects that we classified as type
1 AGN, therefore we calculated σ∗ only for 55 CALIFA type 1 AGN. We further
applied Equation 4.8 in order to calculate black hole hole masses of these objects.
Obtained black hole masses are in range between 3.3× 106 M� and 2.2× 108 M�,
with the average value of 2.1× 107 M�.

Using Equation 4.5 we calculated the binned CALIFA BHMF of these 55 type
1 AGN, using the bin size of 0.25 dex in log(MBH). Similar to AGNLF, the errors
were estimated from Poisson statistics, but realistic errorbar at the highest mass end
might be significantly larger, since the bin contain only one object. The results of our
binned BHMF are documented in Table 4.2 and visualy presented on Figure 4.2.

TABLE 4.2: Binned local BHMF of 55 CALIFA type 1 AGN. N is the number of
objects per bin.

log MBH N log Φ
[M�] [Mpc−3 log M−1

BH]
6.50 7 −3.14+0.14

−0.20
6.75 8 −3.23+0.14

−0.21
7.00 8 −3.35+0.13

−0.18
7.25 12 −3.17+0.13

−0.20
7.50 10 −3.19+0.12

−0.17
7.75 6 −3.41+0.13

−0.18
8.00 3 −3.98+0.15

−0.23
8.25 1 −4.62+0.20

−0.40

We fitted our binned BHMF with both double power law and Schechter function,
Equations (4.6 and 4.7, respectively). As we can see from the figure, both double
power law and Schecter function describe well at our narrow black hole mass range,
including as well the highest luminosity bin, even though it was excluded from the
fit, due to uncertainty of having only one object. The fitting parameters of both
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FIGURE 4.2: Binned active BHMF of 55 type 1 AGN from the CALIFA sample,
esitmated using 1/Vmax method and bin size of 0.25 dex. MBH are estimated from
MBH − σ∗ correlation of Woo et al. (2013), and are in range between 3.3× 106 M�
and 2.2 × 108 M�. Arrow errorbar indicates that a bin contains only one object.
Dotted purple line represents the Schechter function fit, and the green dashed line

is a double power law.

functions, as well as their calculated reduced chi-square values χ2
red are given in

Table 4.3.
The shape of CALIFA BHMF shows indication of flattening towards low mass

end, that occurs around log(MBH) ≈ 7.7. This agrees with results of our AGNLF,
which is an important indicator of consistency between luminosity and mass distri-
bution functions, since black hole masses of CALIFA are estimated independently of
AGN luminosity. These AGN properties are however connected through the virial
theorem (Chapter 3.3.2), which we dismissed as an accurate black hole mass estima-
tor in case of CALIFA type 1 AGN.

4.5 Eddington ratio distribution function of CALIFA type 1
AGN

As we already mentioned in the Introduction of this chapter, estimation of AGNLF
assumes one Eddington ratio for the entire black hole population, which is proven to
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TABLE 4.3: Binned local BHMF of 55 CALIFA type 1 AGN. N is the number of
objects per bin.

Fitting φ∗ logM∗ α β χ2
red

function [Mpc−3]
Schechter 4.59× 10−4 7.65 −0.87 – 1.40
Double power law 2.29× 10−4 7.84 −1.11 −4.31 1.22

be incorrect. Therefore, in order to obtain complete picture of SMBH growth history
at all stages of their activity, it is essential that we also estimate ERDF for our type 1
AGN sample.

ERDF is usually described by Schecter function, corresponding to BHMF. We
used the following form of the Schecter function from Equation 4.7 to describe our
ERDF:

φ(λ) =
φ∗

λ∗
(

λ

λ∗
)α exp(

λ

λ∗
) (4.9)

where λ∗ is the breaking point of ERDF.
Eddington ratio λ is connected to AGN luminosity by the following relation:

λ =
Lbol

LEdd
(4.10)

where Lbol is bolometric and LEdd Eddington luminosity of an AGN. Although, due
to very wide range of AGN emission, Lbol cannot be estimated directly from AGN
spectral energy distribution (SED), there are, however, certain corrections that can
be introduced in order to estimate Lbol with relatively high accuracy. For the pur-
pose of this work we used the broad Hα luminosity log(LHα) and a correction factor
from Richards et al. (2006b). The detailed procedure of calculating λ is described in
Chapter 3.3.1.

Using the Eq. 4.10, we calculated Eddington ratios for a sub-sample of type 1
AGN in CALIFA, for which we have black hole mass estimations. This accounts for
55 objects. We obtained very low values of λ, where most of objects have values
between 4.1× 10−5 and 2.4× 10−3, with an exception of Mrk 79 that has λ = 4.3×
10−2. This object is a well known Seyfert 1 galaxy, with broad Hα luminosity for a
factor of 10 higher than other CALIFA type 1 AGN.

We computed the binned ERDF in the same manner as AGNLF and BHMF, using
1/Vmax method. Following the analogy of equations 4.4 and 4.5, and setting the bin
size to be 0.25 dex, we calculated ERDF for our sample of objects. Results are given
in Table 4.4. Errors are Poissonian, analogous to estimation of AGNLF and BHMF,
but might have larger values at the lowest and the highest λ bin, since both contain
one object each.

On Figure 4.3 we present our binned ERDF, with corresponding Schechter func-
tion fit (Equation 4.9). The best fit parameters are estimated to be: φ∗ = 7.77 ×
10−4 Mpc−3, log(λ∗) = −3.43, and α = −0.50, with the value of reduced chi-square
χ2

red = 1.13. We excluded the highest luminosity bin from the fit due to uncertainty
of its error. This may lead to inadequate fit for log(λ) > 3, but there is also a sig-
nificantly lower number of Eddington ratio estimations in this regime. Majority of
our objects have Eddington ratios below 10−3, and the data points show a clear flat-
tening of ERDF shape that occurs around log(λ) ≈ 3. The flattening is consistent
with AGNLF and BHMF shapes of CALIFA type 1 AGN, and might indicate that we
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TABLE 4.4: Binned local ERDF of 55 CALIFA type 1 AGN. N is the number of
objects per bin.

log λ N log Φ
[Mpc−3 log λ−1]

-4.50 1 −3.52+0.24
−0.58

-4.25 3 −3.01+0.13
−0.19

-4.00 4 −3.22+0.15
−0.24

-3.75 16 −2.94+0.10
−0.13

-3.50 15 −3.24+0.10
−0.12

-3.25 10 −3.20+0.14
−0.21

-3.00 3 −3.96+0.15
−0.24

-2.75 2 −4.35+0.18
−0.30

-1.50 1 −4.72+0.20
−0.40

approached the upper limit in terms of Eddington ratios. This will be discussed in
the following section in more detail.

4.6 Discussion

4.6.1 AGN luminosity function in the local Universe

In order to fully understand the shape and evolution of local AGNLF, it is important
to see how our result fits into a bigger picture. Previous work in this field is carried
out by Schulze, Wisotzki, and Husemann (2009) (S09 in further text), in which they
used data from HES in order to establish type 1 AGNLF of bright QSOs across wide
range of redshifts. HES sample consists of 329 type 1 AGN in redshift range 0.01 <
z < 3.4, of which 295 of them have detectable broad Hα line with LHα in range
(1040.5 − 1044) erg s−1. In their work, S09 also compared their type 1 AGNLF with
the one obtained by Hao et al. (2005b) (H05). H05 established luminosity function
using the maximum likehood method for a sample of ∼ 1000 type 1 AGN from
SDSS in redshift range 0.01 < z < 0.15, and in low- to mid-luminosity regime (LHα

between 1038.5 erg s−1 and 1043 erg s−1). S09 found that their low-luminosity end
overlaps with high-luminosity end of H05 AGNLF. Although, in their work, S09
used only broad Hα component, H05, however used total Hα luminosity, consisting
of both broad and narrow components.

For the purpose of maintaining consistency between our results and the low-
luminosity end of H05, we calculated the total AGNLF of all 89 type 1 objects in
CALIFA, including both broad and narrow components of Hα line. Total Hα lu-
minosities of CALIFA type 1 AGN are in range (1038.5 − 1041.5) erg s−1. We used
the same bin size of 0.25 dex, and errors are Poissonian, consistent with broad Hα
luminosity function. We compared our results with binned luminosity functions (es-
timated using 1/Vmax method) from H05 (adopted to our cosmological parameters)
and S09 and presented them on Figure 4.4. Combined Hα luminosities from their
works are in range (1038.5 − 1043) erg s−1.

In order enhance the quality of interpretation of the combined luminosity func-
tion, we decided to exclude incomplete bins and bins with only one object from our
statistical analysis. As we already mentioned, these bins realistically have larger er-
rors than what is calculated from Poisson statistics. Taking that into account, we
can conclude that our luminosity function is in a good agreement with the one
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FIGURE 4.3: Binned ERDF for 55 type 1 AGN from the CALIFA sample. Eddington
ratios are in range 4.1× 10−5 − 4.3× 10−2. Equivalent to AGNLF and BHMF, the
binned ERDF is estimated using 1/Vmax method with bin size of 0.25 dex. Arrow
errorbar indicate bin with only one object. Purple dotted line represents the best fit
model of the Schecter function. Green dashed line represents double power law fit

of the combined AGNLF.

established by H05 in mid- and high-luminosity range of our sample (logLHα,tot
between 39.75 erg s−1 and 40.00 erg s−1). The discrepancy arises for the values
logLHα,tot < 39.75. Since we have no information on the bin completeness for the
sample of H05, we decided not to account their last two low-luminosity-end bins
into our analysis. If we assume that these data points represent true values of lu-
minosity function, this would indicate that for the luminosities of ∼ 1038.7 erg s−1

we would expect to have up to five times higher number density of type 1 AGN
in CALIFA. This scenario is totally unlikely, considering their already high fraction.
Also worth mentioning is that, even though the highest luminosity bin in CALIFA
sample contains only one object – Mrk 79, it aligns perfectly with both results from
H05 and S09. This might serve as a confirmation of the validity of our results. We
can conclude that the flattening at the low-luminosity end that we observe is real,
unlike constant increasing obtained by H05, as it is impossible to have five times
larger number density than what we already observed. This would indicate that in
the luminosity regime ∼ 1038 majority of objects in the local Universe are LLAGN,
which is far from realistic picture.
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FIGURE 4.4: Binned emission-line AGNLF of Hα line (broad+narrow compo-
nent). Black stars represent CALIFA type 1 AGN, while red diamonds, and blue
squares are luminosity function results obtained by Hao et al. (2005b) and Schulze,
Wisotzki, and Husemann (2009), respectively. As in previous figures, open symbols
indicate incomplete bins, while arrow errorbars represent bins that contain only a

single object.



86 Chapter 4. Luminosity and distribution functions of the CALIFA type 1 AGN

As we already mentioned in Chapter 4.3, the most commonly used function for
AGNLF parametrization is a double power law, given by Equation 4.6. Combin-
ing all three data samples, we find best fit parameters of double power slope to
be: φ∗ = 4.89× 10−4 Mpc−3, breaking at logL∗ = 40.31, α = −1.03 describing the
faint-end, and β = −2.34 describing the bright-end slope, with χ2

red = 2.13. The
shape of the combined AGNLF, including datapoints from CALIFA, H05 and S09 in-
dicates that there is an apparent flattening, occurring around LHα,tot ≈ 1040 erg s−1.
This flattening can be interpreted as an upper limit of AGN number density in the
local Universe, and is consistent with AGN downsizing scenario, where at z ≈ 0
majority of AGN are in low-luminosity regime. This will further be discussed in
Chapter 4.6.3.

Another study in this field was performed by Greene and Ho (2007), where they
established Hα AGNLF for a sample of ∼ 8500 type 1 AGN from SDSS DR4. Since
their original work included an error introduced when determining 1/Vmax estima-
tor, they later published the Erratum (Greene and Ho (2009), G09) with correct values
of both AGNLF and BHMF. On Figure 4.5 we compare results of our broad Hα lumi-
nosity function with the one estimated by G09. While their AGNLF agrees quite well
with results from S09, we on the other hand find that there is a divergence between
our and G09 luminosity functions for LHα,broad < 1040.25 erg s−1. This discrepancy
is mostly due to survey sensitivities for the lowest luminosity objects, as well as dif-
ference in selection of respective samples. G09 analyzed only the objects that are
classified as AGN by SDSS categorization, while we already showed that majority
of AGN that contain broad Hα line might be labeled as LINERs (Chapter 2). There is
also an apparent disagreement between G09 and H05 luminosity functions, where
the two AGNLF have significantly different shapes below LHα,broad ≈ 1041 erg s−1,
even though they had very similar selection criteria. This is analyzed in detail in
Greene and Ho (2009), where they draw the conclusion that SDSS might not be an
adequate survey to use for the objects with luminosities below ∼ 1040.5 erg s−1. This
is another argument that goes in favor of trusting the results from the CALIFA sur-
vey, which we already discussed in Chapter 2.

4.6.2 Active fraction of CALIFA black holes

The black hole mass active fraction can provide us with significant information
about the activity cycle of SMBHs at different redshifts, which could further provide
more information on the accreting mechanisms of AGN. In order to understand the
census of active SMBHs in our sample, it is useful to compare our derived active
BHMF with the local mass function of quiescent galaxies. Estimation of the BHMF
of the quiescent galaxies relies on the correlations between black hole masses and
properties of their host galaxies, since the sample of dynamically measured quies-
cent black hole masses is highly limited and biased (we already discussed this in
Chapter 3). This approach requires that we have well established relationships be-
tween black hole masses and their hosts’ bulge properties such as luminosity, stellar
velocity dispersion or bulge mass (Salucci and Persic, 1999; Yu and Tremaine, 2002;
Marconi et al., 2004; Graham et al., 2007; Vika et al., 2009; Li, Ho, and Wang, 2011).
On the other hand, Shankar, Weinberg, and Shen (2010) used a different approach to
predict black hole duty cycle at z ≈ 0, implementing simplified black hole growth
models, assuming constant accretion rate. This is in contradiction with observational
results proving that black holes accrete at wide range of Eddington ratios, which is
an important fact in determining their activity cycle.
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FIGURE 4.5: Binned emission line AGNLFs of broad Hα line. The black dots rep-
resent luminosity function of type 1 AGN in CALIFA, while magenta diamonds
are the results of binned luminosity function from Greene and Ho (2009). As in
previous figure, open symbols and arrows indicate incomplete bins and bins that
contain only one object, respectively. Both luminosity functions are calculated us-

ing 1/Vmax estimator.

The most commonly used local mass function of quiescent black holes is the one
derived by Marconi et al. (2004) (M04). More recent studies of quiescent BHMFs
(Vika et al., 2009; Li, Ho, and Wang, 2011) show perfect agreement with M04 results
at z ≈ 0. For this reason, and to maintain consistency with previous studies, we
decided to use the quiescent BHMF estimated by M04 in order to determine the
active fraction of CALIFA type 1 AGN sample.

