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1. Active galactic nuclei

1.1 Introduction

According to our current knowledge in the centre of almost every galaxy lies a massive
black hole. Most of these black holes are in a dormant state, but about 10% are
actively accreting matter, and as a consequence generate radiation over the whole
electromagnetic spectrum from radio to TeV energies. These active black holes and
the nuclear region around them are called active galactic nuclei (AGN), and they are
the most energetic non-transient phenomena in our Universe.

The first optical spectrum of an AGN, NGC 1068, showing strong emission lines
was obtained already in 1908 by Edward Fath (Fath 1909). At the time NGC 1068
was thought to be a galactic nebula since the existence of other galaxies was still under
debate. More sources of similar nature were discovered almost 20 years later in 1926
when Edwin Hubble identified NGC 4051 and NGC 4151, which were showing the
‘nebula type’ emission-line spectra (Hubble 1926b). Another 20 years passed until Carl
Seyfert in 1943 published his pioneering work of these sources; he obtained spectra of
six galaxies with high, stellar-like central surface brightness, and all of them exhibited
strong high-ionisation emission lines (Seyfert 1943). He was the first astronomer
to realize that these objects form a distinct class, and they were eventually named
‘Seyfert galaxies’ after him, although the original definition has changed afterwards.

The first radio detection of an AGN at radio frequencies was made in 1944 by Grote
Reber when he detected Cygnus A at 160 MHz (Reber 1944). The nature of the
source was unclear at the time. More objects of similar nature were found in radio
surveys performed in the late 1950s and early 1960s. The objects of this type were
named Quasi-Stellar Radio Sources due to their stellar-like optical appearance. A
breakthrough was made in 1963 when Maarten Schmidt realised that the peculiar,
unidentified emission lines in the spectrum of 3C 273 were the hydrogen Balmer-
series emission lines at redshift z = 0.158 (Schmidt 1963), placing it well beyond
our Galaxy. Taking into account the vast distance, 3C 273 was estimated to be one
hundred times more luminous than a normal bright spiral galaxy (Schmidt 1963).
Even though the nature of these sources was still unclear it was understood that the
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enormous luminosity originated in previously unknown processes. Soon after the
discovery it was suggested that massive black holes might be involved in generating
the unprecedented amounts of energy (Zel’dovich & Novikov 1964).

In addition to the radio surveys, the first systematic optical and ultraviolet (UV)
surveys to find more AGN were performed in the 1960s by Fritz Zwicky and Benjamin
Markarian (e.g., Zwicky et al. 1961, 1963; Markarian 1967; Markaryan 1969). In
1969 it was proposed that the non-thermal emission seen in Seyfert galaxies was
powered by accretion to a supermassive black hole, as in quasi-stellar radio sources,
later known as quasars. It was suggested that also the nearby inactive galaxies harbour
supermassive black holes in their centres, understood as ‘dead’ quasars (Lynden-Bell
1969). Since then a variety of AGN classes with different intrinsic and observational
properties has been found and classified. However, the AGN phenomenon is broad and
complicated, and we still do not have a final, comprehensive picture of its diversity.

1.2 Structure of AGN

Despite the diverse observational properties of the AGN classes, the basic structure is
believed to be rather similar, shown in Figure 1.1. In the centre resides a black hole,
with a mass in the range of 105M� to 1010M�. Its effective size, or event horizon, is
determined by its mass and is called Schwarzschild radius, RS

1. Just outside the black
hole, from few RS to some hundreds of RS , lies the accretion disk consisting of matter
orbiting the black hole. The matter in the accretion disk loses energy due to viscous
processes and eventually falls into the black hole. There are several models for the
physics of the accretion disk, the most relevant three being the radiatively efficient,
geometrically thin but optically thick disk model (Shakura & Sunyaev 1973, 1976), the
radiatively inefficient advection dominated accretion flow (ADAF) model (Ichimaru
1977; Narayan & Yi 1994), and the slim disk model with a disk-like geometry but a
significant amount of advection (Abramowicz et al. 1988; Szuszkiewicz et al. 1996;
Mineshige et al. 2000a). Most accretion disks are assumed to be stardard thin disks,
which radiate from optical to soft X-ray band and have a quasi-blackbody spectrum,
with effective temperature around 105–107 K. Further out, around 0.01–0.5 pc, is the
broad-line region (BLR) consisting of virialised gas clouds orbiting the black hole
at relatively high speeds (1000-10000 km/s). The broad permitted emission lines
in the optical and near-infrared spectra arise from this region. The exact geometry,
whether it is spherical or flattened, of the BLR is still unknown. There is growing
evidence that the BLR might consist of two kinematically separate regions: a very
broad-line region (VBLR) and an intermediate-line region (ILR, e.g., Hu et al. 2008;
Zhu et al. 2009; Adhikari et al. 2018), which might reach up to the narrow-line region
(NLR, see also Sulentic & Marziani 1999). At distances 10 to 100 pc lies a toroidal
region of optically thick molecular clouds. These clouds absorb radiation from the
central engine and re-emit it in infrared. In a region beyond 100 pc lies the NLR. It
consists of very low density gas, moving at low velocities. This gas is responsible for

1RS = 2MBHG/c2, where G is the gravitational constant and c is the speed of light.
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Figure 1.1. Schematic structure of an AGN (Urry & Padovani 1995).

the (semi-)forbidden narrow emission lines seen in the spectra. In some sources the
region of ionised low-density gas can reach up to 15 – 20 kpc. Since the gas is being
ionised by the central continuum, its distribution shows a (bi-)conical shape (Cracco
et al. 2011), with an opening angle similar to that of the obscuring, molecular torus.
This region is called the extended narrow-line region (ENLR). In addition to these
components some AGN possess jets launched perpendicularly to the accretion disk
and torus plane on both sides. There exists a variety of jets with different properties,
the most powerful ones being the highly collimated relativistic jets, explained in more
detail in the next Section.

1.2.1 Jets in AGN

Jets are formed when a fraction of the ionised matter falling towards the black hole
interacts with the magnetic field near the black hole. Instead of falling into the black
hole the matter is launched away from it along perpendicular magnetic field lines
(Blandford & Znajek 1977). Depending on the initial parameters of the system, for
example, the black hole spin, the strength of the magnetic field, and the density of the
surrounding matter, the jets differ in power and consequently in appearance. Some
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jets terminate at rather small distances (a few pc), but the most powerful ones (∼10%
of them) accelerate to a speed close to the speed of light (c). They can stay collimated
for several kpc and reach well outside the host galaxy (Mpc-scale jets).

The charged particles spiraling along the magnetic field lines feel constant accelera-
tion and emit non-thermal synchrotron radiation towards the direction they are moving
to. The lighter electrons, and possibly also positrons, are accelerated more efficiently
than heavier protons and ions, and thus emit practically all the observed radiation.
The energy distribution of these particles often has a power-law shape, resulting in a
power-law shaped observed spectrum with S ∝ να, where S is the emitted flux density,
ν the frequency, and α the power-law index. Optically thin synchrotron radiation
would lead to continuously rising spectrum towards the lower frequencies, but in
practise this is prevented by synchrotron self-absorption. Below a critical frequency,
νcrit, the emitted synchrotron photons can be re-absorbed by the charged particles that
emitted them. The lower the energy of the photon, the higher are the chances for it
to be absorbed; this mechanism essentially leads to a decreasing spectrum towards
the lower frequencies below νcrit. Synchrotron radiation is generally observable from
radio to optical/UV bands, depending on the source type. It corresponds to the first
bump seen in the spectral energy distribution (SED) of a source whose emission is
dominated by a relativistic jet. An example SED of such a source, blazar Mrk421, is
shown in Figure 1.2.

The higher frequency bump, reaching up to gamma-rays and even TeV energies in
some sources, is believed to be produced by inverse-Compton (IC) mechanism in a
leptonic jet. In IC scattering photons gain energy from relativistic electrons. The seed
photons can originate either from the ambient photon field around the jet (external
inverse-Compton, EC) or they can be synchrotron photons produced by the jet itself
(synchrotron self-Compton, SSC). Alternative explanations include lepto-hadronic
and hadronic jet models in which also protons are accelerated to relativistic energies
(Boettcher 2010).

The jet is rarely a smooth flow of relativistic electrons, but has substructure, for
example, components consisting of blobs of matter propagating along the jet, and
moving and standing shocks (Marscher & Gear 1985; Türler 2011). These changing
and evolving features cause the variability, for example, flares, seen in AGN with jets.
The variability of AGN is explained in more detail in Section 1.4.

In cases where the relativistic jet points very close to our line-of-sight, relativistic
effects take place. Due to the relativistic speed of the particles travelling in the jet
apparently superluminal motion of the components can be observed. The apparent
speed of the photon emitting source is given by

βapp =
β sin θ

1−β cos θ
(1.1)

where β is the actual speed in units of the speed of the light, v/c, and θ the angle
between the jet and the line of sight of the observer. This time dilation effect also
boosts radiation arriving from a relativistic source, because in the rest frame of the
observer the delay between the arriving photons is shorter than in the rest frame of the
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Figure 1.2. Simultaneous SED of Mrk421 (Lorenz & Wagner 2012).

emitter.
Another relevant effect is the relativistic Doppler boosting. The strength of this

effect is given by the relativistic Doppler factor

δ =

√
1−β2

1−β cos θ
=

1
γ(1−β cos θ)

(1.2)

where γ is the Lorentz factor

γ =
1√

1−β2
. (1.3)

At a given redshift the observed Doppler factor is δ/(1 + z). This effect boosts
radiation traveling towards the observer and dims radiation traveling away from the
observer. Due to relativistic Doppler boosting also the changes in the brightness of the
jet are considerably boosted. Furthermore, relativistic Doppler effect can explain why
radio galaxies often show a jet and a counter-jet, whereas only the approaching jet is
seen in quasars and blazars. Flux ratio between the approaching and receding jet is
expressed as

S j

S cj
= (

1 + βcos θ
1−βcos θ

)2 - α. (1.4)

where S j is the flux density of the approaching jet, S cj the flux density of the
receding jet, and α the spectral index of the jet.

A third effect increasing the observed flux density is the relativistic aberration, or
beaming. Radiation from a source emitting isotropically (or in a doughnut-shape as
in the case of synchrotron electrons) in its co-moving rest frame concentrates into
a narrow cone, pointing towards the direction the emitter is moving to. The cone
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becomes narrower with increasing speed; for γ� 1, the half-width of the cone is
∼ 1/γ.

Taking into account all these relativistic effects – time dilation, Doppler boosting,
and beaming – the observed radiation is in practice enhanced by

S obs = S 0δ
3 - α (1.5)

where S obs is the observed, or beamed flux density, S O the flux density in the frame
co-moving with the jet, that is, the unbeamed flux density, and α is the intrinsic spectral
index of the jet power-law.