On the upper panel of Figure 4.6 we show how the our active BHMF is dis-
tributed in comparison with the quiescent BHMF established by Marconi et al. (2004),
as well as with some previous studies in this field. Schulze and Wisotzki (2010) (S10)
calculated binned BHMF of HES, for a same sample of objects they calculated type 1
AGNLF discussed in previous Section. Greene and Ho (2009) recalculated BHMF of
their AGN sample from SDSS. As we already discussed, there is and apparent dis-
agreement between our AGNLF and the one estimated by G09 sample and the ones
from S10 and G09 is a direct consequence of different luminosity regimes that are
reached with these studies. As in CALIFA we probed significantly lower broad Hα
luminosities, this implies proportionally higher number of active black holes that
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FIGURE 4.6: Upper panel: Comparison of binned broad Hα black hole mass func-
tions (data points) to the BHMF of quiescent galaxies estimated by Marconi et al.
(2004) (solid red line). Black dots represent our results for 55 type 1 AGN in CALIFA
survey, while magenta diamonds and blue squares are BHMFs estimated for differ-
ent samples of type 1 AGN, by Greene and Ho (2009) and Schulze and Wisotzki
(2010), respectively. Greene and Ho (2009) used a sample of ≈ 8500 type 1 AGN
from SDSS, while Schulze and Wisotzki (2010) estimated their BHMF for a sample
of ∼ 300 type 1 AGN from Hamburg/ESO survey. Difference in height between
CALIFA BHMF and the ones estimated by Greene and Ho (2009) and Schulze and
Wisotzki (2010) is a consequence of different luminosity regimes probed by these
studies. Lower panel: Active fraction of CALIFA black holes, calculated by sub-
tracting CALIFA active BHMF from the one of quiescent galaxies of Marconi et al.
(2004). As in previous figures, arrow indicates that a respective bin contains only

one object.
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could not be identified in previous studies. In previous two chapters we already
discussed and justified our approach in detecting these objects, proving that these
are genuine low-accreting black holes located in extremely LLAGN. Such result im-
posed a redefinishion of what "active" in AGN stands for, since it is previously con-
sidered that AGN with Eddington ratios below 10−3 could not form a BLR. As we
can see from Figure 4.6, our binned BHMF has similar shape as the quiescent one
estimated by M04, indicating the flattening below MBH ≈ 107.7 M�. Lack of lower
mass black holes in our sample is a consequence of MBH estimation method, where
we could only calculate black hole masses of objects we had stellar velocity disper-
sion parameters estimated by Méndez-Abreu et al. (2017). It is possible that with a
larger sample of σ∗ we could have reached even lower black hole masses. However,
it is important to note that our black hole masses are estimated independently on
AGN luminosities, and that the agreement between our AGNLF and BHMF results
confirms that MBH − σ∗ correlation is a good estimator of black hole masses in the
CALIFA sample.

Lower panel of Figure 4.6 represents duty cycle or the fraction of CALIFA black
holes that are currently in active phase as a function of black hole mass. Our sample
asymptotically reaches upper limit of active black holes in local Universe. Conse-
quently, we wouldn’t expect the fraction of active black holes to be significantly
higher in local Universe than what we estimated. We can clearly see the decrease of
our active fraction with increasing black hole mass, especially for log(MBH) > 7.5,
which is in direct agreement with scenario of anti-hierarchical growth of black holes,
which will be discussed in the next sub-section.

S10 separated their type 1 AGN sample into two categories based on Eddington
ratio - objects that have log(λ) < −1 and those with log(λ) > −1. They showed
that there is clear separation in an active fraction of these two groups of objects, im-
plying a higher active fraction of objects with log(λ) < −1, and a clear decrease
of the active fraction with log(λ) > −1 with increasing black hole mass. It is im-
portant to note that CALIFA black hole sample contains objects with extremely low
Eddington ratios, that would all, except Mrk 79, fit into log(λ) < −1 category. This
highlights the importance of a survey depth in estimation of active fraction of black
holes. For comparison we show the number densities of CALIFA black hole sample
Eddington ratios with the ones estimated by S10 on Figure 4.7. We can clearly see
that one separated bin at log(λ) = −1.25 matches with the ERDF from S10. This is
again case of Mrk 79, that can be classified as what is previously thought to be "typ-
ical" type 1 AGN. CALIFA objects with lower Eddington ratios (log(λ) < −3) have
higher number density in local Universe than type 1 AGN used in work of S10. This
result emphasizes the importance of including different accretion rates into analysis
of black hole demographics, in order to fully understand black hole duty cycle.

4.6.3 Anti-hierarchical growth of black holes and AGN downsizing

In the previous section we showed that in local Universe, we have higher fraction
of black holes accreting at lower Eddington ratios, which is in general agreement
with scenario of anti-hierarchical growth of black holes (Ueda et al., 2003; Steffen
et al., 2003; McLure and Dunlop, 2004; Merloni, 2004; Merloni and Heinz, 2008).
According to this scenario the most massive black holes accreted their mass faster
and in earlier cosmic times, while in the current epoch low-mass SMBHs, accreting
at significantly lower rate, are predominant. This trend is also know as AGN cos-
mic downsizing, and is originally observed in X-ray luminosity functions of AGN
(Cowie et al., 2003; Steffen et al., 2003; Ueda et al., 2003), and is later confirmed in
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FIGURE 4.7: Comparison of binned Eddington ratio distribution functions from
CALIFA (black dots) and Schulze and Wisotzki (2010) (blue squares) type 1 AGN.
As in previous figures, open symbols and arrows indicate incomplete bins and bins
that contain only one object, respectively. Both luminosity functions are calculated
using 1/Vmax estimator. Difference in height between two ERDF is a direct con-
sequence of different luminosity regimes probed by these studies. The flattening
of CALIFA ERDF might indicate that we approached the upper limit in terms of

Eddington ratios.

optical domain (Wolf et al., 2003; Cristiani et al., 2004; Croom et al., 2004) and NIR
(Matute et al., 2006).

Bongiorno et al. (2007), Croom et al. (2009), and Schulze et al. (2015) analyzed
AGN luminosity functions at z ≈ 1.5 in wide luminosity ranges. Their results imply
that AGNLF has significantly different shape at z ≈ 1.5, than what is found for
z ≈ 0. There is an evident break of higher-z luminosity functions that is absent
in luminosity functions estimated from local surveys. This proves that the number
density of high-mass, luminous AGN was significantly higher at earlier times, while
the local Universe is the era of of LLAGN.

However, considering only luminosity function, it is not clear whether AGN
downsizing is caused by black hole mass or Eddington ratio evolution, or by a com-
bination of both. In order to understand this, it is important to separate these dis-
tribution functions and analyze them individually. As we showed, the behavior of
active BHMF and ERDF follow the low-end flattening trend of AGNLF, implying
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that both distribution functions are contributing to the AGNLF downsizing. In their
work, Schulze et al. (2015) calculated BHMF and ERDF of type 1 AGN from three dif-
ferent optical samples (VVDS, zCOSMOS and SDSS), using the maximum likehood
method. Their combined type 1 AGN sample covers wide range of AGN bolometric
luminosities (1044 erg s−1 < Lbol < 1048 erg s−1) at 1 < z < 2. They concluded that
the downsizing in AGNLF is driven by both downsizing in BHMF and ERDF, while
BHMF is more dominant of the two. However we did not evaluate on this topic,
since both MBH and λ estimates are highly uncertain in our low-end regime.

We conclude, unanimously to previous results, that there is a strong evidence of
AGN downsizing at low-luminosity end of AGNLF of CALIFA type 1 AGN, driven
by both black hole mass and Eddington ratio distribution functions. CALIFA type
1 AGN accrete at extremely low level, which probably sets the upper limit of AGN
duty cycle. If there were some objects undetected by our method, those would be
the ones with even lower black hole masses, in almost inactive accretion stage.

4.7 Summary and Conclusions

We conducted a study of low-luminosity AGN in local Universe (0.005 < z < 0.03),
using the CALIFA survey data sample, consisting of 89 objects that have detectable
broad Hα emission line in their central spectra. We estimated emission-line lumi-
nosity function of broad Hα lines, as well as distribution functions of their central
black hole masses and Eddington ratios for 55 of these objects. Luminosities, black
hole masses and Eddington ratio estimations that we used are previously calculated
in Chapter 3.

Broad Hα luminosities of our type 1 AGN sample appear to be distinctly low,
having values in range (1038 − 1041) erg s−1. Applying 1/Vmax method, we esti-
mated binned AGNLF of these objects. We found that double power law fit to the
binned luminosity function fails to accurately describe its trend, due to small num-
ber of data points, large uncertainties in limiting bins and narrow luminosity range.
In order to enhance the probability of obtaining a good fit, we combined our AGNLF
with the ones estimated by Schulze, Wisotzki, and Husemann (2009) and Hao et al.
(2005b). Hao et al. (2005b) obtained luminosity function for a sample of ∼ 1000
low-redshift (z < 0.15) type 1 AGN from SDSS. They included both broad and nar-
row component of Hα emission line, and estimated their luminosities to be in range
(1038.5 − 1043) erg s−1. Schulze, Wisotzki, and Husemann (2009) used the sample of
∼ 300 bright (1040.5 erg s−1 < LHα < 1044 erg s−1) type 1 AGN in redshift range
0.01 < z < 3.4 from the Hamburg/Eso Survey. In order to preserve consistency
between our bright-end and faint-end luminosity function of Hao et al. (2005b), we
included total Hα luminosities in the combined AGNLF. Respective luminosities are
in range 1038.5 erg s−1 < LHα,tot < 1041.5 erg s−1.

We found that combined luminosity function can be well described by a double
power law with slope , breaking at 1040.31 erg s−1. Below this breaking luminosity we
can observe an apparent flattening of both combined, and CALIFA only luminosity
functions, that can be interpreted as an upper limit of AGN number density in local
Universe.

We also compared our AGNLF with the one established by Greene and Ho (2009),
for a sample of ∼ 8500 type 1 AGN from SDSS. Two luminosity functions appear to
be inconsistent with each other for luminosities below 1040.25 erg s−1. We concluded
that the inconsistency is due to survey sensitivities for the lowest luminosities and
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different sample selections, where CALIFA is more reliable survey to use for lumi-
nosities below 1040.5 erg s−1.

For a sub-sample of 55 CALIFA type 1 AGN we estimated black hole mass func-
tion and Eddington ratio distribution function. Black hole masses of CALIFA sample
were estimated using the MBH − σ∗ correlation established by Woo et al. (2013). We
used bulge parameters obtained by Méndez-Abreu et al. (2017) in order to estimate
stellar velocity dispersions of our type 1 AGN. The black hole masses of CALIFA
type 1 AGN are estimated to lay between 3.3× 106 M� and 2.2× 108 M�. Edding-
ton ratios are estimated from bolometric luminosities after applying correction fac-
tor from Richards et al. (2006b). We found that CALIFA type 1 AGN have extremely
low Eddington ratios, having values between 4.1× 10−5 and 2.4× 10−3, with an ex-
ception of Mrk 79 that has λ = 4.3 × 10−1. This object also has higher broad Hα
luminosity for a factor of 10 comparing to other CALIFA type 1 AGN, and its value
agrees quite well with all discussed luminosity functions, likely confirming the va-
lidity of our results.

Equivalent to approach of estimating AGNLF, we used 1/Vmax method to cal-
culate both black hole mass and Eddington ratio distribution functions. We fitted
BHMF with both double power law and Schecter function, and found that both per-
form well and are in mutual agreement. Eddington ratio distribution function is well
described by Schecter function with breaking point at log(λ) = −3.43. We excluded
Mrk 79 from statistical analysis of ERDF, since it is the only object in the highest λ
bin and, therefore its ERDF estimation is highly uncertain. This is the reason why
our Schecter function fit has a steep slope for log(λ) > −3. In order to complete a
picture of local ERDF, we need to include more higher Eddington ratio objects. Un-
fortunately there are not many studies of ERDF up to date. The one conducted by
Schulze and Wisotzki (2010) for HES type 1 AGN has Eddington ratios above −2.25
in logharitmic units, but we find that our estimation of λ for Mrk 79 (log(λ) = −1.37)
agrees well with their result.

The shape of CALIFA black hole mass and Eddington ratio distribution functions
show indication of flattening towards low mass and low-λ end. The flattening is
consistent with the shape of AGNLF and occurs around log(MBH) ≈ 7.7 in BHMF
and around log(λ) ≈ −3 in ERDF. This result indicates that there is consistency
between luminosity and mass distribution functions, taking into account that black
hole massses are estimated independently of broad Hα luminosities.

We also compared our active BHMF to the one of quiescent galaxies, estimated
by Marconi et al. (2004) and determined the fraction of CALIFA black holes that are
currently in active phase, or their duty cycle. Our active fraction decreases with
increasing black hole mass for log(MBH) > 7.5, which agrees with the scenario of
anti-hierarchical growth of black holes (Cowie et al., 2003; Ueda et al., 2003; Steffen et
al., 2003; McLure and Dunlop, 2004; Merloni, 2004; Merloni and Heinz, 2008). Anti-
hierarchical growth of black holes, or AGN cosmic downsizing, scenario assumes
that the most massive black holes were formed in luminous AGN in early cosmic
times, while in the local Universe, these luminous AGN are in less active phase, and
low-luminosity low-mass SMBHs contribute to the majority of the AGN population.

Analyzing the flattening trend in both black hole mass and Eddington ratio dis-
tribution functions, we concluded that the evolution of both contributes to the AGNLF
downsizing, implying that the local Universe consists of high fraction of low-mass
SMBH in extremely low accretion regimes. CALIFA type 1 AGN have significantly
low Eddington ratios, and would be considered as inactive by the traditional defi-
nition of active AGN having λ > 10−3 (Nicastro, 2000). We reevaluated the validity
of this claim, as it would imply that AGN below this Eddington ratio cannot form a
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BLR, which is not the case with CALIFA AGN sample. That being said, CALIFA type
1 AGN most likely reach the upper limit of AGN duty cycle in local Universe. We
would not expect active fraction to be significantly higher than what we estimated.

We proved once more that AGNLF alone does not give us sufficient information
on what may cause the downsizing trend, and has to be disentangled into black hole
mass and Eddintgton ratio distribution functions. Aside from that, AGNLF of CAL-
IFA type 1 AGN might serve as a great zero-point for further studies of AGNLF in
the local Universe. Our research also stresses the importance of including different
Eddington ratios into analysis of black hole demographics, in order to fully under-
stand black hole growth history of SMBH.
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CHAPTER 5

Complete AGN census in the
CALIFA survey

ABSTRACT

In order to obtain full AGN census in the CALIFA survey galaxy sample, we per-
formed a cross-correlation between 542 CALIFA DR3 galaxies and multiwavelength
surveys, Swift – BAT 105 month catalogue and NRAO VLA Sky Survey (NVSS), in
hard X-ray (15 - 195 keV) and radio (1.4 GHz) domains, respectively. These cross-
correlations revealed 6 potential X-ray, and 14 radio-AGN. Additionally, NVSS radio
images showed the presence of a jet-like signature in 75% of our radio-AGN candi-
dates. Thirteen of these multiwavelegth AGN candidates were previously already
classified as either type 1 or Seyfert 2 AGN, according to the broad Hα emission line
present in their nuclear spectra, or standard emission-line ratio diagnostic diagrams.
This classification revealed 7 new AGN (1 X-ray and 6 radio-AGN) that we previ-
ously missed with the optical classification methods. We also constructed spatially
resolved emission-line ratio diagnostic diagrams of all emission-line galaxies from
the CALIFA, in order to detect potential extended AGN emission in galactic regions
located 10 – 20 kpc from the nucleus. This method revealed in total 6 potential ex-
tended AGN, of which only one object was previously not classified as either type
1 or Seyfert 2 AGN. Having five different AGN types enabled us to obtain a highly
complete sample of low-luminosity AGN (LLAGN) census in the CALIFA survey,
implying that these LLAGN in fact contribute a significant fraction of 24% of the
emission-line galaxies in the local Universe.



96 Chapter 5. Complete AGN census in the CALIFA survey

5.1 Introduction

5.1.1 AGN phenomenology and diagnostics in the optical domain

Supermassive Black Holes (SMBHs) are considered to be the main powering source
of active galaxies, and, while in their active stage, they represent an important phase
of galaxies’ duty cycles. Active Galactic Nuclei (AGN) are spread over wide range
of luminosities, from the most luminous QSOs at high redshifts, to the significantly
fainter and the most frequent Seyfert galaxies, with luminosities that are 1000 times
weaker than those of QSOs. In order to reach the low-end of AGN luminosity dis-
tribution, the respective AGN surveys need to be of high sensitivity and spectral
resolution. On the contrary to the high-redshift early Universe, the local Universe
consists mainly of low-luminosity AGN (LLAGN), with luminosities weaker than
even those of Seyfert galaxies. Thes LLAGN impose a challenge in studying of the
entire AGN population, but it is essential to understand these objects in order to
have a full picture of AGN activity cycle and the growth of their central SMBHs
across the entire cosmic history.

Spectral Energy Distribution (SED) of luminous AGN is characterised by the spe-
cific power-law shape of index α ≈ 0.5 (Vanden Berk et al., 2001), the blue feature-
less continuum, the presence of strong Broad Emission Lines (BELs), and strong
emission in X-ray or radio domain. In case of LLAGN, this picture is, however,
changed, as the characteristical power-law shape is rather flattened, and the big
blue bump disappears from the spectrum (Ho, 1999; Nagar, Falcke, and Wilson,
2005; Eracleous, Hwang, and Flohic, 2010; Younes et al., 2012). Rather, there is a
peak at mid-IR wavelengths (big red bump), and in the majority of the faint AGN
sources BELs can no longer be detected due to their extremely weak emission. As
a consequence the corresponding SED of LLAGN appears to be flatter at the optical
and UV wavelengths, lacking the typical power-law feature that is observed in their
luminous counterparts. Such SED cannot be explained with radiativelly efficient
accretion disk models, rather the optically thick and geometrically thin accretion
disk is decomposed into a 3-component structure, consisting of the inner optically
thin quasi-spherical structure corresponding to the Radiativelly Inefficient Acretion
Flows (RIAFs, Narayan and McClintock (2008), Yuan and Narayan (2014), Narayan
and Yi (1994), Blandford and Begelman (1999), and Narayan, Igumenshchev, and
Abramowicz (2000)), outer truncated disk and the jet detectable in radio domain.
Such picture of the "jetted" LLAGN imposes that these objects are expected to be
radio-loud, which is confirmed in early studies (Hota and Saikia, 2006; Gallimore
et al., 2006; Del Moro et al., 2013; Singh et al., 2016; Harrison et al., 2015). Therefore
in order to properly understand the nature of LLAGN, and how they fit into a bigger
picture of the entire AGN population, it is essential that we study these objects from
different perspectives, and in multiple wavelength bands, as each may reveal some
additional information about their nature.

One of the common methods to separate optically selected AGN from other
emission-line galaxies, is to compare the strength ratio of their emission lines. Such
criterion, that uses two-dimensional line-ratio strengths was originally proposed by
Baldwin, Phillips, and Terlevich (1981), and later adopted and revised by Osterbrock
and Pogge (1985) and Veilleux and Osterbrock (1987), consists of empirical diagnos-
tic diagrams that use two optical emission line ratios ([NII]/Hα, [SII]/Hα [OI]/Hα,
and [OIII]/Hβ), and are commonly called the BPT diagrams. The BPT diagrams dis-
tinguish between star-forming galaxies, Seyfert 2 AGN, and Low Ionization Nuclear
Emission Regions (LINERs).
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Detection of the permitted BELs, such as Hα, Hβ, MgII and CIV, in nuclear spec-
tra of galaxies is a good indicator of type 1 AGN. These BELs with Full Widths at
Half Maximum (FWHMs) in range 1000− 10000 km s−1 can be produced only by
accretion of the material onto the central SMBHs, as other mechanisms could not
produce such high gas velocities. This method is therefore widely used to detect
luminous type 1 AGN, and with sufficient survey sensitivity, it can be expanded to
lower luminosities, typical for LLAGN.

So far, not many studies are conducted on the nature of LLAGN. The most promi-
nent work was performed by Ho, Filippenko, and Sargent (1997a), Ho et al. (1997),
Ho, Filippenko, and Sargent (1997b), Ho, Filippenko, and Sargent (1997b), and Ho,
Filippenko, and Sargent (2003), where they observed central regions of ∼ 400 local
(z < 0.5) galaxies from the Palomar Survey (Filippenko and Sargent, 1985; Ho, Filip-
penko, and Sargent, 1995) for the purpose of detecting LLAGN. Their work showed
that the broad Hα component is present in ∼ 20% of the spectra of galaxies previ-
ously labeled as AGN. The latest work in this field, conducted by Eun, Woo, and
Bae (2017) indicates that this number is significantly lower, where BELs are detected
in only around 3% of Seyfert 2 galaxies. However, the research of Eun, Woo, and
Bae (2017) is performed on the sample of local (z < 0.1) galaxies selected from Sloan
Digital Sky Survey (SDSS, Abazajian et al. (2009)), which may not be the best survey
for studying LLAGN (Greene and Ho, 2009), due to its fixed 3′′ aperture diameter.

Due to relatively low luminosities of the LLAGN, their emission is often highly
diluted by the starlight coming from their host galaxies, and they are often hard to
detect in optical spectral domain. An important aspect of AGN is that they emit in
very broad wavelength range, usually being strong X-ray and/or radio emitters.

5.1.2 AGN in multiwavelength bands

X-ray AGN

X-ray emission from the central regions of galaxies is one of the key aspects in distin-
guishing AGN from other powering mechanisms, since most AGN are strong X-ray
emitters compared to the non-active galaxies. Therefore the observations in X-ray
band play crucial role in AGN diagnostics, as objects that are too weak to be de-
tected in optical domain can easily be identified in X-ray band (Loewenstein et al.,
2001; Ho, Filippenko, and Sargent, 2003; Ho, 2003; Fabbiano et al., 2004; Pellegrini,
Ciotti, and Ostriker, 2008).

X-ray emission can be divided into two categories – soft X-rays, with energies 2
- 10 keV, and hard X-rays emitting in 15 - 195 keV band. The soft X-ray emission
is emitted from a compact central source, while hard X-rays are most probably pro-
duced by Compton scattering of the photons from the accretion disk (Haardt and
Maraschi, 1991; Zdziarski et al., 2001). Soft X-rays may suffer from the obscuration
effects, as X-ray emission of lower energies is more absorbed than that of higher en-
ergies. As X-ray emission is sensitive to the amount of absorbing material, it can
therefore be used to distinguish between obscured (type 2) and unobscured (type 1)
AGN (Padovani, 2017).

As we already mentioned, SED of LLAGN significantly differs than SED of their
luminous counterparts, which also reflects on the multiwavelength observations of
LLAGN. Soft X-ray features that are typical for luminous AGN, such as rapid vari-
ability (Ptak et al., 1998; Pian et al., 2010; Younes et al., 2010; Younes et al., 2011;
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González-Martín and Vaughan, 2012; Hernández-García et al., 2014), or characteris-
tical broad Fe Kα lines (Ptak et al., 2004; González-Martín et al., 2009; Younes et al.,
2011) are not observed in spectra of LLAGN.

The most prominent X-ray surveys that produced significant results in AGN di-
agnostics are Chandra, XMM – Newton, and ROSAT in soft, and Swift – BAT survey
in hard X-ray band. These surveys have collected a sample of thousands of both
obscured and unobscured AGN up to z = 5, with a broad range of luminosities
(1039 erg s−1 < LX < 1044 erg s−1, Civano et al. (2019), Kollatschny et al. (2008), and
Oh et al. (2018)). Unlike luminous AGN, there are only few studies provided so far
on X-ray LLAGN. Terashima and Wilson (2003) analyzed a sample of soft X-ray ob-
servations (2 – 10 keV) of 11 LINERs, 3 low-luminosity Seyfert galaxies, and one HII
– LINER transition object from Chandra, and detected weak (1038 − 1042 erg s−1) X-
ray nucleus in all but one object. They calculated the X-ray–to–Hα luminosity ratios
for these objects and found that in majority of cases they are in good agreement with
the values characteristical for LLAGN and more luminous AGN. The most recent
work on X-ray LLAGN is conducted by Younes et al. (2019), where they performed
the analysis of simultaneous NuSTAR + XMM – Newton observations of two LLAGN
(NGC 3998 and NGC 4579), of which both have detectable weak broad Hα line in the
optical domain (Ho, Filippenko, and Sargent, 1997b).

Radio AGN

Another very strong indicator of AGN presence in the centre of a galaxy is a strong
compact radio emission. Studies of Verry Large Array (VLA) radio continuum of
nearby early-type galaxies, conducted by Sadler, Jenkins, and Kotanyi (1989) and
Wrobel (1991), revealed high fraction (30− 40 %) of compact radio cores correspond-
ing to AGN, with similar detection rate to optical emission lines (Ho, Filippenko, and
Sargent, 2003). These objects are mostly classified as LINERs according to the stan-
dard diagnostic diagrams, implying that some LINERs that are actually LLAGN ap-
pear to be radio-loud sources. Heckman (1980a) also pointed out to radio-loudness
of LINERs, and Wrobel (1991) and Slee et al. (1994) showed that these objects have
relatively flat spectral indices, corresponding to the LLAGN SED.

Few studies in the past decade investigated the radio-emission of nearby LLAGN
from the Palomar survey (Filho, Barthel, and Ho, 2000; Filho, Barthel, and Ho, 2002;
Filho, Barthel, and Ho, 2003; Filho, Barthel, and Ho, 2006; Nagar et al., 2000; Nagar
et al., 2002; Ulvestad and Ho, 2001; Filho et al., 2004; Nagar, Falcke, and Wilson,
2005; Krips et al., 2007). These studies found almost similar incidence of radio cores
in both Seyfert 2 and LINER galaxies (Ho, Filippenko, and Sargent, 2003), strength-
ening the bond between these two object classes.

Another specific feature of radio-AGN is the presence of the radio lobes and
jets, that are emitted from the compact core, and can be detected on large distances
from the galaxy’s center, even reaching the size of the entire galaxy (Osterbrock and
Ferland, 2006). Jetted AGN also appear to be radio-loud, while jetless AGN are
mostly radio-quiet (Padovani, 2017). This feature is often linked to the LLAGN, and
the modified structure of their accretion disks, therefore if such jets are detected in
the spectrum of an object that doesn’t reveal itself as AGN in the optical domain,
we can claim with high accuracy that this is actually hidden LLAGN. Although only
a small fraction (10− 20%) of identified AGN are radio-loud (Croston et al., 2004;
Mahatma et al., 2018), several studies (Hota and Saikia, 2006; Gallimore et al., 2006;
Del Moro et al., 2013; Singh et al., 2016; Harrison et al., 2015) showed that jet-like
structures are also detected in significant number of Seyfert galaxies and QSOs, that
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are usually classified as radio-quiet AGN. Presence of jets in these AGN is still not
well investigated, but it is certain that LLAGN, that are main focus of our work, have
noticeable jet-like features in their radio images. Therefore, jet-signatures in radio
images of the CALIFA objects can be used as a valid indicator of SMBH activity in the
centres of these galaxies. These AGN detected in the radio domain are therefore very
sensitive indicators for identifying AGN that are in radiativelly inefficient accretion
regime (Narayan and Yi, 1994), where even BELs may be to weak to be detected.
While conducting a uniform radio-survey that would detect AGN on all their scales
is quite challenging, as more than one radio-band is required (Mingo et al., 2016),
several surveys were shown to be very useful in this field, particularly NRAO VLA
Sky survey (NVSS, Condon et al. (1998)) and FIRST (Becker, White, and Helfand,
1995; Helfand, White, and Becker, 2015). Previous studies on LLAGN detecte in
radio wavelengths were conducted by Nagar et al. (2000) and Falcke et al. (2000),
where they analyzed radio characteristics at 15 GHz of the sources from the Palomar
survey (Ho, Filippenko, and Sargent, 1995), and found relatively high fraction of
compact radio cores in these objects (∼ 30− 45 %), mostly related to LINERs.

5.1.3 Extended AGN emission

Although AGN are located in the centers of galaxies, it is possible for their emission
to do be detected up to 10 – 20 kpc from the nucleus (Husemann et al., 2012; Huse-
mann et al., 2008; Husemann et al., 2014). These are, so-called, Extended Emission-
Line Regions (EELRs) or Extended Narrow-Line Regions (ENLRs) of ionized gas,
and are most likely produced by ionized radiation that escaped AGN along the axis
of the dusty torus (Congiu et al., 2017). These EELRs are characterized by the line ra-
tios ([NII]/Hα, [SII]/Hα, [OI]/Hα, [OIII]/Hβ) that correspond to Seyfert or LINER-
like emission according to the standard emission-line ratio diagnostic diagrams. As
such, this extended emission could be very useful in detection of the obscured AGN.

Development of the Integral Field Spectroscopy (IFS) plays a crucial role in de-
tection of these objects, as it allows us to study galactic regions farther away from
the center. IFS can provide us with the insightful information on the geometry of
this "escaping" radiation, which often follows conical or bi-conical shapes, spreading
away from the galactic core (Congiu et al., 2017). There are two most commonly pro-
posed scenarios to explain this phenomenon: outflows and "light echos". Outflows
in forms of radio jets, or even mergers may be responsible for such gas kinematics,
where the ionizing AGN material is blown away from the center to the farther re-
gions of the galaxy. In case of outflows, the ionization cones often align with the jet
emission observed in the radio domain (Morganti, Oosterloo, and Tsvetanov, 1998;
Stockton, Fu, and Canalizo, 2006; Morganti et al., 2007; Morganti et al., 2015).

The other possibility is that these EELRs represent the historical view of the past
AGN activity, where AGN emission has recently turned off, and what we detect is
the relic ionized material, so called the "light echos" that is spread over the large dis-
tances across the galaxy, corresponding to light travel time of the gass (Shapovalova
et al., 2009; Dadina et al., 2010; McElroy et al., 2016). In some cases, the respective
galaxies are no longer spectroscopically identified as AGN from their central spec-
tra, since the nucleus activity has totally switched off. Such objects might serve as a
good probe of AGN history, since they may reflect the past activity of the nucleus.

Also another possible explanation of extended AGN emission is that these ob-
jects are simply heavily obscured, and cannot be identified spectroscopically from
the central spectra. Good confirmation of this scenario is the cross-correlation with
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multiwavelength studies, especially in hard X-ray band, which is resistant to obscu-
ration.

The nature and origin of ENLRs has been a subject of many studies for several
decades (Heckman et al., 1981; McCarthy et al., 1987; Cracco et al., 2011; Keel et
al., 2012; Keel et al., 2015; Obied et al., 2016; Belfiore et al., 2016; Wylezalek, 2017;
Hviding et al., 2018), where the most detailed work was conducted by Belfiore et
al. (2016) on a sample of ∼ 650 galaxies from the MaNGA survey. They created
spatially resolved emission-line ratio diagnostic diagrams in order to classify the
extended emission in MaNGA galaxies. We applied the similar approach on the
binned CALIFA datacubes in our work, which will be the main discussion of the
Section 5.4.

The extended LINER-like emission was the main drive for the newly proposed
class of objects – LIERs, that show the presence of low ionization emission line re-
gions across regions that are located 10 – 20 kpc from the nucleus (Sarzi et al., 2006;
Sarzi et al., 2010; Singh et al., 2013), especially in the early-type galaxies. Multi-
ple scenarios are proposed to expain the extended LINER-like emission, from Post
Asymptotic Giant Branch (pAGB) stars (Binette et al., 1994; Stasińska et al., 2008;
Fernandes et al., 2011) and hot evolved stars (Belfiore et al., 2016), over "starburst
hypothesis" (Yuan, Kewley, and Sanders, 2010; Ho et al., 2014) where starburst gen-
erates the galactic winds and ionized outflows that may potentially lead to LINER-
like emission line ratios, to "merger scenario" (Monreal-Ibero, Arribas, and Colina,
2006; Monreal-Ibero et al., 2010; Soto and Martin, 2012; Rich, Kewley, and Dopita,
2011) where tidally induced gas flows from galaxies’ mergers produce shocks that
ionize the extended gas.