1.2.2 The jet paradigm

Conventionally extreme radio loudness2 (R) and consequently the most powerful
relativistic jets have almost exclusively been associated with the most massive black
holes (MBH > 108M�) residing in highly evolved, massive elliptical galaxies (e.g.,
McLure et al. 1999; Laor 2000), whereas the AGN found in spiral galaxies seem
to consistently belong to the radio-weak population (Bahcall et al. 1997). However,
among the radio-loud AGN the black hole mass does not seem to correlate with other
observed properties, for example, the radio luminosity, radio loudness or Eddington
ratio, nor with any host galaxy properties – except that they consistently are ellipticals
(Urry 2003). It has been proposed that the period of enhanced black hole accretion
activity – and the formation of jets – is a phase most galaxies undergo, and it coincides
with the formation of a classical bulge, probably via merger-induced, dissipative
collapse (Kormendy & Gebhardt 2001; Urry 2003). Depending on the properties of
this event, the black hole and its nearby environment, the forming jet could exhibit
a variety of properties accounting for both radio-quiet and radio-loud AGN. This
scenario could explain the absence of powerful relativistic jets in spirals whose bulge-
growth and black hole activity is dominated by secular processes.

Kaviraj et al. (2015) studied a sample of AGN hosted by late-type3 galaxies and
with radio luminosities comparable to ‘normal’ radio AGN hosted by ellipticals. They
found the stellar masses in radio AGN hosted by late-type galaxies are higher than
in late-type galaxies in general, and the merger fraction among them is ∼4 times
higher than in the general population of late-type galaxies. This result supports the
essential role of mergers in triggering the nuclear activity. Furthermore, about a dozen
spiral galaxies have been found to host kpc-scale or even Mpc-scale relativistic jets,
or relic radio lobes indicating earlier activity (Hota et al. 2011; Bagchi et al. 2014;
Singh et al. 2015). Their stellar (Mstellar > 1011M�) and black hole (MBH > 108M�)
masses are comparable to massive ellipticals that usually host radio-loud AGN (Bagchi
et al. 2014; Tadhunter 2016). Also a few of them are mergers, which could explain

2Radio loudness, R, is defined as the ratio between radio flux density, S R, and optical flux
density, S O, originally at 5 GHz and in B-band, respectively (Kellermann et al. 1989). Sources
with R > 10 are considered radio-loud, and sources with R < 10 radio-quiet.
3Late-type galaxies include all varieties of spiral galaxies, and early-type galaxies all elliptical
galaxies, according to the galaxy morphology diagram first described in Hubble (1926a).
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the triggering of a jet according to the aforementioned scenario. However, they are
generally rather low-power sources (Tadhunter 2016). Bagchi et al. (2014) further
argues that the black holes residing in galaxies with the most extended Mpc-scale jets
are spinning rapidly and accrete via ADAF at low Eddington ratios (see Section 1.3).
These sources, however, are extremely rare (Tadhunter 2016).

Indeed, the black hole spin has been proposed as an alternative explanation to
the differences between radio-loud and radio-quiet sources, as well as the general
absence of relativistic jets in spiral galaxies (Wilson & Colbert 1995; Sikora et al.
2007; Tchekhovskoy et al. 2010; Dotti et al. 2013). According to the spin paradigm a
powerful jet cannot be formed by a non-rotating or slowly rotating black hole, but an
almost maximally rotating black hole is needed. Rapidly spinning black holes can be
created in mergers under ideal conditions when the central black holes coalesce, or
via normal, prolonged gas accretion as long as the accretion is not isotropic (Volonteri
et al. 2005; Dotti et al. 2013).

A less massive black hole (MBH < 107M�) in a spiral galaxy can also reach a
high spin, but due to its small mass the spin axis of the black hole exhibits erratic
behaviour, aligning with the angular momentum of the disk in each accretion episode.
This is manifasted as jets showing random orientations relative to the host galaxy
axis (Kinney et al. 2000; Schmitt et al. 2001). A smaller mass black hole can also
experience short-lived accretion events (Capetti et al. 1999; Kharb et al. 2006) during
which the disk stays counter-rotating and decreases the black hole spin. On the other
hand, more massive black holes (MBH > 107M�), mostly residing in ellipticals, are
massive enough, when compared to the mass of the accretion events, so that their spin
axes remains stable. A more massive black hole is also able to force the accretion
flow to co-rotate, and thus all accretion events increase the spin. This can explain why
relativistic jets seem to exclusively be a property of elliptical galaxies. In this scenario
the jet energy is drained from the spin energy of the black hole via the Blandford-
Znajek mechanism (Blandford & Znajek 1977). Spin-based theories usually invoke
ADAF as the accretion mechanism since a standard accretion disk cannot account for
the wide range of observed jet powers (Tchekhovskoy et al. 2010).

1.3 Taxonomy and unification

Taxonomy and unification of AGN is complicated at best; our current knowledge
is not sufficient enough to piece together a complete picture of the diverse AGN
phenomenon. Here the main classes and their differences, and the simple orientation-
based unification model of AGN will be covered. A schematic view of our current
understanding of the orientation-based unification model of the most essential AGN
classes is shown in Figure 1.3 – a more detailed description is available, for example,
in Beckmann & Shrader (2012).

Traditionally AGN have been divided into two main types based on their radio-
to-optical flux density ratio; radio-quiet and radio-loud AGN, which, based on their
properties, would form two clearly distinct populations. The main assumption was
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that the differences stem from the presence of a powerful relativistic jet in radio-loud
AGN, and the lack of it in radio-quiet sources (e.g., Hutchings et al. 1989; Wilson &
Colbert 1995). The ability of AGN to launch a relativistic jet seemed to be connected
to the properties of its black hole, favouring the most massive ones, and its host galaxy,
usually an old, massive elliptical, leading to the composition of the traditional jet
paradigm (e.g., Laor 2000; Chiaberge & Marconi 2011).

The ambiguity of the radio loudness parameter was realised early on (Wadadekar &
Kembhavi 1999), and has since lost its status as the ultimate dividing factor between
AGN types. Moreover, the radio loudness parameter does not successfully predict the
presence of a powerful jet in an AGN, except for the radio-loudest objects. There is
growing evidence that the AGN population is not straightforwardly bimodal (Cirasuolo
et al. 2003; Zamfir et al. 2008) , but exhibits continuous distributions in wide range
of observable properties. Alternative ways to describe the AGN population have
been proposed, for example, the 4D Eigenvector 1 (4DE1) AGN parameter space
(see Section 2.4.2). Lately it has been suggested that the radio loudness parameter is
obsolete and should not be used; instead sources should be grouped based on their
actual physical properties, that is, whether the source has a powerful relativistic jet or
not (e.g., Padovani 2016, 2017, Publication IV, Publication VII).

Approximately ∼90% of AGN do not host relativistic jets, although it is possible
that they are able to launch less powerful, non-relativistic jets, and/or exhibit non-
collimated outflows. However, jet activity in them is not as distinct and dominant as in
the jetted sources. A large fraction of non-jetted AGN are Seyfert galaxies and quasars.
These two classes were originally defined by their optical absolute magnitude: Seyfert
galaxies are less luminous with MB > -21.5 + 5 log h0

4 (Schmidt & Green 1983)
and quasars brighter with MB < -21.5 + 5 log h0. Most Seyfert galaxies are at low
redshifts and their preferably, but not exclusively, disk-like host galaxies are usually
observable, whereas quasars reside at higher redshifts and often appear stellar-like
point sources. Later studies have revealed that these two classes are quite similar,
and non-jetted quasars might represent scaled-up and thus more luminous versions of
Seyfert galaxies (Leipski et al. 2006).

Observationally most of the diversity among the non-jetted AGN arises from the
obscuration of the central engine. Since the most prominent obscurer is the non-
isotropic molecular torus, the most distinct observational differences are caused by the
orientation of the AGN relative to the observer. When seen face-on at small inclination
angles the central region of the AGN is visible to the observer and the optical spectrum
exhibits both broad emission lines arising from the BLR and narrow emission lines
originating in the NLR. These are called Type 1 AGN and include, for example,
Seyfert 1 (Sy1) galaxies and most quasars. When the inclination increases the torus
begins to gradually obscure the view to the inner region and the intensity of the broad
emission lines starts to decrease. Finally the torus completely hides the nuclear region
and only narrow lines from the NLR are visible in the optical spectrum; these are Type
2 AGN. However, the opening angle and the geometry of the torus are not constant,

4h0 is the dimensionless Hubble parameter with a value between 0 and 1. It relates to the
Hubble parameter as H0 = 100 h km s−1 Mpc−1.
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Figure 1.3. Orientation-based unification scheme of the largest AGN classes (Beckmann
& Shrader 2012).

and neither are the properties of the BLR and the accretion disk. For example, some
Seyfert 2 (Sy2) galaxies are ‘pure’ Type 2 AGN in a sense that they totally lack the
BLR (Heisler et al. 1997; Tran 2001, 2003). Additionally variability can cause an
AGN to seemingly change type over time (Penston & Perez 1984; LaMassa et al. 2015;
Yang et al. 2017).

Orientation is a significant factor also among the jetted AGN. Jetted AGN viewed
at high inclinations are called radio galaxies. Optically they can be divided into
broad-line radio galaxies (BLRG) and narrow-line radio galaxies (NLRG), equivalent
to Sy1 and Sy2 galaxies, respectively. The most distinct feature of radio galaxies
is the massive radio jets and lobes that might reach up to several Mpc, well outside
the host galaxy. Based on the properties of the jets radio galaxies are classified
as Fanaroff-Riley I (FR-I) and II (FR-II): FR-I sources are less luminous and most
of the radio emission comes from near the nucleus, whereas FR-II types are more
luminous and the radio emission is dominated by the radio lobes far away from the
nucleus (Fanaroff & Riley 1974). Compact types of jetted AGN seen almost edge-on
are compact steep-spectrum sources (CSS), giga-hertz peaked sources (GPS), and
compact flat-spectrum sources (CFS). They exhibit smaller jets still contained inside
the host galaxy (∼10 pc to 20 kpc), and are believed to be very young radio galaxies.

When moving towards smaller inclinations radio galaxies appear as radio-bright
quasars, and when seen almost pole-on as blazars. The prominent difference between
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the observational characteristics of quasars and blazars is due to the relativistic beam-
ing effects at very small inclination angles (see Section 1.2.1). The main classes of
blazars are BL Lac Objects (BLO) and flat-spectrum radio quasars (FSRQ), which are
likely to represent the beamed versions of FR-I and FR-II radio galaxies, respectively
(Kharb & Shastri 2004). It has been further proposed that there are two intrinsically
disparate types of sources with powerful relativistic jets with the main observational
difference being the optical spectrum; high-excitation radio galaxies (HERG) exhibit
strong narrow-line emission and sometimes also broad lines, whereas low-excitation
radio galaxies (LERG) show only weak or no emission lines at all. FR-I/BLO sources
tend to be LERGs and FR-II/FSRQ sources HERGs, but there is substantial overlap
(Landt et al. 2004). LERGs and HERGs seem to correspond to two different modes of
nuclear activity in AGN (e.g., Hardcastle et al. 2006).