In Chapter 2 of this thesis, by detecting the broad Hα line in nuclear spectra of
LINER-like galaxies, we found what may be the lower limit of LINER-like emission
that actually corresponds to AGN. Since non-AGN LINERs are out of the scope of
this thesis, we will be focusing only on the extended Seyfert emission for the purpose
of identifying the extend AGN (EAGN).

As we already partially showed in Chapter 2, AGN, and especially LLAGN, can
hardly be precisely detected using only one method. Rather, different diagnostic
techniques revel additional objects, and information about them. Therefore, in or-
der to have a complete picture of AGN census, various detection methods should be
used. Complete AGN census is the key to understanding the processes of coevolu-
tion of SMBHs and their host galaxies, and SMBH growth over cosmic history. By
analyzing AGN in different wavelength bands, or detecting BELs in their nuclear
spectra, as well as extended emission, we gain deeper insight into various stages of
AGN activity and their duty cycles. Such approach will assure us that we are not
missing the faintest sources, whose emission is either too weak or obscured to be
detected in the optical domain.

For the purpose of this chapter, we used the result from Chapter 2, where we
used BPT diagrams and BEL fitting method to detect type 2 (Seyfert 2) and type 1
LLAGN, respectively. The study was conducted on the sample of 542 local (0.005 <
z < 0.03) galaxies from the Calar Alto Legacy Integral Field Area (CALIFA) curvey.
We enriched the already classified AGN with additional objects by performing cross-
correlations of the CALIFA galaxies with the X-ray Swift – BAT 105 month survey
(Oh et al., 2018), and the radio NVSS catalogue, in order to detect possible additional
AGN that were hidden in the optical domain. We also constructed spatially resolved
BPT diagrams of the entire CALIFA galaxies in order to detect EAGN.
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This chapter is organized as follows: In Section 5.2 we briefly describe the sur-
veys that we used for the purpose of various AGN detection, in Section 5.3 we
present our results from multiwavelength surveys, and spatially resolved CALIFA
spectra. In Section 5.5 we discuss these additional objects and look for the cross-
correlations and connections with previously classified AGN from the CALIFA sur-
vey, and in Section 5.6 we summarize our work and results.

5.2 Data surveys and spectral fitting

5.2.1 CALIFA survey

The main survey that we used for our AGN research is the CALIFA survey (Sánchez
et al., 2012; Walcher et al., 2014), which provides integral-field spectroscopic data of
667 galaxies in the local Universe (0.005 < z < 0.03). We will only briefly describe
the CALIFA survey in this chapter, as we already provided a detailed description in
Chapter 1, as well as in previous chapters (2, 3 and 4). CALIFA observations were
made with the Potsdam Multi Aperture Spectrograph (PMAS, Roth et al. (2005)),
which is installed at 3.5m telescope at the Calar Alto Observatory. Being the integral
field survey, it has a large hexagonal field of view of 74′′ × 64′′, with a sampling
of 1′′ × 1′′ per spaxel, which is very convenient for studying both integrated and
spatially resolved properties of galaxies, which we used both for the purpose of
this chapter. CALIFA database sample consists of a mother sample that contains
939 target galaxies selected from the SDSS DR7 photometric catalogue (Abazajian
et al., 2009), and has 3 data releases. For the purpose of this thesis, we used the Data
Release 3 (DR3, Sánchez et al. (2016)), which contains 542 local galaxies. Data of each
galaxy is stored within two datacubes, one for each spectral setup, a low resolution
V500 (3745 < λ < 7500, R = 6 Å), and a medium resolution V1200 (3650 < λ < 4840,
R = 2.3 Å) one. As we were interested in emission lines in the wavelength range
4800− 6600 Å, we used V500 spectral setup.

Spatial binning of the CALIFA datacubes

In order to trace potential extended AGN emission, we required spatially resolved
information from CALIFA integral-field datacubes. As CALIFA datacubes are rela-
tively large, gathering information from each pixel would be time consuming, and
as we were interested in extended AGN emission that occupies a certain fraction
of farther galactic regions, it is safe to perform a certain spatial binning of CALIFA
galaxies, in order to increase time efficiency. For this purpose I designed a pipeline
that performs spatial binning of the CALIFA datacubes, where the size of the bin-
ning factor was set to be 3× 3 pixels. Depending on the entered binning factor (3
in our case), the pipeline creates square bins according to the central spaxel (spa-
tial pixel) tuple, which is defined by the centre of a galaxy, obtained by the CALIFA
collaboration. The binning is performed on the entire wavelength range of each dat-
acube, and the final output is a binned datacube compressed by a factor of 9. This
is significant for the next step of performing spectral fitting of each datacube, as the
native resolution of PMAS and CALIFA is around 3′′, so each 3× 3 bin is close to one
resolution element. Also, time efficiency of the process is 9 times higher comparing
to the spectral fitting of an original (unbinned) datacubes.
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Spectral fitting of binned CALIFA datacubes

In order to obtain emission-line strengths for the purpose of designing both inte-
graded and spatially resolved diagnostic diagrams, first we needed to eliminate stel-
lar contamination from host galaxy spectra. As this process is described in detail in
Chapter 2, here we offer only a brief summary of the spectral fitting process that we
performed. For the purpose of obtaining pure emission-line spectra, we used py-
PARADISE spectral fitting code (Huseman et al. (in prep.), Walcher et al. (2006) and
Walcher et al. (2009) to model the stellar continuum and absorbtion generated by
stars from the gaalxy. pyPARADISE performs both stellar kinematic and stellar pop-
ulation fitting in two iterative steps and produces a stellar component model spec-
trum and residual emission-line spectrum as an output. After subtracting this stellar
continuum and absorbtion model from the original spectrum, we obtained the pure
emission-line spectrum, which is then modeled Gausian distribution, where we as-
sumed that each emission line can be represented by one Gausian. In case of central
galactic regions, it is possible that emission lines, especially those from Balmer se-
ries of Hydrogen, Hα and Hβ are broadened by the gravitational effect of the central
SMBH. Such spectra showed that these emission lines cannot be accurately repre-
sented by one Gausian, rather as a superposition of two separate Gausian functions
– one describing the narrow component of the line, and another describing the broad
component, caracteristical for type 1 AGN. We also assumed that all narrow emis-
sion lines have the same FWHM, while FWHMs of possible broad components were
left as free parameters. Applying these criteria, we obtained emission line profiles of
both narrow and broad (if present) Hydrogen lines, Hα and Hβ, and only narrow-
line profiles of [NII] λλ6548, 6583, [OIII] λλ4959, 5007, [SII] λλ6717, 6731 and [OI]
λ6300. Detailed description of the emission-line fitting procedure is given in Chap-
ter 2.2.

In Chapter 2 we applied these spectral fitting techniques to central 3× 3 spax-
els of each CALIFA datacube, in order to analyze emission arising from nuclei of
CALIFA galaxies. As one of the main aspects of this chapter is the search for ex-
tended AGN emission, we applied the same spectral fitting procedure to the entire
datacubes. The final output are the strengths and widths of emission lines, which
we used for AGN diagnostics in later stage.

5.2.2 Swift – BAT 105 month catalogue

Hard X-ray surveys (LX > 10 keV) provide significant information on obscured
AGN, as hard X-rays can propagate through large columns of gas and dust without
being absorbed, unlike X-rays from the soft band. One of the most common surveys
used for this purposes is the cataloge obtained by Swift gamma-ray burst (GRB)
observatory (Gehrels et al., 2004), with the Burst Alert Telecope (BAT). Swift-BAT
survey is an all-sky survey at covering the hard X-ray band at 14 − 195 keV. For
the purpose of this Chapter we used the latest eddition of the survey Swift-BAT
105 month catalogue 1, in order to perform a cross-correlation with CALIFA DR3
galaxies. Detailed description of the Swift-BAT 105 month catalogue is given in Oh
et al. (2018).

1https://swift.gsfc.nasa.gov/results/bs105mon/

https://swift.gsfc.nasa.gov/results/bs105mon/
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5.2.3 NVSS

For the purpose of classifying radio AGN in CALIFA DR3 galaxy sample, we per-
formed a cross-correlation with the NVSS catalogue. NVSS uses Very Large Array
(VLA) radio telescope at wavelength 20 cm (1.4 G Hz−1), and covers all areas north
of J2000.0 δ = −40◦, which accounts for ∼ 82% of the celestial sphere. Radio data
collected by NVSS are packed in a set of 4 deg×4 deg continuum cubes with planes
containing Strokes I, Q and U images, and a catalogue of ∼2 ×106 descrete sources
brighter than 2.5 mJy (Condon et al., 1998). Although NVSS has a relatively small
spatial resolution (45 arcsec), it is more than sufficient for the purpose of our re-
search, as this Full Width at Half Maximum (FWHM) covers both host galaxy and
possible AGN jet-like signature for the low redshifs of CALIFA.

5.3 Results

5.3.1 AGN detection from cross-correlation with multi-wavelength sur-
veys

X-ray AGN in CALIFA

As we already mentioned, X-ray luminosities of galaxies may serve as valid iden-
tification method of AGN due to the fact that the most AGN are the strong X-ray
emitters compared to the non-active galaxies, as X-rays emitted by AGN are typi-
cally 2 orders of magnitude brighter (Georgakakis et al., 2015). X-ray emission can
be divided into two bands – soft X-ray emission, with energies 2 – 10 keV, and hard
X-ray emission in 15 – 195 keV band. As soft X-rays may be undetectable due to
obscuration, it is possible to miss heavily obscured AGN in this wavelength range.

When the X-ray luminosity in the soft (2 – 10 keV) band exceeds 1042 erg s−1

(Szokoly et al., 2004), or is larger than 1042.2 erg s−1 in the hard (15 – 195 keV) band
(Walcher et al., 2014), a galaxy is probably hosting an AGN in its centre. The cross
correlation of the CALIFA galaxy sample with the soft X-ray surveys – ROSAT all-
sky survey catalogue and Chandra did not reveal any matches, most likely due to
the fact that the soft X-rays are mostly absorbed in the obscured AGN. Unlike soft
X-rays, cross correlation with the hard X-ray database Swift-BAT 105 month sur-
vey revealed 6 objects with logL(15−195) keV > 42.2 that are also part of the CALIFA
DR3 galaxy sample. Their X-ray luminosities logL(15−195) keV are in range (1042.97 −
1044.15) erg s−1. Three of them we already classified as galaxies with Seyfert 2 nu-
clei using emission-line ratio diagnostic diagrams (Chapter 2.3.1), while in two we
detected broad Hα line in the central spectrum (Chapter 2.3.2), corresponding to the
type 1 AGN, accordingly. One additional object have LINER-like nucleus, accord-
ing to our classification using the standard emission-line ratio diagnostic diagrams,
conducted in Chapter 2. The final outcome, therefore, revealed only one additional
AGN that was hidden in the optical domain, and couldn’t be detected with meth-
ods that are often applied in this wavelength regime. This is either heavily obscured
AGN, or its emission is too weak, and is, as a result, masked by host galaxy’s stellar
emission, or both. As we already discussed in Chapter 2, galaxies that are classified
according to BPT diagrams as intermediate, may be the mixing objects, indicating
that there is more than one mechanism responsible for the ionization of the nucleus,
and are therefore not strictly defined. This result, although statistically insignificant,
amplifies the importance of using different wavelength bands in AGN detection, as
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TABLE 5.1: X-ray AGN candidates properties

CALIFA Object log L(15−195) keV Hubble previous
ID name type classification
111 MCG-02-08-014 43.20 Sa Seyfert 2
114 NGC1142 44.15 Sd Seyfert 2
154 UGC03973 43.68 Sb type 1
314 UGC05498NED01 42.97 Sa LINER-like
742 NGC5610 43.04 Sb type 1
897 UGC12348 43.28 Sb Seyfert 2

larger surveys may reveal more optically hidden AGN. In Table 5.1 we list the X-
ray AGN as well as their X-ray luminosities logL(15−195) keV, morphology types, and
previous classification from Chapter 2.

5.3.2 Radio AGN in CALIFA

Strong radio activity is another indicator of AGN signature in galaxy’s centre. Pres-
ence of radio jets that are emitted by compact radio core and are spread to the large
distances across a galaxy are characteristical feature of LLAGN. These objects appear
to be radio-loud and can therefore easily be distinguished from non-active galaxies
by the strength of their radio luminosities.

Radio frequencies at 1.4 GHz are considered to be a valid indicator of presence
of AGN in galaxy’s centre. If the radio continuum luminosity satisfies the criterion
L1.4 GHz > 1023 W Hz−1 (Best and Heckman, 2012) it is most likely hosting an AGN.
Therefore, in order to search for additional AGN that we previously missed in op-
tical and X-ray identification, we performed a cross-correlation of the CALIFA DR3
galaxy sample with NVSS catalogue at 1.4 GHz, from which we obtained radio con-
tinuum fluxes. We then calculated the radio continuum luminosity at 1.4 GHz using:

L1.4 GHz [W Hz−1] =
4π

(1 + z)1+α
F1.4 GHz [Jy] DL [m2] (5.1)

where F1.4 GHz is the radio flux obtained from the NVSS catalogue, α = −0.7 is the
spectral index and DL is the luminosity distance. We found 12 objects that sat-
isfy the criterion L1.4 GHz > 1023 W Hz−1, whose logL1.4 GHz are in range 1023.00 −
1024.79 W Hz−1. These are considered to be strong radio emitters.

On the other hand, for galaxies with L1.4 GH < 1023 W Hz−1, we need an addi-
tional criterion, such as the strength of the 4000 Å break (D4000n, Best et al. (2005)),
in order to accurately identify AGN. The D4000n serves as a stellar population age
indicator. As the opacity in the stellar atmospheres raises with the decreasing stel-
lar temperature, D4000n gets larger with older ages. Therefore, if star formation
is currently happening, we would expect mostly young stars in the galaxy cen-
tre. In other words, we do not expect old stellar populations in the star-forming
galaxies, so the objects hosting them are possible AGN candidates. Similar as de-
scribed in Walcher et al. (2014), we measured the D4000n, and assumed that, in
order for galaxy to host an AGN, the 4000 Å break strength must satisfy the con-
dition: D4000n > 1.7. We calculated D4000n as the ratio of an average flux in the
3750− 3950 Å and 4050− 4250 Å wavelength range. This revealed 2 additional AGN
candidates, with logL1.4 GHz = 22.34 and logL1.4 GHz = 22.16, in logarithmic units of
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FIGURE 5.1: NVSS contour image in radio domain at 1.4 GHz. The object is NGC
0741 galaxy, with a cross symbol marking aproximate galactic centre. Contours
represent spread of radio emission on a scale of ∼ 5′′, which is a clear signature of

a radio jet coming from the central AGN.

W Hz−1, originally classified as LINER and intermediate types from the diagnostic
diagrams.