LERGs are proposed to be accreting slowly cooling hot gas which is unable to form
traditional accretion disk and molecular torus. Instead the accretion flow is believed
to be radiatively inefficient and almost spherical, or to form a puffed accretion disk;
indeed the jet power has been found to be proportional to the accretion inside the
Bondi radius (Allen et al. 2006). Accretion efficiency in LERGs in also very low,
L/LEdd ≤ 1%. The environment near the nucleus is photon-poor and thus the electron
cooling time is long which causes the characteristic bumps in the SED to move to
higher energies. The IC process in LERGs is probably SSC. LERGs are mostly hosted
by red ellipticals, which supports their accretion scenario (Janssen et al. 2012; Butler
et al. 2018). On the other hand, HERGs have conventional accretion disks and tori,
and accrete cold gas through radiatively efficient accretion flow. They accrete more
efficiently with L/LEdd ≈ 1-10%. Due to a photon-rich environment electrons cool
efficiently, and peaks in the SED are at lower frequencies. In contrast to LERGs, the IC
process is believed to be EC. Their host galaxies are mostly blue or green star-forming
galaxies, indicating that they are younger, or possible rejuvenated, sources (Janssen
et al. 2012; Butler et al. 2018). There does not exist a clear diviside luminosity limit
between LERGs and HERGs, but on average HERGs are more luminous than LERGs
(Best & Heckman 2012; Butler et al. 2018).

1.4 Variability

AGN are variable over the whole electromagnetic spectrum, and at various amplitudes
and timescales from minutes to hundreds of thousands of years and longer. While
the longest timescales are associated with the evolution of the AGN and persistent
changes in its intrinsic properties, for example, the black hole mass, the shorter
timescale variations depict the current physical properties of the AGN and the diverse
processes taking place in them. The characteristic timescales of the variability give an
estimate of the size of the emitting region: the variability timescale is approximately
the photon-crossing time of the region and changes at much shorter timescales will
be evened out. The observed variability of non-jetted and jetted sources are vastly
different.
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The total emission of a non-jetted AGN is a sum of many intricately connected
components of which the most relevant ones are shown in Figure 1.4. The variations
in the optical and UV bands are to some extent believed to arise from instabilities in
the accretion disk. This is supported by the observed effect that variability is faster at
higher frequencies, arising from the hotter accretion disk closer to the black hole, and
slower at lower frequencies, originating in a cooler disk farther away from the centre.
Also near-infrared variability can be accounted to the changes in the accretion disk,
since it is mostly accretion disk emission reprocessed by the molecular torus.

The X-ray emission of non-jetted AGN consists of multiple components. Underlying
is a broad power-law component originating in a corona of hot plasma above the
accretion disk. The corona reprocesses the accretion disk photons to X-ray energies
via IC. The additional component seen in hard X-rays is believed to originate in the
reflection of the coronal X-ray photons by the accretion disk. The most distinct feature,
however, is the soft X-ray (< 1 keV) excess seen in most Type 1 AGN, especially in
sources with high Eddington ratios (Boissay et al. 2016). This feature exhibits large
amplitude variability at very short timescales; in the most extreme cases a flux density
increase by a factor of ∼50 can be seen in a few days (Boller et al. 1997), indicating that
the emission is produced by a very compact region. The exact generation mechanism
of this excess is still unknown, but the most plausible explanations include blurred
reflection by the accretion disk (Nardini et al. 2011) or an additional Comptonisation
component (Lohfink et al. 2013; Boissay et al. 2016).

Figure 1.4. Schematic SED of a non-jetted AGN (Harrison 2014).

In jetted AGN the emission is dominated by the relativistic jet that causes most of the
variability. In the SED of a jetted AGN two prominent bumps can be seen, as shown
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in Figure 1.5. The origins of these bumps were elaborated in Section 1.2.1: the lower
frequency bump is due to the synchrotron radiation in the jet, and the higher frequency
bump originates in IC scattering via EC or SCC. The variability mechanisms seen in
non-jetted AGN are also in effect, but in the most powerful jetted sources they are
overpowered by the jet emission and are therefore rarely observable.

Jetted AGN often show a low and a high emission state. In the low-state emission
from the accretion disk, the molecular torus and the corona can sometimes be dis-
tinguishable. High states are often associated with the ejection of a new component
into the jet, also leading to considerable changes in the polarisation properties of
the source. An increase in the flux density can usually first be seen in gamma-rays
– or TeV energies in the most extreme cases – which is often accompanied, with a
short lag, with an increase in the optical/UV emission. Sometimes the increase is
simultaneous or the optical leads gamma-rays, depending on the jet characteristics.
The flare then propagates to lower frequencies and radio usually lags gamma-rays by
some months, but this lag is highly variable from flare to flare and source to source
(e.g., Berton et al. 2017; Lisakov et al. 2017). During the high state, in addition to the
increased luminosity, the peaks of the synchroton and IC emission often shift to higher
frequencies – in contrast to BLOs among which the lower luminosity sources peak
at higher frequencies. The synchronised changes in the SED components indicate
that they originate in the same electron population. However, the amplitude of the
variations compared to each other is not constant, and also orphan gamma-ray and
optical/radio flares are common, showing that the situation is exceedingly complicated
and the physics behind them are not yet fully understood. Moreover, variability can
be due to other mechanisms as well, for example, changes in the size or position of
the emitting region, or changes in the energy distribution or density of the electron
population (e.g., Collmar et al. 2010; Ghisellini et al. 2013).

As a consequence of the intrinsic variability also the spectral properties of AGN
vary. Multiple characteristics of the broad optical/UV emission lines vary at rather
short timescales, for example, the flux density, line profiles, and shifts (Ilić et al. 2015).
Since the origin of these lines is the BLR, photoionised by the central continuum
source, also their variations (mainly the flux density) follow any changes in the
ionising continuum with a time lag of a few days to a few weeks, comparable to the
photon-crossing time from the continuum source to the BLR. Also intrinsic changes in
the size and geometry of the BLR induce spectral variability. Over longer time periods
dramatic changes, such as emission lines disappearing and reappearing, can occur. At
times these changes are strong enough to seemingly cause the AGN to change type
(Penston & Perez 1984; LaMassa et al. 2015; Yang et al. 2017).

In jetted AGN variability in the broad-band radio spectra can be seen. However, the
radio spectrum does not vary in a similar fashion in all sources but various patterns have
been recognised. Most observational characteristics of variability can be explained
by only two different physical processes (Angelakis et al. 2012). The first kind of
variability is due to an underlying steep spectrum and a superimposed flare moving
from higher to lower frequencies. When multiple components are moving along the
jet at the same time it also produces the flat spectrum usually seen in jetted AGN
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Figure 1.5. Schematic SED of a jetted AGN (Padovani 2016).

(Marscher & Gear 1985; Türler 2011; Planck Collaboration et al. 2016). Another
type is achromatic variability in which the emission level of the whole radio spectrum
changes at the same time without considerable frequency dependence. Angelakis
et al. (2012) hypothesise that the origin of this kind of variability could be, for
example, changes in the magnetic field, or the synergy of changing Doppler factors
and geometrical effects.
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2. Multiproperty studies of narrow-line
Seyfert 1 galaxies

Narrow-line Seyfert 1 (NLS1) galaxies are a subclass of AGN, first described in 1985
(Osterbrock & Pogge 1985). Their characterising feature is the narrowness of the
permitted emission lines generated in the BLR. By definition FWHM(Hβ) in NLS1
galaxies is < 2000 km s−1 (Goodrich 1989). Their [O III] emission, compared to the
broad component of Hβ, is relatively weak, S ([O III])/S ([Hβ]) < 3, and Fe II compared
to the total Hβ emission is relatively strong (Osterbrock & Pogge 1985). The optical
spectrum is discussed in more detail in Section 2.1. NLS1 galaxies harbour low-
or intermediate-mass black holes (MBH<108 M�, Peterson et al. 2000) accreting at
extraordinarily high rates, from 0.1 Eddington ratio to even super-Eddington accretion
(Boroson & Green 1992). This indicates that the accretion disks in NLS1 nuclei are
slim disks that allow high Eddington ratio accretion (Mineshige et al. 2000b; Wang
& Netzer 2003). The majority of NLS1 galaxies show a strong soft X-ray excess
(Boller et al. 1996), and many of them exhibit high-amplitude X-ray variability in
very short timescales (e.g., Boller 2000; Fabian et al. 2013). NLS1 nuclei, at least
the more studied radio-quiet ones, are preferentially, but not exclusively, hosted by
late-type galaxies (Ohta et al. 2007). Only ∼10% of NLS1 galaxies are radio-loud
(Komossa et al. 2006). The radio properties are discussed in Section 2.3. All of these
characteristics point to the young, unevolved nature of the NLS1 class (Mathur 2000).

In 2009 an NLS1 galaxy, PMN J0948+0022, was detected at gamma-rays by the
Large Area Telescope (LAT) onboard Fermi Gamma-ray Space Telescope (Fermi-
GST, hereafter Fermi) (Abdo et al. 2009a; Foschini 2011). This discovery made
NLS1 galaxies the third class of AGN detected at gamma-rays, and, more importantly,
confirmed the presence of a relativistic jet in an NLS1 source. After the discovery
of the first gamma-ray emitting NLS1 galaxy by Fermi (Abdo et al. 2009a; Foschini
2011), searches for more of these peculiar sources ensued. Since then almost 20 NLS1
sources have been detected at gamma-rays (e.g., Foschini 2011; Paliya et al. 2018,
Publication VII), establishing them as a class of sources able to launch fully-developed
relativistic jets. Unsurprisingly most of the NLS1 sources detected at gamma-rays so
far are also some of the most radio-loud NLS1 sources, and, with a few exceptions
(Schulz et al. 2016), exhibit flat radio spectra (Abdo et al. 2009b, Publication II).
NLS1 galaxies are considerably variable at gamma-rays and often detectable only
when flaring (Foschini 2011). This indicates that with continuous monitoring more
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gamma-ray bright NLS1 galaxies can be expected to be discovered.
On average NLS1 galaxies show steep gamma-ray spectra ( Γγ ∼ 2.6, Publication II,

Paliya et al. 2018) comparable to FSRQs (Γγ ∼ 2.4) and significantly softer than the
gamma-ray spectra of BLOs (Ackermann et al. 2011). The gamma-ray luminosities
of NLS1 galaxies are generally between 1044 and 1046 erg s−1, with only a few
sources reaching 1047 erg s−1 (Paliya et al. 2018; Yang et al. 2018). This is a few
orders of magnitude lower than what is seen in FSRQs but comparable to the gamma-
ray luminosities of BLOs (Publication II). However, NLS1 galaxies and BLOs are
otherwise clearly separate classes, as discussed in Section 3.1.2. NLS1 galaxies are
more alike to FSRQs and it has been suggested that they form the low-mass tail of
FSRQs. Based on their observed properties, for example, flares seen at radio and
gamma-rays, and variability of their radio spectra, the jets in NLS1 galaxies behave
similarly as the jets in more powerful blazars. The intrinsic properties of NLS1
galaxies are in disagreement with the traditional jet paradigm; they seem to differ
from blazars in black hole masses, Eddington ratios, host galaxies (see Section 2.5.1),
and radio morphologies (see Section 2.3). It has been suggested that the black hole
masses calculated based on the emission line widths are underestimated due to the
orientation effects caused by a disk-like broad line region seen face-on (Decarli et al.
2008). This effect would have an impact especially on the black hole mass estimates
of gamma-ray-detected sources, known to be observed at small inclinations. This
could in principle explain the black hole mass deficit in NLS1 galaxies, however, some
studies using orientation-independent methods have found the black hole masses to be
genuinely low (e.g., Publication II, Wang et al. 2016). This issue is further discussed
in Section 2.2.