In order to increase the accuracy of radio-AGN identification, we checked NVSS
radio images of the objects that we identified as radio-AGN candidates. If the ra-
dio images reveal a jet-like structure, we can claim with high confidence that these
objects are in fact genuine AGN, and that their strong radio emission is not coming
from stars. The total of 8 out of 14 objects showed a presence of the jet-like structure.
On Figure 5.1 we show an example of NVSS contour images of NGC 0741, where
we can clearly see the jet on the scale of ∼ 5′′. One object is in luminosity range of
weak AGN, while the remaining 7 have L1.4 GH > 1023 W Hz−1. For the remaining
6 objects that did not show a jet in the radio images, we can not claim with very
high accuracy that their radio emission is coming from an AGN, although they are
all very strong radio emitters.

The result of NVSS and CALIFA cross correlation revealed potential 14 AGN
candidates, visible in radio domain, of which 5 of them correspond to our optically
classified type 1 AGN, and 2 radio objects corresponding to X-ray AGN. Additional
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7 objects that we identified as radio-AGN were previously classified as galaxies
LINER-like (2) and intermediate (5) nucleus, with the standard diagnostic diagrams.
Radio diagnostics revealed in total 7 new AGN that were previously not identified
in the optical domain, while two objects correspond to both X-ray and radio AGN,
and were previously identified as LINERs. This result, beside confirming some of
the AGN candidates identified with BEL diagnostics, also implies on the potential
AGN nature of some galaxies that are classified as LINERs or intermediate according
to the optical emission-line ratio diagnostic diagrams. The overview of radio-AGN
candidates is listed in Table 5.2.

5.4 Extended AGN in CALIFA

In order to detect extended AGN emission in CALIFA galaxy sample, we designed
a pipeline that performs spatial binning of the CALIFA datacubes (Section 5.2.1), for
the purpose of increasing time efficiency. We performed 3′′ × 3′′ spatial binnig of all
542 CALIFA DR3 datacubes, and take in each bin the mean over all valid pixels.

In order to create spatially resolved emission-line maps, we first performed stel-
lar population and kinematics fitting of each bin for each galaxy, and later emission
line fitting on the residual spectra. Thus we obtained emission line flux densities
of [OIII], [NII] and [SII] lines, and narrow components Hα and Hβ lines, using the
procedures described in Chapter 2.2.3. We required signal-to-noise ratio to be S/N
> 2 for each line. First we used these emission line ratios to construct BPT dia-
grams of each galaxy, for the purpose of distinguishing between 4 different ioniza-
tion mechanisms: star-formation, AGN, LINER-like, and intermediate, which most
likely consist of combination of the previous 3 mechanisms. In order to preserve
consistency, we adopted the classification scheme from Chapter 2, applied on the
central bins only. First we analyzed the [OIII]/Hβ – [NII]/Hα diagnostic diagram
in order to separate the regions that are ionized by star-formation processes in the
galaxy. We used the (Kewley et al., 2001) "extreme starburst line" as a theoretical
maximum above which the ionization by star-formation processes is no longer pos-
sible. Data points above this line are considered as AGN candidates, belonging to
either Seyfert 2 or LINER-like types. Further, with (Kauffmann et al., 2003) empirical
demarcation curve, we separated regions that are ionized purely by star-formation.
The region between (Kauffmann et al., 2003) and (Kewley et al., 2001) we classified
as "intermediate", according to Chapter 2. In order to divide Seyfert 2 from LINER-
like regions, we used [SII]/Hα – [OIII]/Hβ diagnostic diagram, and the empirical
line from (Kewley et al., 2006) as "AGN – LINER mixing line".

After applying the BPT diagnostics on each CALIFA DR3 datacube, we per-
formed the visual inspection of each object. Since significant number of objects show
presence of Seyfert emission-line ratios in the spatially resolved diagrams, we de-
cided to discard objects where only single (3× 3 binned) spaxels are AGN-like and
surrounded by non-AGN spaxels (including LINER-like). Those cases we suspect
to be due to noise. We demanded that significant regions must show AGN-like line
ratios, in order to consider them as genuine extended AGN emission. This signifi-
cantly reduced the number of objects that may be potential EAGN candidates. Sim-
ilar to Belfiore et al. (2016), we estimated the number of Seyfert-like emission bins
for each galaxy. We considered objects with Seyfert fraction larger fSey than 10% to
be possible EAGN, while objects fSey > 15% have slightly higher probability, and fi-
nally for galaxies with fSey > 20% we can claim with high certainty that we detected
the extended AGN emission. Out of 542 analyzed galaxies, this method narrowed
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down the total of 8 potential EAGN candidates ( fSey > 10%), of which 3 of them also
have a Seyfert nucleus. One of these three objects had later revealed to host broad
Hα emission in its central bin, and is therefore classified as type 1 AGN according
to its central spectrum. Out of the remaining 5 objects with detected extended AGN
emission, 3 were also previously classified as type 1 AGN with LINER-like nuclear
emission according to the BPT diagrams from Chapter 2, and one as radio AGN. The
last remaining object is classified as LINER-like type from its central spectrum. Two
out of eight objects have fSey > 20%, for which AGN origin we are highly certain,
as they were revealed as Seyferts from their nuclear spectra, and three of them have
fSey > 15%.

On Figure 5.2 we present the resulting distribution of our measured line ratios for
four objects that have detectable extended AGN emission. From the left to the right
panel of each sub-figure we have [NII] – [OIII] and [SII] – [OIII] diagnostic diagrams
of the entire galaxy (left and middle panels respectively), while the right panels rep-
resent the spatially resolved emission-line ratio diagnostic maps, which show us
how each of the classified regions is distributed on the scale of the entire galaxy. As
some bins have undetectable [SII] emission which we used in the [SII] – [OIII] dia-
gram to distinguish between Seyfert and LINER-like emission, we used the strength
of [OIII]/Hβ line ratio as a separation point, where bins with log [OIII]

Hβ < 3.0 we clas-

sified as contributors to LINER-like emission, while for those with log [OIII]
Hβ > 3.0

we assumed that the emission is from AGN. Also, a certain number of data points
in some objects were classified as star-forming in origin from the [SII] – [OIII], while
they usually belonged to an intermediate type according to the [NII] – [OIII] dia-
gram. These three types bins were represented as opened symbols on the Figure
5.2.

On the upper panel of Figure 5.2 we show an example of an object where we can
claim with a high accuracy that we detected the extended AGN emission. This ob-
ject is also classified as both Seyfert and type 1 AGN from its central spectrum. The
second panel from top to bottom shows the only object that was not previously iden-
tified as AGN from BPT diagrams, BEL diagnostics or multiwavelength surveys. We
can notice that majority of both Seyfert and LINER-like data points lie close to de-
marcation lines. In such objects we may assume that the LINER-like emission is a
reflection of AGN, which is also confirmed by the detection of broad Hα emission
line in the nuclear region of this object. We can also notice that LINER-like and
Seyfert bins are always in the proximity of each other on the spatially resolved BPT
diagram, implying the similar nature of the emission of these bins. In the third panel
from top to bottom we have an example of a galaxy which is spectroscopically iden-
tified as LINER from its nuclear spectrum, while the further analysis revealed that
this galaxy is both type 1 AGN and strong radio AGN. As we can see from the fig-
ure, we have a significant amount of extended AGN emission in the farther regions
of the galaxy, while only the central bin has LINER-like emission. This may be due
to uncertainty in emission-line fluxes estimation, as well as the uncertainty of the
position of the galactic centre. Finally the bottom panel of Figure 5.2 shows an object
for which we are not highly confident that we detected the extended AGN emis-
sion, but due to the relatively high fraction of Seyfert bins ( fSey ≈ 15%) it is possible
that this object is a valid EAGN candidate. Table 5.3 summarizes main properties of
EAGN candidates, as well as their original classification.

While Belfiore et al. (2016) developed a method that measures the distance of
each spaxel from the demarcation curves to account for each class, we took a differ-
ent approach, and concluded that the contribution of each class may remain roughly
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FIGURE 5.2: Spatially resolved diagnostic diagrams of EAGN. Left panel represents
[OIII]/Hα over [NII]/Hβ emission line ratios of each 3′′ × 3′′ bin, while middle
panel is [OIII]/Hα over [SII]/Hβ. Bins with star-forming emission-line ratios, be-
low the empirical demarcation curve from KA03, are marked with light blue stars.
Bins with line ratios typical for Seyfert emission are marked as red squares (closed
symbols indicate that the classification is made using the [SII] – [OIII] diagram and
the empirical KE06 line, while open symbols represent datapoints where [SII] could
not be detected and the classification is made based on the strength of [OIII]/Hβ ra-
tio). LINER-like emission is represented with open and closed green triangles. Ad-
ditional "intermediate" type emission, with line ratios above the theoretical KE01
and below the empirical KA03 curves, is represented by purple diamonds. Small
number of data points classified as star-forming in origin from [SII] – [OIII] only

and not from [NII] – [OIII] diagram are marked with open magenta diamonds.
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TABLE 5.3: Properties of extended AGN candidates

CALIFA Object Hubble previous
ID name type classification
114 NGC1142 Sd type 1
154 UGC03973 Sb type 1
186 IC2247 Sab Seyfert 2
274 IC0540 Sab LINER-like
577 NGC4676A Sdm radio
757 NGC5675 Sa type 1
801 NGC5953 Sa type 1
897 UGC12348 Sb Seyfert 2

the same, as we will have effect of objects mixing from each side of the demarcation
lines. To put it in a simple way, if we would loose some data points from Seyfert
as they may actually belong to LINER-like emission, we will also gain some data-
points from LINER-like emission on the other hand. The regions close to demarca-
tion curves probably have high mixture of different classes, and it is hard to draw
the clear line where one ends and the other begins.

We can conclude that, while we have identified only one new AGN with ex-
tended AGN emission diagnostics method, on the other hand we definitely did con-
firm that some of the objects with central LINER-like or intermediate emission are
in fact genuine AGN, as they were classified as AGN with more than one method.
This strengthens the assumption that definitely some (and probably high fraction)
of LINERs or LIERs are actually a sub-class of LLAGN.

5.5 Discussion

5.5.1 AGN census in CALIFA

On Figure 5.3 we show [NII]/Hα – [OIII]/Hβ emission line ratio diagnostic diagram,
previously established in Chapter 2.3.1. The diagrams show nuclear 3′′ × 3′′ spec-
tra of the CALIFA DR3 emission-line galaxies that have detectable [NII] emission
in their centers, consisting of 483 objects, originally divided into 4 categories based
on the powering source of their nucleus: star-forming galaxies, Seyferts 2, LINER-
like galaxies, and intermediate class. The classes are divided using the demarcation
curves postulated by Kewley et al. (2001) ("extreme starburst line"), Kauffmann et al.
(2003) (empirical separation between star-forming galaxies and AGN candidates in-
cluding LINERs and intermediate mixed objects), and Kewley et al. (2006) (empirical
"AGN – LINER mixing line). Detailed procedure on how the division is performed
is described in previous section as well as in Chapter 2.3.1, where we performed
a classification of all CALIFA emission-line galaxies. Beside emission line ratio di-
agnostic diagrams classification, we also performed broad Hα diagnostics (Chapter
2.2.3), where we performed emission line fit allowing Hα line to have an additional
broad component. As the broad Hα lines are very weak in the CALIFA AGN sam-
ple, the final conclusion on whether or not the additional fit component has an actual
physical meaning was made by comparison of the residuals after fitting the spectra
with and without the additional broad component. This resulted in 89 galaxies that
have broad Hα emission present in their spectra, subsequently classifying them as
type 1 AGN. Majority of these objects (59 out of 89) are located on the LINER-like
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FIGURE 5.3: The central emission line ratios of the CALIFA galaxy sample repre-
sented on the [NII] – [OIII] (top) and [SII] – [OIII] (bottom) standard diagnostic
diagrams. The galaxies with star-forming nuclei, determined using the empirical
KA03 (dashed curve, top) line on the [NII] – [OIII] diagnostic diagram, are marked
with blue stars. Seyfert 2 nuclei, located above the theoretical KE01 "maximum-
starbust line" (solid line, bottom) and left from the KE06 "Seyfert-LINER classifica-
tion line" (dotted line, top) on the [SII] – [OIII] diagram, are represented with red
dots, while LINER-like nuclei (above the KE01 and right from the KE06 on the [SII]
– [OIII] diagram) are marked with green triangles. The additional "intermediate
nuclei" (located above the KA03 line on the [NII] – [OIII], and below the KE01 line

on the [SII] – [OIII] diagram) are represented with purple diamonds.

part of the diagnostic diagrams, while the remaining 30 objects are originally classi-
fied as Seyferts (18) and galaxies with intermediate nucleus (12). Our classification
and count from the Chapter 2 therefore consists of 89 type 1 AGN (∼ 16% of the total
sample of 542 objects), 29 Seyfert 2 galaxies (∼ 5%), 76 LINER-like objects (14%), 110
intermediate (∼ 23%), and 179 purely star-forming galaxies (33%). It is important
to note that in Chapter 2 we analyzed only nuclear 3′′ × 3′′ apertures of CALIFA
galaxies.

Within this chapter, we established 3 additional classes of AGN, using the multi-
wavelength surveys in X-ray and radio domain, as well as spatially resolved emission-
line diagnostic diagrams. Cross-correlation of the CALIFA DR3 sample with Swift
– BAT 105 month catalogue revealed 6 AGN candidates with X-ray luminosities
above 1042.2 erg s−1 in the hard 15 – 195 keV X-ray band. Out of these 6 objects,
three have already been classified as Seyfert 2 nuclei using the nuclear emission-
line rations and BPT diagrams, while two revealed the presence of the broad Hα
emission line in its central spectrum, falling into category of type 1 AGN. The re-
maining one object is therefore identified as an additional X-ray AGN. Accordingly,
cross-correlation between CALIFA and NVSS samples revealed 14 radio AGN, of
which 9 of them have strong (L1.4 GHz > 1023 W Hz−1) and 2 weak radio emission
(L1.4 GHz < 1023 W Hz−1). Eight of these radio AGN candidates showed the presence
of a jet-like structure in their radio images. Some of these radio-AGN candidates
were already previously identified type 1 (5 objects) or X-ray AGN (2 objects). This
leaves 7 additional objects that that were spectroscopically identified as LINER-like
or intermediate galaxies, according to their nuclear emission-line ratios.

We were also interested in the extended AGN emission, as some of the AGN
candidates might be too obscured in the centers to be spectroscopically identified,
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or their photioinized material was blown away by shocks and outflows into the far-
ther regions of the galaxy. Another possible scenario that may explain the extended
AGN emission is that we observe the light echos of the relic AGN emission that is
spread over the galaxy, while the central engine is no longer in its active phase, and
is therefore not identified as AGN. For the purpose of detecting these EAGN, we
constructed spatially resolved emission-line ratio diagnostic diagrams, applying the
same criteria as for the nuclear regions, on the binned data cubes of all CALIFA DR3
galaxies. This method introduced 8 potential EAGN candidates, of which 7 were
previously already identified as either Seyfert, type 1, or radio AGN. The one addi-
tional object was previously classified as LINER-like type, and within this chapter
we revealed that it actually contains extended AGN emission, and is therefore clas-
sified as EAGN.

According to the previously described emission-line ratio classification scheme,
on Figure 5.4 we marked all our previously established AGN types (type 1 + Seyfert
2) with red pentagons, while black markers represent galaxies with star-forming,
LINER-like, and intermediate nuclei, in order to avoid to many symbols and colors
on one plot. Newly identified AGN candidates (6 X-ray, and 14 radio, and 8 EAGN)
are represented with yellow Xs, purple triangles (with lighter color indicating weak
radio emission, and darker – strong radio AGN), and light green squares, where we
can also notice the overlapping between the respective AGN classes.

Beside overlapping between X-ray and radio AGN, cross-correlation of Swift –
BAT and NVSS surveys with CALIFA also resulted in overlapping between each of
AGN subclasses. Therefore our final classification has the following AGN count,
with priority assigned by the following order:

• 89 type 1 AGN – 17% of all emission line galaxies from CALIFA

• 29 additional Seyfert 2 galaxies – 5.5%, out of 55 detected in total

• 1 additional X-ray AGN – 0.2%, out of 6 detected in hard X-ray band

• 7 radio AGN – 1.3%, out of total 14

• 1 EAGN 0.2%, out of 8

Inspecting the cross-correlation between the CALIFA and multiwavelength sur-
veys in X and radio domain, as well as constructing spatially resolved emission-line
ratio maps in order to detect extended AGN emission, did not reveal statistically sig-
nificant number of new objects, but the important aspect of it is that it confirmed that
certain objects can be classified as AGN with multiple methods. This emphasises the
importance of using more than one method in AGN detection and classification, es-
pecially in case of LLAGN, whose nuclear emission can be extremely weak, therefore
imposing significant challenges in the its detection and proper analysis.

With AGN diagnostic methods presented in this chapter as well as in Chapter 2
we can establish the complete AGN census in the CALIFA survey. We can conclude
that the CALIFA sample consists of 125 AGN in total, or ∼ 23% of all sample galax-
ies that may be classified as active, which yields significantly high fraction. As we
showed in Chapter 4, these AGN accrete at extremely low state, and have modified
central engine. In order for these objects to be detected, sufficient spectral resolu-
tion as well as proper analysis, including precise stellar component subtraction and
BEL fitting, have to be performed. Otherwise the abundance of these objects in the
local Universe can be heavily underestimated, as they may either go undetected, or
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FIGURE 5.4: [NII]/Hα – [OIII]/Hβ emission-line ratio diagnostic diagram of the
central CALIFA DR3 galaxies’ regions. Red pentagons represent previously identi-
fied AGN types (type 1 AGN and Seyfert 2 galaxies, Chapter 2), while green squares
represent EAGN candidates, yellow Xs – X-ray AGN, and purple inverted triangles
– radio AGN, color-coded for the radio-strength, where lighter shade marks radio-
weak, and darker – radio-strong AGN candidates. With black dots we marked all
other types of objects from our classification (star-forming, LINER-like, and galax-
ies with intermediate nucleus). Overlapping between the respective AGN classes
is only shown on the plot, and is avoided in final classification, given the priority

of diagnostic methods.

classified as inactive. Different wavelength bands and different diagnostics meth-
ods can help us understand the full picture of AGN population, as it may provide
us with different perspectives and types of active galaxies. This is important in re-
alizing the selection effects of each survey and method and completing the AGN
picture. Understanding the proper AGN census in the local Universe is essential in
studies of these objects, and represent the zero-point in the study of the entire AGN
population.

Throughout this thesis we assumed that LINER-like emission may be the result
of the variety of mechanisms, of which one is certainly accretion of the gas onto
the central SMBH. With our AGN census we imposed a lower limit of LINER-like
emission that actually originates from AGN. It is important to be aware that pro-
cesses such as shocks or emission from pAGB stars can also produce LINER-like
emission-line ratios, and that observed LINER-like line ratios are not a reflection of
the LLAGN in the center of a galaxy. It is therefore important to distinguish between
AGN and non-AGN origin of these emission-line ratios, where multiwavelength
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FIGURE 5.5: Left: Histogram showing total stellar masses M∗ of AGN hosts in
CALIFA, compared to the all emission-line galaxies in the sample. AGN hosts be-
long to the most massive galactic systems in the CALIFA sample, having M∗ in
range 1010 − 1012 M�, with an average value of 1011 M�. The plot is color-coded
for different AGN types, as shown in the legend. Right: each AGN type given as
a fraction of all emission-line galaxies in CALIFA, within each M∗ bin. This clearly
shows that the most massive M∗ bins in the CALIFA sample contain large fraction

of AGN.

surveys as well as BEL detection play a crucial role.

5.5.2 Properties of different types of AGN in CALIFA

As we already discussed in chapters 2 and 2, type 1 AGN were constituents of
relatively massive galaxies (M∗ ≈ 1011 M� on average), although their estimated
black hole masses populate majorly the low-mass end (2.1× 107 M�). In this sec-
tion we analyze the distribution of the different AGN sub-types respective to their
total galaxies’ stellar masses, as well as their respective Hubble types. Total stellar
masses of the galaxies in the CALIFA sample were calculated by the CALIFA col-
laboration (Walcher et al., 2014) using Sloan Digital Sky Survey (SDSS) ugriz growth
curve magnitudes. The M∗ estimation method used the Bruzual and Charlot (2003)
models with a Chabrier (2003) Initial Mass Function (IMF), where possible bursts
and different amounts of dust extinction were accounted.

On Figure 5.5 we present the distribution of total galaxy stellar masses M∗ color-
coded for each AGN type. On the left we have a standard histogram of each AGN
subtype, with previously established classification method priority as follows: type
1 AGN, galaxies with Seyfert 2 nucleus, X-ray AGN, radio-AGN, and finally EAGN.
We can see similar distribution within sub-types, where the highest number of ob-
jects has M∗ in range 1010 − 1011.5 M�. On the right panel, we show the fraction of
each AGN type within each bin, where full bin contains all emission line galaxies
within that M∗ range. It is interesting to note that AGN contribute to ∼ 50% of the
most massive bin in the sample (1011.5 − 1012 M�). This shows that large number
of the most massive galaxies in CALIFA are in fact AGN hosts, where even though
these LLAGN are significantly faint, they still prefer massive galactic systems. Also,
majority of radio-AGN have the highest M∗ in the sample, while type 1 and Seyfert
2 are more or less evenly distributed between 1010 M� and 1012 M�.

On Figure 5.6 we show the link between total stellar masses and Hubble types,
color-coded for each AGN subclass. We can see that radio AGN are mostly present
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FIGURE 5.6: Relation between Hubble types and total stellar masses M∗ of CALIFA
AGN hosts, color-coded as in previous figure, for different AGN candidate type.
As there is some overlapping between different AGN types, the final classification

looks slightly different, containing larger number of type 1 AGN and Seyferts.

in massive elliptical galaxies, while Seyferts are majorly populating mid-mass spi-
rals S0 – Sbc. Type 1 AGN, on the other side, are distributed over a wide range of
morphological types and total stellar masses. Unlike the previous figure, where we
tried to avoid overlapping of different AGN types, here we have some datapoints
that may be represented by a color of one AGN type (for example radio or X-ray)
while in general, we classified it as type 1 AGN. As type 1 AGN and Seyferts are
most common AGN types in our study, their distribution of Hubble type —- total
stellar mass is relatively wide, while other types might be more localized in specific
areas of the plot. This was the main drive to give priority to less frequent AGN types
in our study, for the purpose of this plot, in order to have a better representation of
the distribution of different AGN types on the Hubble type — M* plane.

The final AGN classification is given in Table A.4 in Appendix where we docu-
ment properties of each AGN type.

In this chapter we emphasised the importance of looking at different wavelength



116 Chapter 5. Complete AGN census in the CALIFA survey

bands and different methods of AGN identification, in order to gain better under-
standing of these objects. Different bands and methods give us different perspec-
tives and reveal different types of AGN, pointing out that, with each AGN identi-
fication method, we need to be aware of potential selection effects. Obscured AGN
can hardly be identified in the optical wavelengths, and a significant fraction of these
objects can be lost if we would rely only on methods of optical AGN detection. X-
ray AGN, and especially in hard X-ray band, on the other hand, are insensitive to
obscuration and can reveal additional objects that we misclassified using the opti-
cal methods. In Chapter 2 we signified the importance of BEL detection for AGN
identification, and as we confirmed in this chapter as well, this method remains
very reliable for AGN diagnostics. Few additional objects that were revealed, either
in multiwavelength bands, or in integrated spectra, were already previously clas-
sified as type 1 AGN, strengthening the validation of the method. Extended AGN
emission, as we showed, is somewhat harder to be precisely defined, as majority of
objects have emission-line ratios close to demarcation lines. For these objects we can-
not claim with very high accuracy that we are certain they belong to AGN. On the
other hand, this also points out to the similarity of AGN-like and LIER-like emission-
line ratios, and extrapolated to a broader picture, that definitely some fraction of
LINER-like emission is a reflection of central SMBH accretion. Of course, other pro-
cesses, such as shocks or emission from stars with old stellar population can also
produce LINER-, or LIER-like emission-line ratios, therefore it is important that we
use other methods of AGN diagnostics, as emission-line ratio diagnostic diagrams
are not sufficient to properly distinguish between LINER-like emission coming from
AGN and other mechanisms. Detection of BELs, as well as radio-jets and/or strong
X-ray emission, in these objects can definitely be a strong confirmation that we are
in fact looking at LLAGN.

5.6 Conclusions

Using various AGN diagnostic methods finally brought us closer to a proper AGN
census in CALIFA database, where we revealed that LLAGN are in fact, quite fre-
quent in the local Universe. Previously, in Chapter 2, by applying standard emission-
line ratio diagnostic diagrams on nuclear spectra of CALIFA galaxies, and BEL di-
agnostics of the central regions, we found that LLAGN in fact contribute to a signifi-
cant fraction of all CALIFA DR3 emission-line galaxies. This classification consisted
of type 1 AGN and galaxies with Seyfert 2 type of nucleus. While there were some
overlapping between the two AGN types, we gave classification priority to type
1 AGN over Seyferts as BELs that we detected can only be produced by accretion
onto the central SMBH, while emission-line ratios can are prone to larger uncertainty
close to demarcation lines. In this chapter, we used multivawelength AGN diagnos-
tics, combining X-ray (Swift-BAT 105 month catalogue) and radio (NVSS) surveys,
and performing a cross-correlation with CALIFA DR3 galaxies, which revealed us
few additional AGN in CALIFA, classified as X-ray and radio AGN, according to
these respective surveys.

We found that 75% of our radio-AGN candidates reveal a presence of a jet-like
structure, visible in their radio images from NVSS, which may serve as a great con-
firmation that this radio emission can only be attributed to LLAGN. The jet-like sig-
nature, beside being a clear evidence that a galaxy is hosting an AGN in its centre, is
also very important for our understanding of SMBH – host coevolution, as jet-driven
shocks may have an important impact on star formation history of AGN (Mingo et
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al., 2016). The combination of X-ray and radio observations is important for investi-
gating various areas of AGN physics, such as radio loudness, the origin of jets, and
the structure of accretion disks, which are known to have a different structure in
LLAGN.

Another method that we used in this chapter for AGN diagnostics is detection
of extended AGN emission, that can be detected in further regions of galaxies. This
method revealed few objects that might be potential EAGN candidates, of which all
except one were previously identified as another type of AGN, mostly type 1 and
Seyfert. Although not fully developed yet, this method provides a novel insight into
AGN history and might be useful in the future for studying the coevolution between
AGN and their host galaxies.

Our final research gave us five different types of AGN in the CALIFA survey,
which constitute to a large fraction of all CALIFA galaxies. Overlapping of differ-
ent AGN types required that we construct a hierarchy of the classification methods,
according to how certain we are in the validity of the results. As we already men-
tioned, the top priority is given to type 1 AGN, followed by Seyferts, X-ray, radio,
and finally, EAGN. This overlapping between different types only strengthened our
claims and certainty of our classifications, but it also emphasises the importance of
including different surveys and approaches, in order to maximally avoid selection
biases in classification.
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CHAPTER 6

Conclusions

6.1 Summary

The main goal of this thesis was to search for and investigate physical properties
of Active Galactic Nuclei (AGN) in the local Universe, for which purpose we used
the Calar Alto Legacy Integral Field Area (CALIFA) survey, which can be taken as
representative for the local galaxy population.

AGN in the local Universe contribute to the extremely low-luminosity end of
the population, and by understanding the physics behind these objects we may gain
deeper understanding of the entire AGN phenomenon and their evolution across
cosmic history.

Objects with extremely low luminosities such as local AGN are target of many
observational challenges and they are still not properly studied and understood.
So far it has been unanswered question whether these objects are genuine, but less
active AGN, or a completely separate class of objects with different physical mech-
anism of the central engine. Yet, they are of great importance for understanding of
black hole demographics, the coevolution of Super Massive Black Holes (SMBHs)
and their host galaxies, and completing picture of the entire AGN phenomenon.

6.1.1 The quest for AGN in CALIFA

Emission line spectroscopy of the central galactic regions holds key information on
the ionization mechanism of the central source. By analyzing the central 3′′ × 3′′

aperture spectra of all 542 CALIFA DR3 galaxies, we found that AGN constitute to
a high fraction (23%) of the entire sample. We used standard emission-line ratio di-
agnostic diagrams which separate between different classes of objects based on their
central ionization mechanism. According to this we were able to separate between
star-forming galaxies, galaxies that have LINER-like emission, intermediate galaxies
that are probably homogeneous class of objects, and galaxies with Seyfert 2 nucleus.
We also searched for the signatures of broad Hα emission-line in the central spectra
of these galaxies, as a definitive indicator of AGN activity in the nucleus.

We found that type 1 AGN that have broad Hα line present in their central spec-
trum are in fact quite common in our sample, consisting of 16% of all CALIFA galax-
ies. These Broad Emission Lines (BELs) are extremely weak (LHα ∼ 1039 erg s−1),
but with width comparable to those of "typical" high-luminosity high-z type 1 AGN
(1000− 6000 km s−1).

An interesting finding is also that majority of these objects were acutally "masked"
as LINER-like galaxies, where 66% of type 1 AGN are located in the LINER-region
on the standard diagnostic diagrams. This resulet that almost half of LINER-like
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galaxies (44%) are in fact genuine AGN, setting the lower limit on how many LIN-
ERs are actually powered by accretion onto the central SMBH. This is significantly
higher than what is found in most recent work on this topic, conducted by Eun, Woo,
and Bae (2017), where they found that only 3% of type 2 AGN from SDSS at z < 0.1
have broad Hα in their spectra. The differece may be due to two reasons: there are
strong dilution effects in more distant galaxies when using a fixed 3′′ SDSS aperture,
and second is that they searched for broad lines in objects that were already classi-
fied as type 2 AGN, while here we definitelly confirmed that majority of type 1 AGN
are hidden in LINER region.

An important result that serves as an evidence that these BELs are in fact gener-
ated by the accretion of the material onto the central SMBH, and are not a product
of poor fitting procedure, or even some other excitation mechanism, is that all of
them are located in the AGN (Seyfert 2 + LINER) region of the emission-line ratio
diagnostic diagrams.

Our result shows that, although hard to detect, low-luminosity AGN (LLAGN)
are widely present in the local Universe.

6.1.2 Ratio of type 1 : type 2 AGN in CALIFA

As we detected broad Hα line in almost 40% of the CALIFA galaxies located in
Seyfert region of diagnostic diagrams, this significantly reduced the fraction of type
2 AGN in our sample (to only ∼ 5% of the entire sample). This high ratio of type
1/type 2 AGN is definitely something that should be investigated more in future
works. One possible explanation is the modified structure of the dusty torus sur-
rounding the central source. In "typical" luminous AGN, a clumpy dusty torus sur-
rounds the Broad Line Region (BLR) from which we observe the BELs, blocking their
emission on the line-of-sight. Narrow Line Region (NLR) on the other hand is not
obscured by the dusty torus and this may be the main reason why we detect Narrow
Emission Lines (NELs) more often than broad. According to the theoretical work
of Elitzur and Shlosman (2006), dusty torus and the BLR disappear for bolometric
AGN luminosities Lbol below 1042 erg s−1. Clumpy optically thick torus collapses
into a thin disk. This transition however most likely happens smoothly, and it is
possible that for low bolometric luminosities of LLAGN the torus has mostly disap-
peared, while the BLR with extremely weak BELs still persists even below this limit,
and is revealed by the disappearance of the torus.