NLS1 galaxies exhibit an ensemble of considerably distinct characteristics when
compared to other jetted AGN, but they are also remarkably diverse in their intra-
class properties. The majority of NLS1 galaxies have never been detected at radio
frequencies, making them seemingly radio-silent. On the other hand, the 15% fraction
detected at radio frequencies includes a variety of sources spanning from radio-quiet to
gamma-ray emitting individuals hosting relativistic jets. This apparent heterogeneity
makes NLS1 studies challenging, and they are further complicated by a recent dis-
covery that some radio-silent NLS1 galaxies are detectable at high radio frequencies,
indicating that they host jets, and that an unknown fraction of NLS1 galaxies are
misclassified (see Section 2.3). It seems clear that at least all NLS1 sources do not
host jets, but it remains unclear whether these sources are similar when it comes to
their other properties, for example, the black hole masses, the host galaxies, and the
environments at different scales. If they are similar it raises a question about the
triggering mechanism of the jet and the occurrence of the jet activity in general: is it
something that the majority of NLS1 galaxies will undergo and is it a nonrecurring
phase in their evolution or intermittent. If there are intrinsic disparities between NLS1
galaxies, the question is whether they are connected to each other, for example, via
evolution, or do NLS1 sources with intrinsically different properties have separate
evolutionary lines (see Sections 3.2 and 3.1).
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2.1 Optical spectrum

NLS1 galaxies were first recognised as a distinct AGN class based on the properties
of their optical spectra (Osterbrock & Pogge 1985), as described in the previous
Section. While FWHM(Hβ) and the ratio between [O III] and Hβ form the official
classification of NLS1 galaxies, it has been proposed that the strong Fe II emission
should be considered as an additional classification criterion. In particular, in NLS1
galaxies Fe II/Hβ should be over 0.5 (Véron-Cetty et al. 2001). However, it seems
that also lower values are common in sources that otherwise fulfill the NLS1 galaxy
classification criteria (Cracco et al. 2016). The average optical spectrum of an NLS1
galaxy is shown in Figure 2.1. The most important emission lines and their properties
are discussed below.

Permitted emission lines, for example, Balmer lines such as Hα and Hβ, and Mg II
are unusually narrow. It is still not clear what is the origin of the this narrowness.
One possibility is that the lines are not intrinsically narrow but appear to be so due
to orientation effects (Decarli et al. 2008; Shen & Ho 2014). Emission lines arising
from the virialised BLR can be broadened due to various mechanisms, for example,
Doppler and rotational effects, turbulence in the line emitting gas, and gas outflows
(Kollatschny & Zetzl 2013). These mechanisms lead to different line profiles, and line
profile fitting can give us insight into the BLR dynamics, although most line profiles
are usually a blend of various components. NLS1 galaxies are known to preferably
be seen face-on at small inclination angles, and, if assuming that the geometry of the
BLR is disk-like, we are able to observe only the velocity component pointing towards
us, which causes the permitted emission lines to appear more narrow than what they
actually are. Another possibility is that the rotational velocities in NLS1 galaxies are
actually lower due to the less massive central black hole and the permitted lines are
intrinsically narrow. The Hβ line profiles in NLS1 galaxies can usually be sufficiently
modelled with Lorentzian line profiles, indicating that the turbulent motion of the
BLR clouds is the main reason for the broadening (Kollatschny & Zetzl 2013; Cracco
et al. 2016). Hα and Hβ are both produced in the inner part of the BLR.

Distinctly strong Fe II multiplets are usual in NLS1 galaxies and visible between
∼4400–5500Å, around Hβ and [O III], in the composite spectrum in the lower panel
of Figure 2.1. The strength of Fe II – integrated between 4434 and 4684 Å, and
called Fe4570 – is usually defined in comparison with the total Hβ emission; this
Fe II/Hβ ratio is denoted as R4570. The excitation mechanism of Fe II is still unclear;
the photoionisation models or over-abundance of iron are not able to explain the
characteristics, mainly the strength, of Fe II emission. Alternative explanations have
been proposed, for example, collisional excitation (Cracco et al. 2016) or fluorescence
by a variety of sources, for example, Lyα / Lyβ, or the continuum (Kovačević et al.
2010, and references therein). Studies of the location of the Fe II emitting clouds have
arrived in contradicting results: some studies place it to the outer parts of the BLR, or
ILR, relatively far away from the Hβ emitting lines (Marinello et al. 2016), whereas
others find that both Fe II and Hβ are emitted by the same ionised gas (Hu et al. 2015;
Cracco et al. 2016). Fe II and Hβ of the permitted emission lines in NLS1 sources
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exhibit the so-called inverse Baldwin effect (Zhou et al. 2006; Cracco et al. 2016):
the equivalent widths (EW) of these lines increase with the increasing continuum
luminosity. The origin of the effect is still unknown.

BLRs in AGN exhibit two kinematically different groups of emission lines, high-
and low-ionisation lines (Sulentic et al. 1995). The properties of these lines form a
continuum from redshifted Hβ, seen preferably in radio-loud sources, to blueshifted
C IV, usual in radio-quiet sources. NLS1 galaxies reside in one extreme of this
continuum, with high C IV blueshifts.

High-ionisation lines, for example, C IV λ1549 and He II lines, consistently show
broader line profiles than low-ionisation lines, and often exhibit blueshifts and blue
asymmetries. These lines are thought to originate from a region of mostly optically
thin, rather low-density clouds, possibly with a spherical-like geometry. The blueshifts
have traditionally been explained by gas experiencing outward motions. Recently an
alternative, successful explanation has been proposed: the blueshifts can be explained
by electron and Rayleigh scattering off the inflowing gas (Gaskell & Goosmann 2013).
In this scenario the blueshift correlates with the mass of the inflow, consistent with
the high Eddington ratios of NLS1 galaxies requiring considerable amounts of gas
flowing in.

Low-ionisation lines, for example, Fe II, Mg II λ2800, and Hβ, originate in the
‘traditional’ BLR following Keplerian motions around the black hole. The clouds
emitting these lines are optically thick and dense with low temperatures and ionisation
parameters. The abundant inflows in NLS1 galaxies can result in very high density
gas in their BLRs. This could explain the high R4570 values seen in them: the Fe II
emission is not particularly strong but the Balmer lines are unusually weak due to the
high-density environment which allows hydrogen to thermalise (Gaskell 2000).

[O III] emission, most importantly the prominent [O III] λ λ 4959, 5007 lines arise
from the very low-density gas in the NLR. This region is located far away from the
central engine and the obscuring matter around it, and emits isotropically. Since the
NLR is photoionised by the central source, the intensity of [O III] is often considered
to be proportional to the total intensity of the central source and the activity of the AGN
(e.g., Heckman et al. 2004; Berton et al. 2015). The intensity of [O III] varies due to
the intrinsic characteristics of the emitting gas, for example, the electron density and
the ionisation parameter, but the most important factor seems to be the covering factor
of the NLR clouds (Baskin & Laor 2005). Some studies propose that the increasing
Eddington ratio might drive winds or outflows that increase the covering factor and
thus decrease the [O III] intensity (Shen & Ho 2014), and, on the other hand, increase
the Fe II intensity. Contradicting results also exist (Baskin & Laor 2005).

In NLS1 galaxies [O III] is relatively weak, Fe II strong, and their Eddington
ratios are considerably high, fitting well to the aforementioned scenario. In addition
NLS1 galaxies often show blue asymmetries in their [O III] line profiles. The profile
consists of the very narrow [O III] component (FWHM < 500 km s−1), emitted
by the NLR gas, and a broader (FWHM ∼500–1000 km s−1), usually blueshifted
component which is thought to originate in powerful gas outflows caused by high
radiation pressure due to the high Eddington ratio (Cracco et al. 2016, and references
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Figure 2.1. NLS1 composite spectrum (Constantin & Shields 2003).

therein). Another peculiarity seen in NLS1 galaxies are the so-called blue outliers;
in these sources the whole line profile of [O III] is blueshifted compared to its rest
wavelength, meaning that the bulk of the [O III] emitting gas is moving towards the
observer. The mechanism behind this phenomenon is not yet known but alternatives
include, for example, outflows associated with a disk wind (Zamanov et al. 2002)
and the interaction of a relativistic jet with the NLR gas (Tadhunter et al. 2001;
Komossa et al. 2008). Indeed, the properties of the [O III] line are found to be
significantly different in radio-quiet and radio-loud sources: radio-loud sources exhibit
considerably more signs of the jet/gas interaction, such as blue outliers, than radio-
quiet sources (Berton et al. 2016). The number of blue outliers also seems to increase
with the increasing continuum luminosity and Eddington ratio (Cracco et al. 2016).
An alternative explanation for the blueshifts is scattering of photons off inflowing gas
(Gaskell & Goosmann 2013). It has also been argued that the diversity seen in the
[O III] properties is not due to jet interaction but orientation (Boroson 2011): [O III]
originates in a polar flow. In this case sources with large [O III] blueshifts are seen
pole-on and sources without a blueshifted [O III] component at larger angles. In
this scenario radio-loud and radio-quiet NLS1 galaxies could intrinsically be similar
sources but viewed at different angles.
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2.2 Black hole masses

There has been much debate concerning the actual masses of the black holes in NLS1
galaxies and the issue remains unsolved. Virial methods consistently estimate the
black hole masses in NLS1 galaxies to be in the range of 106 – 108M� (e.g., Xu
et al. 2012; Rakshit et al. 2017, Publication I, Publication IV). However, Shen & Ho
(2014) argued that the line width variations of the permitted emission lines in AGN are
mainly due to the flattened geometry of the BLR and orientation effects. It has been
suggested that if the BLR is flattened and an NLS1 galaxy is observed almost face-on,
the emission lines would be extraordinarily narrow due to projection effects (Decarli
et al. 2008). If taken into account it can explain the observed low black hole masses as
well as the high Eddington ratios, both properties becoming comparable to the overall
Seyfert population (e.g., Decarli et al. 2008; Liu et al. 2016; Rakshit et al. 2017). To
get more insight into this issue, alternative methods to estimate the black hole masses
in NLS1 galaxies have been used. Ryan et al. (2007) argued that when estimating
the black hole masses in NLS1 galaxies using the MBH – Lbulge relation, their masses
become comparable (average log MBH = 7.9 M�) to the black hole masses in broad-
line Seyfert 1 galaxies (BLS1). Calderone et al. (2013) modelled the optical/UV data
of NLS1 galaxies using a standard Shakura–Sunyaev disk spectrum and estimated the
black hole masses based on it. They found the black hole masses to be on the order of
> 108M�. However, there is evidence that the accretion disks in NLS1 galaxies are not
standard but slim disks (Mineshige et al. 2000b; Wang & Netzer 2003). On average
slim disks are hotter than standard disks, exhibit a different temperature distribution
(Crenshaw et al. 2003), and do not produce similar spectra. Models based on standard
disk may not produce realistic results in case of NLS1 galaxies. Baldi et al. (2016)
used spectropolarimetry to study the gamma-ray-detected NLS1 PKS 2004-447. They
reported a detection of a very broad Hβ line in polarised light and argued that the
black hole mass is well above 108M�. Interestingly, it has been proposed that this
source can be also classified as a CSS source (Gallo et al. 2006; Schulz et al. 2016).
On the other hand, in Publication II the black hole mass estimates for a sample of
flat-spectrum NLS1 galaxies were calculated using line dispersion (or the second
moment of the line profile) that is less affected by orientation, the Eddington ratio,
and the line profile than FWHM. The black hole masses were found to consistently be
under 108M�. Similar results were obtained in Publication VI. Also the black hole
mass of the reverberation-mapped gamma-ray NLS1 1H 0323+342 was found to be
only 3 ×107M� (Wang et al. 2016), confirming that a supermassive black hole with an
intermediate mass is able to launch a fully-developed relativistic jet (see also Rafter
et al. 2013). Also other properties of NLS1 galaxies are in favour of the lower black
hole masses. For example, NLS1 nuclei preferentially reside in evolutionarily young
spiral galaxies with pseudobulges (Orban de Xivry et al. 2011; Ohta et al. 2007). If
the black hole masses of NLS1 galaxies were comparable to those of BLS1 galaxies
or even blazars, it would imply intrinsic differences because the observed properties,
for example, the jet and the gamma-ray properties, are clearly different.
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2.3 Radio properties