There is no physical reason why type 2 AGN would be more common in the
Universe than type 1 AGN, as this division depends only on the viewing angle. Type
1 AGN are masked as a different class of objects (LINERs, intermediate) according
to their NEL ratios, but as the obscuration from the torus is out of the picture, these
objects were revealed. Most likely luminous AGN are "hidden" in either LINERs or
intermediate objects, where we are not able to detect BEL due to optically tick dusty
torus.

6.1.3 On the black hole scaling relations in CALIFA

We estimated black hole masses and Eddingtion ratios of type 1 LLAGN from CAL-
IFA using both MBH − σ∗ correlation of Woo et al. (2013) and the virial method, and
found significant discrepancy between the two results.

The MBH − σ∗ correlation is considered to be one of the most reliable black hole
mass estimators, as it is estimated for both quiescent and active galaxies in various
luminosity and redshift ranges. On the other hand, the virial assumtion is often used
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for estimation of black hole massses of local type 1 AGN and so far it yielded reliable
results.

In order to understand which method can be applied for such faint AGN as we
have in CALIFA, we analyzed the folowing scenarios:

• The BELs that we detected are not actually representing accretion onto the cen-
tral SMBH

• MBH − σ∗ correlation is not reliable black hole mass estimator for CALIFA type
1 AGN

• Virial scaling relations break down at these extremely low luminosity regimes

As we already mentioned in Section 6.1.1, we can claim with high accuracy that
the BEL that we detected in nuclear spectra of CALIFA galaxies are in fact reflecting
the accretion onto the central SMBH, as they are located exclusivelly in AGN-LINER
region of the emision-line ratio diagnostic diagrams, and have widths comparable
to those of "typical" luminous AGN.

We found that black hole masses estimated from MBH − σ∗ fall right on the
MBH − M∗ correlation of Reines and Volonteri (2015). As MBH − σ∗ correlation of
Woo et al. (2013) and MBH −M∗ correlation of Reines and Volonteri (2015) are esti-
mated for totally independent data samples we have no reason to believe that black
hole mass estimates from MBH − σ∗ correlation of Woo et al. (2013) would be biased
towards the MBH −M∗ relation of Reines and Volonteri (2015).

Virial method requires a lot of assumtions that may result in high uncertainties
when estimating black hole masses. Beside unknown virial factor that accounts for
geometry and kinematics of the BLR which we have little to no information, scaling
relationships are estimated in higher luminosity regime than what we probed in our
work. Most likely these scaling relationships are no longer linear in this extreme
low-luminosity regime and cannot be used in black hole mass estimations, while
MBH − σ∗ correlation still remainds a valid MBH estimator.

As we cannot certainly claim that one of the last two scenarios is correct, this
topic requires future work that would provide estimations of the scaling relation-
ships in the luminosity regime where they were not established so far.

6.1.4 Structure of the central engine of LLAGN

Assuming that MBH − σ∗ correlation still can be used as a valid black hole mass
estimator of LLAGN in CALIFA, we estimated black hole masses for a sub-sample
of 55 of our type 1 AGN that amounts on average 2.1 × 107 M�, populating the
mid- to low-mass end. We also estimated that these objects accrete at extremely low
Eddington ratios (4.1× 10−5 − 2.4× 10−3), which might be considered as inactive
according to some previously established definitions (Nicastro, 2000).

At high accretion rates, the central engine consists of geometrically thin and
optically thick accretion disk surrounding the central SMBH (Shakura and Sun-
yaev, 1973). At low Eddington rates, such we have in our type 1 AGN sample,
the structure of the central engine is somewhat modified. According to (Nicastro,
2000), for Eddington ratios λ < 10−3, the central engine is decomposed into 3-
component structure. The optically thick and geometrically thin accretion disk trun-
cates (Shakura and Sunyaev, 1976; Esin, McClintock, and Narayan, 1997; Ruan et al.,
2019) and forms quasi-spherically radiativelly inefficient accretion flow (Quataert,
2003), while optically thick clumpy dusty torus collapses into outer thin disk. The
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third component are the radio jets emitted by the central source that can reach the
size of the entire galaxy, and serve as a great confirmation that we are in fact looking
at AGN.

This model suggests that below these extremely low Eddingtion ratios, the BLR
cannot be formed, and we could not possible detect the BELs as they would be so
broad and faint that they would be merged with continuum. However, having a
strong confirmation that we actutally detected BELs, although significantly weaker
than those of luminous AGN, proves that such strict model may not be the proper ex-
planation of the structure of LLAGN. As we already mentioned in Section 6.1.2, it is
possbile that for bolometric luminosities Lbol < 1042 erg s−1 the dusty torus shrinks
to the size that the BLR becomes revealed. Accordingly, the transition from the "stan-
dard" AGN model with geometrically thin accretion disk and optically thick torus,
to the radiativelly ineffective 3-component structure happens rather smoothly. It is
possible in that case that for extremely low bolometric luminosities and Eddington
ratios that we estimated in CALIFA type 1 AGN, that the BLR region still persists at
very low level, and is revealed by the disappearance of the torus.

We conclude that LLAGN are still able to form the BLR that produces extremely
weak, yet still detectable BELs. However, in order to fully understand the structure
of the central engine of LLAGN, further studies on LLAGN are required.

Accretion rate shows us in which phase of activity a certain AGN is residing,
providing us with information about the structure of the accretion disk and AGN
itself.

6.1.5 Luminosity and distribution functions of type 1 AGN in CALIFA

In order to fully understand black hole growth across cosmic history, it is neces-
sary to establish the AGN luminosity function (AGNLF) at different redshifts and
luminosities. AGNLF of CALIFA type 1 AGN might serve as a great zero-point for
further studies of AGNLF at higher redshifts.

We estimated emission-line luminosity function of broad Hα lines, as well as
distribution functions of their central SMBH masses – the Black Hole Mass Function
(BHMF) and Eddington ratios – Eddington Ratio Distribution Function (ERDF) for
a sub-sample of 55 of type 1 AGN from CALIFA.

The shapes of BHMF and ERDF show indication of flattening towards low-mass
and low-λ end, which is consistent with the flattening of the broad AGNLF. We
also estimated the active fraction of SMBHs in our sample, which decreases with
increasing black hole mass for log(MBH) > 7.5. These results agree with the well-
known scenario of anti-hierarchical growth of black holes (Cowie et al., 2003; Ueda
et al., 2003; Steffen et al., 2003; McLure and Dunlop, 2004; Merloni, 2004; Merloni
and Heinz, 2008). According to this scenario, the most massive black holes were
formed in luminous AGN in early cosmic times, while the local Universe is mostly
populated by low-luminosity low-mass SMBHs.

Analyzing the flattening trend in BHMF and ERDF, we concluded that most
likely both contribute to the shape of AGNLF, and AGN downsizing. This implies
that the local Universe consists of high fraction of low-mass SMBH residing in ex-
tremely low accretion regimes. Our type 1 AGN from CALIFA reaches the upper
limit of AGN duty cycle in local Universe, as we would not expect the active SMBH
fraction to be significantly higher than what we estimated in our work.
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6.1.6 Final census of CALIFA AGN

In order to obtain full AGN census in the CALIFA survey galaxy sample, more then
one AGN diagnostic method is required, as each carry its own limitations and biases.
As it is already mentioned in Chapter 6.1.1, we used both emission-line ratio and
BEL detection diagnostics in order to identify type 2 and type 1 AGN, respectively.
What we found out is that thes objects contribute a high fraction of CALIFA galaxies.

In the final chapter of this thesis, we performed cross-correlation between CAL-
IFA and multiwavelength surveys – Swift-BAT 105 month catalogue in the X-ray,
and NVSS in the radio domain. We also constructed spatially resolved emission-line
ratio diagnostic diagrams in order to detect possible extended AGN emission, that
may be a signature of the past AGN activity or the material blown away from the
nucleus by jets or shocks.

Our final census consists of five different types of AGN types in the CALIFA
survey, which contribute a large fraction (23%) of all CALIFA galaxies. Once again,
we summarize our final classification, with given percentage of their contribute to
the entire CALIFA DR3 galaxy sample (542 objects):

• 89 type 1 AGN – 16%

• 29 additional Seyfert 2 galaxies – 5%

• 1 additional X-ray AGN – 0.2%

• 7 radio AGN – 1.3%

• 1 extended AGN 0.2%

As some of the objects overlapped within different AGN types, we constructed a
hierarchy in order listed above, based on our certainty on the classification methods
used for diagnostics.

The combination of multiwavelenght observations is important for investigating
various areas of AGN physics, such as radio loudness, the origin of jets, and the
structure of accretion disks, while extended emission might reveal us information
on the past AGN activity.

6.2 Future perspectives

Having a complete picture of AGN and SMBH demographics across cosmic history
is essential for understanding the processes of formation and evolution of galaxies.
While luminous AGN can easily be detected by their strong nuclear emission, they
are very challenging for studying the coevolution of SMBHs and their hosts as their
emission often outshines the entire galaxy. On the other hand, weak emission of
LLAGN is very useful for studying the properties of central SMBHs and their hosts
separately, as AGN emission doesn’t dominate the spectrum. Hence, the proper de-
tection of type 1 LLAGN is extremely important for establishing unbiased correla-
tions between SMBHs and their hosts, and for determining the faint-end of AGNLF.
Further studies of local LLAGN could bring new light on this topic, and may help
construct the black hole scaling relationships that are valid in this extremely low
luminosity regime. This, of course, requires high spectral resolution and proper
techniques of stellar contamination subtraction.

That being said, as the emission coming from the LLAGN can be highly diluted
by the host galaxy’s starlight, it may be very challenging to detect them in the optical
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domain. An important feature of AGN is that they emit a very broad spectrum,
covering spectrum from X-ray to the radio wavelengths. So far not many studies
were conducted on X-ray and radio properties of LLAGN, and as they are known
to be very strong X-ray and radio emitters, this might help us uncover "hidden"
LLAGN that we were not able to detect in the optical spectra due to their extremely
weak emission.

Although we still lack the complete picture of the structure of the central engine
of LLAGN, in this thesis we showed that the BLR can definitely still be detected at
extremely low bolometric luminosities and Eddington ratios. But some questions
still remain unanswered. Are these LLAGN in the stage when the torus has mostly
disappeared but the BLR is still present? What is the structure of the central engine
of the LLAGN? Mid-IR studies might hold an important information on the dust
properties of these objects, and might help us understand how the dust is distributed
in LLAGN.

Finally, the evolution of AGNLF across different refshift and luminosities, as well
as BHMF and ERDF, provide key insight into SMBH and AGN demographics. Es-
tablishing these luminosity and distribution functions at low-end will not only show
us how LLAGN fit into a bigger picture, but will also serve as a great zero-point for
higher redshift AGN and QSO luminosity function studies. If AGNLF is well es-
tablished for a wide range of luminosities at different redshifts, it can be used for
studying of evolution of entire AGN population over cosmic time and better under-
standing of the AGN phenomenon.
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APPENDIX A

Tables

The following tables document results obtained for the purpose of this thesis. Table
A focuses on the properties of type 89 1 AGN from CALIFA DR3 sample, identified
using the broad-emission line detection. I present the measure broad Hα fluxes,
widths, shifts, as well as calculated broad Hα, and total stellar masses M∗ of the host
galaxies, calculated by the CALIFA collaboration (Walcher et al., 2014).

Table A shows the classification of CALIFA objects based on the emission-line
ratio of their nuclear spectra. These 483 objects are divided into four classes: galax-
ies with star-forming, Seyfert 2, LINER-like, and intermediate nucleus. The table
contains their nuclear emission-line ratios of [NII], [SII], [OI], Hα, and Hβ , as well
as redshifts and morphology types.

In Table A.3 I present properties of 55 type 1 AGN for which we have calculated
black hole masses MBH using the MBH − σ∗ correlation. The table contains estima-
tions of MBH, bolometric luminosities Lbol , Eddington ratios λEdd, and bulge stellar
velocity dispersion σ∗.

Finally, Table A.4 provides the final census of different types of AGN in CAL-
IFA (127 objects): Seyfert 2, type 1, X-ray, radio, and extended AGN, estimated
from standard emission-line ratio diagnostic diagrams, broad-emission line detec-
tion, multiwavelength surveys and spatial emission-line ratio diagnostic diagrams,
respectively. Total stellar masses and Hubble types of the host galaxies are also given
in the table.
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TABLE A.3: Table of black hole properties and their respective stellar velocity dis-
persions for a sample of 55 type 1 AGN for which we have MBH measurements

estimated from the MBH − σ∗ correlation

Califa Object log(Mσ
BH

M� ) Lbol log(λσ
Edd) σ∗

ID name [1042 erg s−1] [km s−1]
2 UGC00005 6.92 ± 0.27 0.27 ± 0.11 -3.51 153.85 ± 11.82
6 NGC7824 7.97 ± 0.31 0.58 ± 0.24 -3.24 311.21 ± 1.04

28 NGC0214 7.02 ± 0.27 0.12 ± 0.05 -3.85 164.45 ± 11.02
38 NGC0447 7.07 ± 0.21 0.32 ± 0.13 -3.44 169.99 ± 1.64
44 NGC0499 8.09 ± 0.32 0.39 ± 0.16 -3.42 337.08 ± 1.59
49 UGC00987 6.76 ± 0.18 1.27 ± 0.53 -2.83 138.97 ± 6.59
54 NGC0570 7.11 ± 0.21 0.13 ± 0.06 -3.82 175.28 ± 6.44
75 NGC0787 7.22 ± 0.24 0.18 ± 0.08 -3.70 187.81 ± 2.42
85 NGC0924 7.65 ± 0.27 0.29 ± 0.12 -3.52 251.34 ± 1.85
101 NGC1060 8.34 ± 0.36 0.47 ± 0.19 -3.35 396.98 ± 1.88
102 NGC1070 7.17 ± 0.21 0.26 ± 0.11 -3.54 182.38 ± 1.92
107 NGC1094 7.18 ± 0.26 0.19 ± 0.08 -3.67 183.85 ± 9.72
108 NGC1093 6.91 ± 0.29 0.17 ± 0.07 -3.70 153.60 ± 12.72
119 NGC1167 7.31 ± 0.16 1.77 ± 0.74 -2.72 199.76 ± 0.56
134 NGC1645 7.66 ± 0.28 0.30 ± 0.12 -3.51 251.71 ± 2.32
139 NGC1666 6.99 ± 0.18 0.11 ± 0.04 -3.92 161.73 ± 1.27
140 NGC1667 7.12 ± 0.21 1.50 ± 0.62 -2.78 175.93 ± 6.61
154 UGC03973 7.29 ± 0.21 39.42 ± 16.43 -1.37 197.70 ± 4.58
155 UGC03995 7.3 ± 0.18 0.74 ± 0.31 -3.09 198.65 ± 2.39
160 NGC2476 7.57 ± 0.26 0.29 ± 0.12 -3.52 237.27 ± 1.51
164 NGC2487 6.95 ± 0.28 0.16 ± 0.07 -3.74 157.04 ± 1.84
167 UGC04145 7.29 ± 0.18 0.80 ± 0.33 -3.06 197.64 ± 2.65
191 NGC2558 7.54 ± 0.34 0.31 ± 0.13 -3.49 233.49 ± 3.54
277 NGC2916 7.02 ± 0.26 0.11 ± 0.04 -3.92 164.78 ± 3.86
311 NGC3106 7.70 ± 0.32 0.69 ± 0.29 -3.15 258.87 ± 2.90
341 UGC05771 7.90 ± 0.33 0.66 ± 0.27 -3.18 297.14 ± 2.67
414 NGC3687 6.52 ± 0.18 0.06 ± 0.02 -4.15 118.28 ± 2.39
476 NGC3994 7.26 ± 0.21 0.54 ± 0.22 -3.23 193.32 ± 5.34
479 NGC4003 7.31 ± 0.16 0.34 ± 0.14 -3.43 199.46 ± 1.12
614 NGC5056 6.85 ± 0.27 0.28 ± 0.12 -3.49 146.83 ± 11.65
684 NGC5406 7.38 ± 0.25 0.38 ± 0.16 -3.38 209.97 ± 1.61
690 NGC5443 6.60 ± 0.19 0.06 ± 0.03 -4.14 124.65 ± 3.08
695 NGC5423 8.13 ± 0.33 0.60 ± 0.25 -3.23 344.80 ± 5.23
724 NGC5533 7.42 ± 0.23 0.20 ± 0.08 -3.67 215.18 ± 1.69
736 NGC5587 6.73 ± 0.15 0.04 ± 0.01 -4.38 136.16 ± 5.56
742 NGC5610 6.89 ± 0.26 0.55 ± 0.23 -3.20 151.53 ± 11.19
750 NGC5635 7.87 ± 0.29 0.33 ± 0.14 -3.48 289.37 ± 1.61
772 UGC09492 7.31 ± 0.16 0.43 ± 0.18 -3.33 199.56 ± 0.53
777 NGC5772 7.71 ± 0.27 0.43 ± 0.18 -3.36 261.28 ± 1.49
787 NGC5876 7.68 ± 0.27 0.20 ± 0.08 -3.69 256.36 ± 1.90
816 NGC6021 7.66 ± 0.27 0.41 ± 0.17 -3.38 252.67 ± 1.11
832 NGC6146 8.17 ± 0.36 1.32 ± 0.55 -2.89 354.40 ± 2.69
844 NGC6278 7.78 ± 0.27 0.23 ± 0.10 -3.63 273.14 ± 0.88
857 NGC6394 6.66 ± 0.31 0.63 ± 0.26 -3.12 129.76 ± 2.11
858 UGC10905 7.31 ± 0.15 0.85 ± 0.35 -3.04 199.81 ± 1.88
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865 UGC11228 7.63 ± 0.26 0.41 ± 0.17 -3.37 247.81 ± 1.91
867 NGC6762 6.71 ± 0.17 0.16 ± 0.06 -3.74 134.44 ± 6.52
868 MCG-02-51-004 6.87 ± 0.26 0.28 ± 0.11 -3.50 148.97 ± 4.31
886 NGC7311 7.59 ± 0.24 0.53 ± 0.22 -3.25 241.64 ± 1.98
887 NGC7321 7.30 ± 0.17 0.27 ± 0.11 -3.53 198.68 ± 0.96
900 NGC7550 7.94 ± 0.31 0.38 ± 0.16 -3.42 303.59 ± 3.41
915 NGC7653 6.71 ± 0.22 0.16 ± 0.07 -3.73 134.12 ± 1.12
916 NGC7671 7.96 ± 0.32 0.31 ± 0.13 -3.51 308.71 ± 2.97
924 NGC7716 6.62 ± 0.16 0.05 ± 0.02 -4.21 126.61 ± 8.19
927 NGC7738 7.26 ± 0.22 2.15 ± 0.90 -2.63 193.64 ± 7.41

TABLE A.4: Table of properties of five different AGN types in CALIFA

CALIFA Object AGN Hubble log( M?
M� )

ID name type(s) type
1 IC5376 Seyfert 2 Sb 10.65 +0.10

−0.09
2 UGC00005 Type 1, Seyfert 2 Sbc 10.83 +0.10

−0.10
6 NGC7824 Type 1 Sab 11.25 +0.09

−0.09
7 UGC00036 Seyfert 2 Sab 11.00 +0.11

−0.10
23 NGC0171 Seyfert 2 Sb 10.72 +0.10

−0.10
24 NGC0177 Type 1 Sab 10.37 +0.12

−0.11
28 NGC0214 Type 1, Seyfert 2 Sbc 10.82 +0.10

−0.11
36 NGC0429 Type 1, Seyfert 2 Sa 10.79 +0.08

−0.09
38 NGC0447 Type 1 Sa 11.13 +0.09

−0.10
44 NGC0499 Type 1 E5 11.40 +0.17

−0.16
49 UGC00987 Type 1 Sa 10.61 +0.10

−0.10
54 NGC0570 Type 1, Seyfert 2 Sb 10.96 +0.08

−0.08
72 NGC0774 Seyfert 2 S0 10.92 +0.08

−0.09
75 NGC0787 Type 1 Sb 10.96 +0.12

−0.11
77 NGC0825 Type 1 E5 10.42 +0.10

−0.10
85 NGC0924 Type 1 Scd 10.86 +0.10

−0.10
87 NGC0932 Seyfert 2 Sb 10.96 +0.10

−0.11
90 NGC0938 Seyfert 2 Scd 10.96 +0.14

−0.14
91 NGC0955 Type 1 E3 10.20 +0.09

−0.09
101 NGC1060 Type 1, Seyfert 2 E3 11.85 +0.18

−0.17
102 NGC1070 Type 1 Sb 10.95 +0.13

−0.14
107 NGC1094 Type 1 Sb 10.72 +0.10

−0.11
108 NGC1093 Type 1, Seyfert 2 Sbc 10.51 +0.10

−0.13
111 MCG-02-08-014 Seyfert 2, X-ray Sa 10.56 +0.10

−0.09
114 NGC1142 Type 1, X-ray, Radio, EAGN Sd 11.47 +0.12

−0.12
118 UGC02465 Type 1 S0 10.88 +0.08

−0.09
119 NGC1167 Type 1, Radio S0 11.69 +0.12

−0.12
134 NGC1645 Type 1 S0a 10.83 +0.10

−0.11
135 UGC03151 Type 1 Sa 10.76 +0.18

−0.17
139 NGC1666 Type 1 S0a 10.47 +0.09

−0.10
140 NGC1667 Type 1 Sbc 10.86 +0.11

−0.11
145 ARP180 Type 1 Scd 10.32 +0.12

−0.13
149 NGC2347 Seyfert 2 Sbc 10.94 +0.13

−0.12
151 NGC2410 Seyfert 2 Sb 10.88 +0.09

−0.10
154 UGC03973 Type 1, Seyfert 2, X-ray, EAGN Sbc 10.79 +0.19

−0.18
155 UGC03995 Type 1, Seyfert 2 Sb 10.92 +0.11

−0.10
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160 NGC2476 Type 1, Seyfert 2 E6 10.80 +0.09
−0.10

164 NGC2487 Type 1 Sb 10.77 +0.10
−0.10

167 UGC04145 Type 1, Seyfert 2 Sa 10.96 +0.09
−0.24

169 IC0485 Type 1 Sab 10.92 +0.10
−0.10

173 UGC04190 Seyfert 2 S0a 10.84 +0.12
−0.12

177 NGC2522 Type 1 Sab 11.23 +0.10
−0.10

186 IC2247 Seyfert 2, EAGN Sab 10.51 +0.10
−0.09

189 NGC2554 Type 1 S0a 11.21 +0.13
−0.13

191 NGC2558 Type 1 Sb 10.85 +0.11
−0.11

192 NGC2565 Seyfert 2 Sb 10.70 +0.10
−0.10

213 NGC2623 Type 1 Scd 10.45 +0.11
−0.11

216 NGC2638 Type 1 Sb 10.75 +0.09
−0.10

221 UGC04551 Seyfert 2 S0 10.34 +0.10
−0.09

274 IC0540 EAGN S0a 9.8754 +0.10
−0.09

277 NGC2916 Type 1, Seyfert 2 Sbc 10.75 +0.11
−0.11

278 UGC05108 Radio Sb 10.889 +0.11
−0.11

311 NGC3106 Type 1 Sab 11.21 +0.16
−0.16

314 UGC05498NED01 X-ray, Radio Sa 10.805 +0.10
−0.10

319 NGC3160 Type 1, Seyfert 2 Sab 10.95 +0.10
−0.09

323 NGC3182 Seyfert 2 E7 10.40 +0.14
−0.14

340 NGC3303 Type 1 S0a 11.06 +0.13
−0.13

341 UGC05771 Type 1, Radio E6 11.32 +0.12
−0.10

391 NGC3619 Type 1 S0a 10.58 +0.15
−0.15

414 NGC3687 Type 1 Sb 10.28 +0.10
−0.10

476 NGC3994 Type 1 Sbc 10.42 +0.13
−0.13

479 NGC4003 Type 1 Sbc 11.07 +0.09
−0.09

577 NGC4676A Radio, EAGN Sdm 10.813 +0.10
−0.13

592 NGC4874 Radio E0 11.695 +0.27
−0.26

593 UGC08107 Type 1 E0 11.07 +0.11
−0.11

602 NGC4956 Seyfert 2 Sa 10.99 +0.11
−0.10

611 NGC5016 Seyfert 2 Sb 10.23 +0.11
−0.10

613 UGC08322 Seyfert 2 S0a 11.16 +0.10
−0.09

614 NGC5056 Type 1 Sc 10.48 +0.11
−0.11

684 NGC5406 Type 1 Sb 11.27 +0.13
−0.12

686 NGC5421NED02 Seyfert 2 Sa 11.16 +0.10
−0.10

690 NGC5443 Type 1 Sab 10.49 +0.09
−0.10

695 NGC5423 Type 1 E6 11.44 +0.20
−0.18

705 NGC5475 Type 1 S0a 10.33 +0.09
−0.09

723 NGC5525 Type 1 Sa 11.30 +0.12
−0.13

724 NGC5533 Type 1 Sab 11.22 +0.08
−0.08

726 NGC5532 Type 1, Radio E4 11.85 +0.17
−0.16

730 NGC5549 Type 1 S0 11.63 +0.13
−0.12

736 NGC5587 Type 1 Sa 10.36 +0.09
−0.10

742 NGC5610 Type 1, X-ray Sb 10.71 +0.10
−0.11

747 UGC09262 Type 1 Sab 10.63 +0.10
−0.10

750 NGC5635 Type 1 Sa 11.18 +0.11
−0.11

753 NGC5656 Seyfert 2 Sb 10.62 +0.10
−0.10

757 NGC5675 Type 1, EAGN Sa 10.81 +0.12
−0.13

770 NGC5739 Type 1 S0a 11.46 +0.26
−0.23

772 UGC09492 Type 1 Sab 11.21 +0.10
−0.09

777 NGC5772 Type 1 Sab 10.97 +0.10
−0.10
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787 NGC5876 Type 1 S0a 10.90 +0.13
−0.11

791 NGC5908 Seyfert 2 Sa 11.22 +0.10
−0.10

801 NGC5953 Type 1, EAGN Sa 10.48 +0.09
−0.10

802 ARP220 Type 1, Radio Sd 10.88 +0.12
−0.09

806 NGC5966 Type 1 E4 11.01 +0.21
−0.20

809 NGC5987 Type 1 Sa 11.21 +0.09
−0.09

816 NGC6021 Type 1 E5 11.01 +0.11
−0.11

822 UGC10205 Type 1 S0a 11.00 +0.11
−0.11

826 NGC6081 Type 1, Seyfert 2 S0a 11.12 +0.08
−0.09

832 NGC6146 Type 1, Radio E5 11.63 +0.14
−0.15

838 UGC10388 Seyfert 2 Sa 10.82 +0.12
−0.12

839 NGC6166NED01 Radio E4 11.950 +0.22
−0.21

844 NGC6278 Type 1 S0a 10.92 +0.09
−0.10

851 NGC6338 Radio E5 11.691 +0.14
−0.13

857 NGC6394 Type 1, Seyfert 2 Sbc 10.90 +0.10
−0.10

858 UGC10905 Type 1 S0a 11.61 +0.21
−0.06

863 NGC6497 Seyfert 2 Sab 11.04 +0.11
−0.11

867 NGC6762 Type 1 Sab 10.38 +0.08
−0.07

868 MCG-02-51-004 Type 1 Sb 10.68 +0.10
−0.10

869 NGC6941 Radio Sb 10.943 +0.11
−0.10

874 NGC7025 Type 1, Seyfert 2 S0a 11.53 +0.18
−0.18

865 UGC11228 Type 1 S0 11.09 +0.10
−0.09

873 UGC11680NED01 Type 1 Sb 11.09 +0.12
−0.13

877 UGC11717 Seyfert 2 Sab 10.84 +0.11
−0.11

883 UGC11958 Type 1 S0 11.77 +0.28
−0.26

886 NGC7311 Type 1, Seyfert 2 Sa 11.07 +0.09
−0.09

887 NGC7321 Type 1 Sbc 10.93 +0.10
−0.11

888 UGC12127 Radio E1 11.369 +0.26
−0.26

896 NGC7466 Seyfert 2 Sbc 10.75 +0.11
−0.10

897 UGC12348 Seyfert 2, X-ray, EAGN Sb 10.85 +0.10
−0.11

900 NGC7550 Type 1 E4 11.43 +0.19
−0.17

905 UGC12494 Seyfert 2 Sd 9.44 +0.12
−0.10

915 NGC7653 Type 1 Sb 10.50 +0.11
−0.11

916 NGC7671 Type 1, Seyfert 2 S0 10.96 +0.09
−0.09

919 NGC7684 Seyfert 2 S0 10.99 +0.06
−0.09

923 NGC7711 Seyfert 2 E7 11.05 +0.09
−0.09

924 NGC7716 Type 1 Sb 10.39 +0.13
−0.14

925 NGC7722 Seyfert 2 Sab 11.24 +0.16
−0.16

927 NGC7738 Type 1 Sb 11.08 +0.10
−0.09

938 NGC5947 Type 1 Sab
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APPENDIX B

Type 1 AGN emission-line fits

Examples of the emission line fits of type 1 AGN from the CALIFA DR3 that have
broad Hα present in their central spectra. The fits are showing the region around
the Hα + [NII] emission-line complex, with majority of spectra also showing the
presence of [SII] doublet. The faintest objects lack [SII] lines. The black dots repre-
sent the data points of the spectra after subtraction of the stellar component. Each
emission line is fitted by a Gaussian distribution, where narrow emission lines of
[NIII], [SII] and Hα all have the same widths, while the broad component of Hα have
flux, width and shift left as free parameters durning fitting. The red lines show the
best-fit models, while blue lines are representing the individual fit components. The
smaller panels below each main panel show the fit residuals. Additional two objects
(UGC03973 and MCG-02-51-004) are previously shown on Figure 2.2 in Chapter 2.
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List of Abbreviations

AGN Acitve Galactic Nuclei
AGNLF Active Galactic Nuclei Luminosity Function
BEL Broad Emission Line
BHMF Black Hole Mass Function
BLR Broad Line Region
CALIFA Calar Alto Legacy Integral Field Area
EELR Extended Emission Line Region
ENLR Extended Narrow Line Region
ERDF Eddington Ratio Distribution Function
FWHM Full Width (at) Half Maximum
IFS Integral Field Spectropscopy
IMF Initial Mass Function
LIER Low Ionization Emission Region
LINER Low Ionization Nuclear Emission Region
LLAGN Low Luminosity Active Galactic Nuclei
NEL Narrow Emission Line
NLR Narrow Line Region
pAGB post Asymptotic Giant Branch
QSO Quasi Stellar Object
SED Spectral Energy Distribution
SMBH Super Massive Black Hole
spaxel spatial pixel
ULIRG Ultra Luminous Infra Red Galaxy
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