Only ∼7% of NLS1 galaxies are radio-loud and ∼3% percent very radio-loud (R >
100, Komossa et al. 2006). An sdditional ∼5% of them are classified as radio-quiet
(R < 10) and the rest have not so far been detected in radio at all and are considered
radio-silent. Previously it was thought that radio loudness can be used as a proxy
for the nuclear activity and that AGN could be divided to two separate types, radio-
loud and radio-quiet that are clearly disparate in their properties. The reliability
of radio loudness was questioned already in 2001 when Ho & Peng (2001) found
that when measuring radio and optical flux densities using the nuclear region only –
as is usually the case with high-redshift quasars with the nuclear region outshining
the whole galaxy – most Sy1 galaxies should be classified as radio-loud. Evidence
against the strict division to radio-loud and radio-quiet sources started to accumulate;
instead of a bimodal radio loudness distribution, AGN seem to form a continuum in
R values and the dividing number, R=10, is mostly arbitrary or slightly indicative
at best (Padovani 2017, Publication IV, Publication VII). Also the variability seen
in AGN has a considerable impact on the radio loudness parameter. As an example,
NLS1 galaxy J1100+4421 exhibits extreme optical variability and the variance in
R induced by this can be as high as 750% (Gabányi et al. 2018). Most sources are
not this extreme but almost all AGN are known to be variable to some extent. For
intermediate sources with R � 10 even a slight change in the flux density might move
them about the boundary, from radio-loud to radio-quiet and vice versa. R is usually
calculated with non-simultaneous data and temporal variations are not taken into
account. Ideally AGN should be classified based on their actual physical properties,
in this case whether they host a powerful jet or not, but this is often impossible due
to lack of data, and therefore R must be occasionally used as a proxy of the nuclear
activity.

Most of the radio observations of NLS1 galaxies are from the Very Large Array
(VLA) Faint Images of the Radio Sky at Twenty-Centimeters (FIRST) survey 1 at
1.4 GHz, and some from the National Radio Astronomy Observatory (NRAO) VLA
Sky Survey (NVSS) 2 also at 1.4 GHz. At low radio frequencies the majority of NLS1
sources show flux densities around a few mJy, with only a handful of them showing
flux densities higher than 10 mJy. The detection limit of FIRST is ∼1 mJy and based
on these observations some very faint radio-quiet sources are probably classified
as radio-silent. Higher radio frequency observations of NLS1 galaxies are scarce
and usually concentrate on the brightest individuals. For example, Fermi-GST AGN
Multi-frequency Monitoring Alliance (F-GAMMA 3) monitored ∼60 Fermi-detected
AGN of which seven are NLS1 galaxies between 2007 and 2015 at 12 frequencies
between 2.64 and 345 GHz. The radio properties of four of these sources were
extensively studied in Angelakis et al. (2015). They concluded that these sources show

1http://sundog.stsci.edu/
2http://www.cv.nrao.edu/nvss/
3http://www3.mpifr-bonn.mpg.de/div/vlbi/fgamma/fgamma.html
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behaviour similar to what is seen in blazars. Generally, radio spectra of flat-spectrum4

NLS1 sources exhibit strong variability due to the changes in the relativistic jet, as
explained in Sections 1.2.1 and 1.4 (Publication II). The jet power in NLS1 galaxies
is generally between 1042 and 1045 erg s−1, but also jet powers as high as 1048 erg
s−1 have been observed. The jet powers in NLS1 galaxies partly overlap with the
less powerful BLOs, but are a few orders of magnitude below the jet powers seen
in FSRQs. When the scaling of the jet power with the black hole mass is taken into
account (Heinz & Sunyaev 2003), the jet powers in all of these source classes become
roughly comparable, suggesting that they indeed are intrinsically similar (Publication
II). However, some recent studies (Kynoch et al. 2018; Gardner & Done 2018) suggest
that the situation might not be this simple and the jets in NLS1 galaxies seem to be less
powerful than what is predicted by the scaling relations, indicating intrinsic differences
between the jets in FSRQs and NLS1 galaxies. Jetted NLS1 galaxies represent a very
small fraction of the whole NLS1 population and no comprehensive conclusions can
be drawn from their properties. Overall the radio spectra of NLS1 sources are diverse.
Radio-loud sources include flat- and steep-spectrum sources, whereas the majority of
radio-quiet sources possess steep spectra, and most NLS1 galaxies have not even been
detected at radio frequencies. To investigate the characteristics of the whole NLS1
population observations of larger and more diverse samples are needed.

2.3.1 Metsähovi NLS1 observing programme

An observing programme was launched at Aalto University Metsähovi Radio Obser-
vatory in Finland to amend the lack of high radio frequency observations of NLS1
galaxies . The observations are performed using the 13.7-metre radio telescope primar-
ily at 37 GHz and secondarily at 22 GHz. Since the detection limit at 37 GHz is rather
high, ∼0.2 Jy under optimal conditions, a detection can be considered as proof of the
existence of a relativistic jet since no other phenomenon is able to generate emission at
the level of several hundred mJy at high radio frequencies. The aim of the programme
is to observe each source at least three to five times over a time period of one to two
years, first, to see if they are detectable at all, and second, to study their high radio
frequency characteristics, for example, variability. The Metsähovi NLS1 observing
programme is currently the most extensive one concentrating on NLS1 sources at high
radio frequencies. At the moment it consists of four Samples that include altogether
∼180 NLS1 galaxies, chosen based on diverse properties. The sample size is large
enough to achieve statistically significant results. The observations of Sample 1 started
in 2012, Sample 2 in 2013, and Samples 3 and 4 in 2014. The results were published
in Publication III and Publication VII, and the main results are summarised here. In
addition to providing novel high radio frequency data, Metsähovi observations are
used to compile samples of the most intriguing individuals for follow-up observations.

4S ν ∝ να, α > -0.5 for flat-spectrum sources, and α < -0.5 for steep-spectrum sources.
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Samples 1 and 2

The results for Samples 1 and 2 were published in Publication III. Sample 1 in-
cludes 45 sources (Foschini 2011; Komossa et al. 2006) that based on their radio
properties, for example, extreme radio loudness or flat radio spectrum, could be
detectable at 37 GHz. Observations of this sample started in February 2012 but
three sources (SDSS J084957.97+510829.0, SDSS J094857.31+002225.4, and SDSS
J150506.47+032630.8) had been observed before because they had been included in
multifrequency campaigns. For example, the first observations of J084957.97+510829.0
were performed as early as January 1986. Sample 2 consists of 33 sources, chosen
mostly based on their high radio loudness (Publication I; Foschini 2011; Komossa
et al. 2006; Whalen et al. 2006). Its observations started in November 2013. 15 out of
78 sources in Samples 1 and 2 were detected at 37 GHz, giving a detection rate of 19%
for the whole sample. Seven of 15 sources were detected only once indicating that
they are variable, and that most of the time they stay below the rather high detection
threshold of the Metsähovi telescope.

To build a more comprehensive picture of the higher radio frequency behaviour of
NLS1 galaxies, additional quasi-simultaneous data from RATAN-600, Owens Valley
Radio Observatory (OVRO), and the Planck satellite were used. RATAN-600 provides
simultaneous data at 4.8, 8.2, 11.2, and 21.7 GHz with a detection limit of ∼8 mJy
under favourable conditions. OVRO observes at 15 GHz and its detection limit is
∼10 mJy. Planck scanned the sky multiple times and provided observations at 30, 44,
and 70 GHz with the Low Frequency Instrument, and at 100, 143, 217, 353, 545, and
857 GHz with the High Frequency Instrument. Additional data were available for
32, 15, and three sources by RATAN-600, OVRO (Richards et al. 2011), and Planck,
respectively.

Comparison of Metsähovi and OVRO observations confirmed that the single de-
tections of some of the sources at 37 GHz coincide with flaring episodes at 15 GHz,
for example, as seen in the light curve of SDSS J164442.53+261913.2 in Figure 2.2,
confirming that the 37 GHz detections are reliable and due to genuine variability.
However, in two cases the 37 GHz detection does not coincide with 15 GHz activity
and the 15 GHz light curves of are unusually uneventful over the whole observing
period. If these detections are real it would indicate a very inverted spectrum. To
study the radio properties in more detail, we compiled the radio spectra for all sources
with detections at least at two frequencies (41 sources), and calculated spectral indices
for sources with quasi-simultaneous data, that is, data taken within one month (20
sources). The spectral indices of NLS1 galaxies vary within a wide range from very
steep to extraordinarily inverted. Significant variability can be seen in the radio spectra
of individual sources at different epochs: the shape of the spectrum can change from
steep to flat to inverted, and vice versa, which is a clear indication of flaring (Angelakis
et al. 2015). In addition to changes in the spectral indices also achromatic variability
(Angelakis et al. 2015; Planck Collaboration et al. 2016) is seen in some sources.
Considerable changes in the spectral indices are visible also in sources that mostly
maintain a steep spectral shape.
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Figure 2.2. Flux density curve of SDSS J164442.53+261913.2 (Publication III). Met-
sähovi detections are denoted by black diamonds, and non-detections by red
diamonds plotted at an arbitrary flux level. OVRO detections are marked
with green circles and RATAN detections with purple triangles.

We further examined the variability at 15 and 37 GHz using the fractional variability
equation (Aller et al. 1992). At both frequencies the variability of the brightest sources
is the strongest. This could be expected since these are the sources that have been
observed most frequently and have a higher probability to have been detected at
extreme flux density values. Moreover, the variability of fainter sources gets dimished
because due to the detection limit we detect them only when they are flaring and we
do not see the fainter epochs at all. The obtained fractional variabilities are in line with
Richards & Lister (2015), who note that the variability of NL1 galaxies is comparable
to that of the blazar sample monitored at OVRO.

We compiled SEDs for all 78 sources using all available archival and new data. The
SEDs were used to determine the synchrotron peak frequency, νpeak. We fitted a third
degree polynomial function individually for each source, carefully leaving out the disk
component when visible, and confirmed the goodness of the fit by visual inspection,
finally excluding 11 sources with possibly erraneous fits. The average log νpeak of
the good fits is 13.20 GHz. This is exactly the same as for a large sample of the
radio-brightest AGN, mostly blazars (Planck Collaboration et al. 2011).

The observations and the results, especially the behaviour of the radio spectra and
the variability are similar to what is seen in blazars and strongly favour the relativistic
jet as the main contributor to the high radio frequency esmission in NLS1 galaxies.
It is likely that a subset of NLS1 galaxies in which low radio frequency emission is
dominated by star formation processes exists (Caccianiga et al. 2015), but it is highly
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improbable that these processes could be responsible for the variable emission at
37 GHz, thus the sources detected at high radio frequencies probably host powerful
jets. Blazar-like behaviour was expected in the most radio-loud NLS1 sources, but it
is interesting that some of the detected sources are borderline radio-loud/radio-quiet
with very low 1.4 GHz flux densities. To investigate the predicting power of the
low radio frequency observations we calculated the correlation between the 1.4 and
37 GHz flux densities, and whereas for some sources they seem to correlate, for the
whole sample the correlation seems to be negligible or almost non-existent. Thus
the 1.4 GHz emission cannot be considered as a good proxy for the detectability of a
source at higher radio frequencies, and consequently for hosting a jet.

Samples 3 and 4

Encouraged by the success of the observations of Samples 1 and 2 and the results
obtained, we decided to move past the ambiguous radio loudness parameter as a
selection criterion. While it is probable that most radio-loud (R > 100) sources can
be assumed to host a jet, these sources constitute only ∼3% of NLS1 galaxies. This
minority is not representative of the whole population. To remove the bias caused
by selecting sources based on radio loudness and to diversify our NLS1 sample, we
selected the sources for our Samples 3 and 4 following remarkably different criteria.
Sample 3 includes 25 NLS1 galaxies residing in extraordinarily dense large-scale
environments (Publication IV). For all these sources the surrounding large-scale
luminosity-density is more than six times the average density, when more than three is
the limit for a supercluster environment (see Section 2.5.2). We applied this selection
criterion because based on the results in Publication IV it seems that the radio-louder
NLS1 galaxies favour denser environments, and thus environment-based selection
might reach some sources not selected based on conventional criteria. The 41 sources
in Sample 4 were selected based on two multifrequency criteria. By extrapolating
the SED by eye we estimated which sources could have high enough flux densities
at 37 GHz to be detactable. Alternatively they should exhibit unusually high optical
or X-ray emission compared to their archival, usually low frequency radio emission,
possibly indicating that their radio emission level might increase to a detectable
amount at high radio frequencies as well. The observations of these Samples started
in March 2014.

The first results for the Samples 3 and 4 are published in Publication VII. Due to our
unconventional selection criteria there are some radio-loud and radio-quiet sources
in the samples as well, but the majority are radio-silent. Overall these 66 sources
belong to the scarcely studied part of the NLS1 population, and multifrequency or any
other additional data for them are rare and sporadic. The 37 GHz observations were
performed similarly to Publication III, and we were able to detect eight of 66 sources.
This yields a detection rate of 12% which is surprisingly high, taking into account that
none of the sources were selected based on their radio properties. This result further
questions the usefulness and credibility of using single-epoch low radio frequency
observations as a proxy of the level of the nuclear activity. Four of the detected sources
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are from the environment-selected and four from the multifrequency-selected sample.
The levels of optical and X-ray emission of the detected, environment-selected sources
are not particularly high, indicating that these properties are not a determining factor
when predicting the level of radio emission at higher frequencies.

Based on their archival data, especially in radio, all eight detected sources are
unlikely to host relativistic jets: one source is borderline radio-quiet/radio-loud, one is
radio-quiet, and the rest six have previously been totally radio-silent, meaning that
they were not detected by the FIRST or NVSS surveys – with detection limits of
∼1 mJy – even if they reside in the area of the sky covered by them. Two of the sources
have been detected only once at 37 GHz but the remaining six more frequently. The
detection percentages span from 2% to a remarkably high 37%, and the maximum
flux densities from 0.27 Jy to 1.43 Jy.

This discovery has various implications. It diminishes the dominant role of the low
radio frequency observations as an indicator of jet activity. Relativistic jets are not
solely a curiosity seen in blazar-type NLS1 galaxies but seem to be a remarkably
more widespread phenomenon among the NLS1 galaxies. Moreover, three of these
sources were included in our host galaxy study (see Section 2.5.1 and Publication
VI). Two of them, SDSS J151020.06+554722.0 and SDSS J152205.41+393441.3,
were reliably fit; both of them are hosted by barred spiral galaxies with pseudo-
bulges and additionally J152205.41+393441.3 is interacting with a smaller nearby
galaxy. The black holes masses in the detected sources are intermediate, from 106M�
to 2 ×107M�. While these are usual host galaxy characteristics for NLS1 sources,
they are extraordinary for galaxies with AGN and relativistic jets; they contradict
the conventional jet paradigm. As discussed in Section 1.2.2 there are only a few
known spiral galaxies with relativistic jets, with properties resembling ellipticals and
dissimilar to NLS1 galaxies.

In addition to the Metsähovi radio observations we reduced all the available Fermi
gamma-ray data of the detected sources. Applying the usual detection limit of
maximum-likelihood test statistic, TS > 25, we discovered one new gamma-ray
emitting NLS1 galaxy: SDSS J164100.10+345452.7, with TS = 39. Its photon flux,
S γ = 12.5 ×10−9 ph cm−2 s−1, and photon index, Γγ = -2.5, are in line with other
gamma-detected NLS1 galaxies. In addition to J164100.10+345452.7 we found an-
other three sources for which 9 < TS < 25. They are strong candidates for future
gamma-ray detections. So far less than 20 NLS1 galaxies, all of which are radio-loud,
have been detected in gamma-rays (e.g., Abdo et al. 2009a,b; D’Ammando et al.
2012; Paliya et al. 2018). The jet luminosities of NLS1 sources are lower than those
of FSRQs but become comparable when scaled to take into account the lower black
hole masses. This and other similarities, for example, in the characteristics of their
radio and optical spectra, have led to the proposition that NLS1 galaxies are the low
black hole mass tail of the high-excitation type jetted AGN.

We checked the large-scale environments of the detected sources using data from
Publication IV. The four environment-selected sources naturally reside in supercluster
environments, and of the remaining four sources, two reside in voids and two in
intermediate-density regions (filaments or supercluster-to-void transition regions).
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Interestingly it seems that the sources residing in more diffuse regions show on
average higher 37 GHz flux densities, lower black hole masses, and more pronounced
variability than the sources that reside in superclusters. These sources also reside at the
lowest redshifts, which might indicate that the observed differences are of evolutionary
origin. The sample size is too small to make further conclusions at this point, but it
will be interesting to see if this trend exists in larger samples.

The most interesting question evoked by this extraordinary discovery is that of the
‘missing’ low radio frequency emission. Since all six of the radio-silent sources reside
in the area covered by the VLA FIRST survey their 1.4 GHz flux densities at the
time of the FIRST observations, approximately 20 years ago, have had to be less than
∼1 mJy. Unfortunately there are no recent low radio frequency data available for these
sources. One possibility is that a less powerful, non-relativistic jet was present but
in an inactive state and thus not detectable or very faint at 1.4 GHz (Mundell et al.
2009). Since then the activity would have increased so that the jet is now detectable
at 37 GHz. An alternative is that the sources really were non-jetted at the time of
the last observations and we are now seeing the onset of the nuclear activity and the
triggering of a relativistic jet. Since NLS1 galaxies do not generally exhibit relic
radio emission (however, exceptions do exist, e.g., Congiu et al. 2017) it has been
suggested that short timescale intermittent activity might be common in them. The
activity periods could be caused by radiative instability in the accretion disk and occur
at timescales of the order of only tens-to-hundreds of years (Czerny et al. 2009). The
third explanation is that the level of the activity has remained similar but these sources
exhibit unusually inverted radio spectra. Assuming a 1.4 GHz flux density of 1 mJy for
the radio-silent sources and using the archival observations for the detected sources,
the spectral indices between 1.4 and 37 GHz would have to be 1.7 – 2.1 to explain
the 37 GHz detections. If true, the nature of these sources is extreme, even among the
more powerful blazars. Low radio frequency observations are needed to distinguish
between these alternative scenarios. Additionally, very long baseline interferometry
(VLBI) observations will be essential to confirm the existence of relativistic jets and
to investigate their properties.

Samples 5 and 6

The next samples, 5 and 6, were added to the observing programme in Spring 2017.
Sample 5 consists of 16 sources with radio-loudness parameters between 50 and
100 selected from Publication I. Based on sample 3 it seems that the large-scale
environment density can successfully be utilised to select good candidates for high
radio frequency observations. Therefore we selected sources residing in the densest
large-scale environments based of the Sloan Digital Sky Survey (SDSS) Baryon
Oscillation Spectroscopic Survey (BOSS) luminosity-density field (LDF) to form our
sample 6. Compared to Sample 3 these sources reside at higher redshifts. We have
also prepared a sample of southern NLS1 sources selected from the Six-degree Field
Galaxy Survey (6dFGS) (Chen et al. 2018) to be added to the Metsähovi observing
programme shortly. New sources will be added to the observing programme whenever
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suitable candidates are found. In addition to increasing the total sample size, we
continue monitoring the older samples, especially the sources detected at 37 GHz.
The Metsähovi NLS1 galaxy observing programme is unique in its extent, duration,
and flexibility, and will continue to provide valuable information for these sources.

2.3.2 Radio morphologies

The resolution of a single radio telescope is too low to resolve any structures in
a non-local radio source. However, a technique combining the observed signals
from multiple radio telescopes, called interferometry, can be utilised to achieve even
(sub-)milliarcsecond resolution, which for low-redshift sources, for example, NLS1
galaxies, translates to ability to resolve parsec-scale structures. Different interferometer
set-ups are sensitive to different scales, thus it is important to observe a source at
different resolutions to achieve a compherensive picture of its radio structure, and also
perform single-dish observations which are able to obtain the total flux of a source.

VLBI can be used to infer intrinsic jet parameters such as the Lorentz and Doppler
factors (see Section 1.2.1), and at least the projected extent of the jet. If the angle
of the jet to the line of sight can be estimated, for example, if the counter-jet is
visible, the deprojected dimensions of the jet can be calculated. Additional important
parameter, usually calculated using high-resolution images of the radio core, is the
brightness temperature, TB. It is defined as the temperature that a source emitting a
black body spectrum would need to have to account for the observed intensity at a
given wavelength:

TB = 1.8×109(1 + z)
S ν,p

ν2θma jθmin
[K] (2.1)

where S ν,p is the peak flux density in mJy beam−1, ν is the observing frequency in
GHz, and θma j and θmin are the major and minor axes of the source in milliarcseconds,
deconvolved from the beam. The brightness temperature can almost unambiguously
be used to identify non-thermal emission originating from an AGN compared to other
processes emitting at radio frequencies. Normal stars (TB = 103 – 104 K) cannot
produce brightness temperatures high enough to be detected using interferometry, but
certain stellar-related processes, for example, stellar jets, X-ray binaries, and young
supernovae and supernova remnants can occasionally produce brightness temperatures
of the order of 105 – 107 K, detectable using VLBI (e.g., Pérez-Torres et al. 2009).
Non-thermal synchrotron radiation from supernovae and their remnants is the most
relevant alternative origin of the radio emission in star-forming galaxies such as NLS1
galaxies. However, this is a rare phenomenon; only ∼50 radio supernovae have been
detected during about 30 years of observations and all of them are Galactic or in the
very local Universe (Lien et al. 2011). Moreover, AGN cores usually show brightness
temperatures around 1010 – 1012 K, clearly separating them from other possible radio
emission sources.

Due to the discovery of gamma-ray emission from NLS1 galaxies, it was expected
that they would show extended radio jet structures similar to blazars. This has proven
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to be partially true: NLS1 galaxies do show extended radio emission but overall they
exhibit a wide range of diverse pc- and kpc-scale radio structures that often are not
similar to what is seen in blazars.

Parsec-scale radio mophologies

Richards et al. (2015) studied a sample of 15 radio-loud NLS1 galaxies and reported
that at pc-scale they show core-dominated, blazar-like structures, with 13 of them
showing one-sided pc-scale radio jets. Lister et al. (2016) confirmed that some, prefer-
entially gamma-ray-loud, NLS1 galaxies host relativistic jets exhibiting superluminal
speeds (∼10c), Lorentz factors (γ ∼ 10) and viewing angles (θ < 10°) comparable
to what is seen in blazars but not quite as extreme (Lister et al. 2016). Gu et al.
(2015) examined the pc-scale structure of 14 radio-loud NLS1 galaxies, and found
seven of them to show only the radio core, five to have a compact one-sided core–jet
structure, and two to exhibit an extended one-sided core–jet structure. Typically for
NLS1 galaxies, 12 out of 14 sources are core-dominated. In their sample half of the
sources are flat- and half steep-spectrum, but interestingly the radio structure and the
spectral shape do not correlate. They find these sources to show quite low brightness
temperatures and argue that the jets are not strongly beamed and are only mildly
relativistic. An interesting discovery was made by Doi et al. (2013) who investigated
seven radio-quiet NLS1 galaxies at pc-scales. The five sources they were able to detect
all show brightness temperatures too high to be explained by any thermal processes,
and they conclude that these radio-quiet sources host central engines similar to radio-
loud sources and that the radio emission is generated by non-thermal processes near
the nucleus. Moreover, they were able to detect pc-scale jets in three of the sources.
However, they find that much of the radio power originates in diffuse emission within
the innermost 300 pc, indicating that the jets terminate and dissipate at a quite small
radius and are not powerful enough to break out from the host galaxy.

Kiloparsec-scale radio mophologies

Also kpc-scale jets in NLS1 galaxies exhibit considerable diversity. Richards & Lister
(2015) examined three radio-loud NLS1 galaxies and found all of them to show
asymmetric two-sided kpc-scale jets, with lengths from 20 to 70 kpc. They found
the sources to be core-dominated and the radio lobes to be diffuse, terminating in
hotspots and resembling FR-II radio morphology. Two of the sources show a pc-scale
jet aligned with the apparently approaching kpc-scale jet. From these they were able
to infer that the jets are mildly relativistic with viewing angles of 10–15 °. In contrast
to their findings Gliozzi et al. (2010) and Doi et al. (2015) found kpc-scale jets with
approximately the same extent but resembling FR-I radio morphology. Aligned pc-
scale jets were found also in these studies. Intriguingly, the source studied in Doi et al.
(2015) is a radio-quiet NLS1 galaxy, strengthening the idea that the radio loudness
parameter does not necessarily correlate with the actual radio properties of a source.
Both core- and lobe-dominated sources were found in a study by Doi et al. (2012).
The results so far seem to indicate that generally NLS1 galaxies do not have a favoured
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Figure 2.3. SDSS J114654.28+323652.3, a flat-spectrum NLS1 galaxy with a compact
kpc-scale radio morphology. Rms = 11 μJy, contour levels at -3, 3×2n, n ∈
[0,9], beam size 3.11×2.52 kpc. (Publication V).

kpc-scale radio morphology type. Caccianiga et al. (2017) examined a radio-loud,
steep-spectrum NLS1 galaxy and found it to show an asymmetric two-sided jet with a
deprojected linear size of some kiloparsecs. They propose that this source is similar to
flat-spectrum NLS1 galaxies but seen at a larger inclination, belonging to the so far
elusive parent population of flat-spectrum NLS1 galaxies. Many of its properties are
reminiscent of a CSS source, and they further argue that this discovery strengthens the
role of CSS sources as a viable parent population candidate for NLS1 sources (see
Section 3.1).

The majority of the observations at kpc-scale come from the FIRST survey (Becker
et al. 1995), in which only sources larger than 2 arcmin are resolved (White et al. 1997).
On the other hand, VLBI enables radio imaging at milliarcsecond scale, leaving a wide
gap between these two resolutions unexplored. To investigate the scales in-between,
a diverse sample of 74 NLS1s – radio-quiet and radio-loud – was observed with the
Karl G. Jansky Very Large Array (JVLA) at 5 GHz in A-configuration (Publication V).
The sources were mainly selected from Publication II and Berton et al. (2015), with
some additions from Tarchi et al. (2011); Moran (2000); Wadadekar (2004); Komossa
et al. (2006) and Gallo et al. (2013). This is so far the largest survey aimed at radio
imaging of NLS1 sources at this frequency. All of the sources have been previously
detected at 1.4 GHz in either the FIRST or the NVSS survey.
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Figure 2.4. Mrk 493, a steep-spectrum NLS1 galaxy with an extended kpc-scale radio
morphology. Rms = 11 μJy, contour levels at -3, 3×2n, n ∈ [0,4], beam size
0.91×0.25 kpc (Publication V).

The sources were divided into three groups based on their in-band spectral indices;
radio-loud flat-spectrum (F-NLS1, α > -0.5, N = 28), radio-loud steep-spectrum (S-
NLS1, α < -0.5, N = 19), and radio-quiet sources (Q-NLS1, N = 27) which all were
steep-spectrum. There is a clear trend of F-NLS1 sources residing at highest redshifts,
Q-NLS1 sources at lowest redshifts, and S-NLS1 sources in between, with median
redshift values of 0.437, 0.048, and 0.225, respectively. Another division was made
based on their morphologies using the ratio between the peak and the total flux density,
R = S peak / S total. Sources for which R ≥ 0.95 were classified as compact (N = 27),
sources with 0.75 ≤R < 0.95 as intermediate (N = 26), and sources with R < 0.75 as
extended (N = 21). Subsamples based on spectral indices and morphologies correlate
to some extent: most F-NLS1 sources are compact, one third intermediate, and only
11% extended, whereas almost half of Q-NLS1 sources show extended morphology
and only 22% are compact. S-NLS1 sources do not have a preferred morphological
type. Examples of compact and extended morphologies are shown in Figures 2.3 and
2.4, respectively.

As could be expected, the total luminosity is on average lowest in the Q-NLS1
sample, highest in the F-NLS1 sample, and between them in the S-NLS1 sample. The
brightness temperatures were estimated using Equation 2.1. It should be noted that
since TB is usually calculated using higher resolution observations, these estimates are
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lower limits since the estimates for the size of the core are upper limits. However, since
it is estimated in a similar manner for all sources in this study, they are comparable
with each other. The mean logarithmic TB and the standard deviation for F-, Q- and S-
NLS1 subsamples are 5.33±1.00, 3.15±0.98, and 3.51±0.98, respectively. TB among
F-NLS1 sources is on average significantly higher than in Q- and S-NLS1 subsamples.
The results are similar for the subsamples based on morphology: compact sources
exhibit on average higher brightness temperatures than intermediate or extended
sources. The average logarithmic black hole masses (in units of M�) of F-, Q- and
S-NLS1 subsamples are 7.46±0.61, 7.13±0.46, and 7.76±0.41, respectively. Based
on the Kolmogorov-Smirnov test, F- and S-NLS1 sources are drawn from the same
black hole mass distribution, that is different than the black hole mass distribution of
Q-NLS1 sources. Interestingly, the morphology-based subsamples all have similar
average black hole masses.

All three subsamples exhibit disparate properties. F-NLS1 sources are characterised
by compact radio morphologies, high luminosity, and consequently high brightness
temperatures. Q-NLS1 sources are almost opposite to F-NLS1 sources: they con-
sistently show extended and intermediate radio morphologies, and low brightness
temperatures. S-NLS1s seem to be intermediate between F- and Q-NLS1 sources:
they show no preferred morphology type, and they show luminosities and brightness
temperatures lower than F-NLS1 but higher than Q-NLS1 sources. The differences
between F- and S-NLS1 sources can be explained by the different orientation of these
sources. F-NLS1 sources are most similar to blazars, with relativistic jets viewed
at small angles, and their luminosities and brightness temperatures are enhanced
by relativistic effects. S-NLS1 sources are intrinsically similar to F-NLS1 sources
but observed at larger angles, diminishing the relativistic effects. None of our F- or
S-NLS1 sources show a fully-developed, one-sided large-scale relativistic jet, similar
to what was found in, e.g., Richards & Lister (2015). Instead many of the intermediate
and extended sources possess smaller projected sizes, possibly suggesting smaller
inclinations angles.

Q-NLS1 sources on the other hand do not necessarily fit into this orientation-based
unification scenario. There are some examples of radio-quiet NLS1 sources with jet
producing central engines (Doi et al. 2013), pc-scale jets (Doi et al. 2015), and high
brightness temperatures, indicating that they might indeed be misaligned F-NLS1
sources. However, the radio luminosities and brightness temperatures are very low in
the majority of Q-NLS1 sources. As discussed earlier, radio emission can alternatively
be produced by star formation processes and this might be the case for Q-NLS1
sources. Caccianiga et al. (2015) showed that the radio emission even in some radio-
loud sources can be dominated by, or at least have a significant contribution from
star formation. Many of these sources, identified in Caccianiga et al. (2015), are
included in this study, and they consistently show quite low brightness temperatures,
supporting star formation as a possible explanation for the radio emission production
in the Q-NLS1 sources.

Many of the sources in this sample have previously been included in radio imaging
studies with another resolution scale, usually scoping smaller spatial scales. The
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kpc-scale structures found in this study mostly agree, in terms of position and position
angle, with the smaller-scale structures found in the earlier studies (e.g., Doi et al.
2013; Gu et al. 2015). Interestingly, Doi et al. (2013) argue that the jets in the radio-
quiet NLS1 sources they studied terminate and dissipate at a radius of a few hundred
pc, but in this study all of those sources are found to exhibit intermediate or extended
morphology. This indicates that the jets indeed are able to reach kpc-scales and that
this emission is probably resolved out by higher resolution observations.

In radio images blazars and their higher inclination counterparts, radio galaxies,
show powerful relativistic jets and significant radio lobes at kpc-scales (Antonucci &
Ulvestad 1985; Murphy et al. 1993; Cooper et al. 2007; Kharb et al. 2010). Similar
intense extended emission, with luminosities comparable to the core luminosity, is not
seen in the sample of F-NLS1 sources; their extended emission is more diffuse and
overall they are less luminous than blazars. This discrepancy suggests that F-NLS1
sources are intrinsically disparate in their physical properties when compared to other
AGN with relativistic jets. However, it has been suggested that the jet phenomena
in F-NLS1 galaxies and FSRQs can be unified based on the scalability of the jet
power as a function of the mass of the central black hole (Heinz & Sunyaev 2003;
Foschini 2014). F-NLS1 sources represent the low-mass, less evolved version of
FSRQs. Consequently, due to their young age they may not have yet had time to
produce prominent radio lobes (Berton et al. 2015).

It has been proposed that CSS sources could be misaligned F-NLS1 sources and
therefore a part of their parent population, along with S-NLS1 sources (e.g., Komossa
et al. 2006; Gu et al. 2015; Caccianiga et al. 2015, 2017; Berton et al. 2016). However,
on average the radio luminosities of F-NLS1 sources are lower than the luminosities of
CSS sources, mostly because they lack the intense extended emission seen in the latter.
Also the radio morphologies of CSS sources seem to be more complex than those seen
in F-NLS1 sources (Dallacasa et al. 2013; Gu & Chen 2010). When considering only
the low-power CSS sources the differences with F-NLS1 sources seem to diminish
(Kunert-Bajraszewska et al. 2010), as they are less luminous and show simpler radio
morphologies than more luminous CSS sources (Kunert-Bajraszewska et al. 2006).

Another viable alternative is that the radio-silent and radio-quiet NLS1 galaxies
form the parent population of radio-loud NLS1 sources. Relativistic beaming can
cause an object, that would otherwise be classified as radio-quiet or even radio-silent,
appear as radio-loud when observed at a small angle. However, in this sample Q-
NLS1 sources, when compared to S-NLS1 sources and to some extent to F-NLS1
sources, show disparities that are hard to explain as orientation effects; the black
hole mass distributions are different as are the radio luminosities. Furthermore, in
Q-NLS1 sources the contribution of star formation to radio emission seems to be
more important than in F- or S-NLS1 sources. It should be noted that the redshift
distributions of the subsamples are different and might induce bias. A comparison
sample of higher redshift radio-quiet and radio-silent sources will be needed to perform
a proper comparison. The parent population of NLS1 galaxies is discussed in more
detail in Section 3.1.
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2.4 Statistical multiproperty studies

2.4.1 Multifrequency correlations

Multifrequency correlations performed with large enough samples to be statistically
significant can offer us insight into via which processes and where in the AGN, or its
host galaxy, the emission at different frequencies is generated and how these processes
are related. If emission in two or more frequency bands is strongly correlated it
can be assumed that also their origins are connected –and vice versa for uncorrelated
frequency bands. However, performing multifrequency correlations can be challenging.
AGN tend to be variable, in some cases at all frequencies, but usually single-epoch
observations are used for the correlation studies. Additionally, simultaneous data
are rarely available and the observations in different bands may be decades apart.
Even if the observations were simultaneous, variability might drastically change the
flux density levels and a single-epoch observation may not necessarily represent
the characteristic state of the source. Variations at different frequencies may also
show lags compared to each other. To account for the variability, longer term quasi-
simultaneous monitoring at several frequencies is needed but this is often impossible.
Furthermore, the origin of emission at any given frequency may be different not only
between different AGN classes but also within a class. For example, the low-frequency
radio emission may be produced by star formation related processes, such as radio
supernovae and supernova remnants, or by the jet, or any combination of the two, as is
the case for many NLS1 galaxies. The effect of these issues can be reduced by using
large enough, carefully selected samples, so that the properties of single sources are
not so pronounced.

Extensive statistical multifrequency studies of AGN are scarce, and for NLS1
galaxies practically nonexistent. A correlation between LR – LO has been found for a
sample of ∼100 quasars, and between LR, jet – LO for a small sample of BLOs (N=18)
(Arshakian et al. 2010). Ballo et al. (2012) discovered a LR – LX correlation but found
no LO – LX correlation in a sample of 852 quasars and 14 Seyfert galaxies, whereas
Brinkmann et al. (2000) found a correlation for both in a mixed sample. Correlation
between LR – LX has been found in several studies with samples of varying sizes and
properties (Panessa et al. 2007; Bianchi et al. 2009; Younes et al. 2012). However,
radio and gamma-ray emission in radio-loud AGN have been found to be connected
in many studies (e.g., Jorstad et al. 2001; Lähteenmäki & Valtaoja 2003; Nieppola
et al. 2011; León-Tavares et al. 2012).

The study in Publication I was essentially the first multifrequency correlation analy-
sis of a large sample of NLS1 galaxies. A sample of 292 radio-detected NLS1 sources,
of which 97 were radio-quiet and 195 radio-loud, was studied. The correlations among
the whole sample and the radio-loud and radio-quiet subsamples were examined using
Pearson product-moment correlation coefficient (Pearson’s r), Spearman’s rank corre-
lation coefficient (Spearman’s ρ), and corresponding partial correlation coefficients to
account for the possible false correlations induced by redshift. However, all correlation
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analyses were in agreement.
No correlation between LR – LO for the whole sample was found, and the correlation

among the radio-quiet and radio-loud subsamples is generated by the division to these
subsamples. There is a strong correlation between LO – LIR, especially in the radio-
quiet sample. This correlation can be expected since a fraction of the optical emission
generated by the accretion disk is absorbed by the surrounding molecular clouds and
re-emitted in infrared. Also the LO – LX relation is rather strong in both subsamples
and the whole sample. The connection can be explained by the IC scattering of
optical/UV accretion disk photons to X-rays in the hot corona above the accretion disk.
A correlation between LR and LX was not found, suggesting that their production
mechanisms are not connected. LR and LIR show a considerable correlation in the
radio-quiet sample, indicating that radio and infrared emission share a common origin.
It is probable that infrared and radio emission in radio-quiet sources originate from
star formation processes (Caccianiga et al. 2015). This correlation does not exist
among the radio-loud sample, suggesting a different origin compared to the radio-
quiet sources. A plausible explanation is that the radio emission in radio-loud sources
is mostly generated by the jet; if not a fully-developed relativistic jet then at least a
mildly relativistic jet or a jet base. The infrared emission originates mostly from the
molecular torus, and possibly partly from the star formation processes.

2.4.2 Principal component analysis

Principal component analysis (PCA, Abdi & Williams 2010) is a comprehensive way
for investigating how the various properties of AGN are connected. It is a statistical
procedure that can be used to effectively study large amounts of data which include
multiple variables. PCA can reveal underlying relations that may include multiple
parameters and do not show up in conventional correlation analyses. It uses an
orthogonal transformation to convert a set of possibly correlated variables into a set
of linearly uncorrelated variables called principal components or eigenvectors (EV).
The number of EVs is the same as the number of variables. The transformation is
performed so that the first EV has as large a variance as possible and thus accounts for
as much of the variability in the data as possible. The subsequent EVs are constructed
so that also they have the highest possible variance while still being orthogonal to
the preceding EVs. PCA makes it possible to find the most dominant variable or
an ensemble of variables in a data set. However, PCA is sensitive to the properties
of the original data set. In case some variables are already tightly connected, PCA
emphasises this connection and these variables might dominate the results. The
variables used should therefore be selected carefully. If the original variables have
very different scales, the variables with the most extensive scale tend to show the
most variability and skew the results. This can be avoided by normalising the data.
A similar bias might occur if the variables are in different units, in which case the
variables should be weighted using the inverse of their variances. In addition, it must
be remembered that the results of PCA depend on the properties of the input data
set. When these possible pitfalls are taken into account, PCA is a powerful tool to
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examine and systematise extensive data sets, and in case of AGN, to search for sets of
connected properties and to identify common physical drivers behind them.

PCA has been rather widely used in AGN research. The first comprehensive analysis
was done in Boroson & Green (1992) who used the optical properties of a sample
of 87 quasi-stellar objects (QSO). They found that the EV1 is dominated by the
anticorrelation between the strength of Fe II, and the strength of [O III] λ5007 and
FWHM(Hβ). EV2 distinguished between the optical luminosity and the strength of
He II λ4686. In a follow-up study 75 sources were added to the sample (Boroson
2002). The results were consistent with the previous study and they suggested that
the physical driver behind EV1 is the Eddington ratio 5, and EV2 is driven by the
accretion rate. Grupe (2004) examined a sample of 110 soft X-ray selected AGN,
about half of them being NLS1 galaxies, and concluded that their EV1 is similar to
the previously found EV1. EV2 of their study strongly correlated with the black hole
mass. EVs similar to Boroson (2002) were also found in a study by Xu et al. (2012)
using a sample of NLS1 and BLS1 galaxies. In their study it is also evident that NLS1
and BLS1 galaxies occupy different regions in the EV1 – EV2 plane.

Based on several subsequent studies the correlation space defined by FWHM(Hβ),
[O III] λ5007 vs. R4570, the velocity shift of the C IV λ1549 profile, and the soft
X-ray photon index (Γsoft) has been established as the 4DE1 parameter space of AGN
(e.g., Marziani et al. 2006; Sulentic et al. 2007) that can be used to explain a host
of diverse properties observed in them. The most relevant correlation exists between
FWHM(Hβ), [O III] λ5007, and R4570. Instead of using radio loudness as a dividing
factor, FWHM(Hβ) is used to divide sources to populations A and B since prominent
changes in the spectroscopic features appear at FWHM(Hβ) ≈ 4000 km s−1. By
definition, FWHM(Hβ) in population A sources is < 4000 km s−1, and they generally
show strong Fe II, and soft X-ray excess. Their emission lines are best modelled with
Lorentzian profiles, indicating that the broadening is due to the turbulent motion in the
BLR. Most of population A sources are radio-quiet. On the other hand, FWHM(Hβ) in
population B sources is > 4000 km s−1, they show weak Fe II, and their emission line
profiles are Gaussian, suggesting a rotational origin (Doppler broadening, however,
see Kollatschny & Zetzl 2013). These sources are generally radio-loud but also
some radio-quiet sources fall into this category (Zamfir et al. 2010). The changes in
the 4DE1 properties correspond to the changes of intrinsic physical properties, for
example, the black hole mass, the ionization parameter, and the accretion rate. This
continuum of properties indicates that the 4DE1 space might represent an evolutionary
sequence of AGN, driven by the Eddington ratio. NLS1 galaxies occupy the high
Eddington ratio extreme of the 4DE1 space with characteristic narrow FWHM(Hβ)
and strong Fe II.

The number of NLS1 galaxies included in the previous PCA studies has been quite
small. We performed PCA of a large and pure sample of 292 NLS1 sources in
Publication I. Since this was the first PCA study that includes only NLS1 galaxies
it especially highlights the variables that drive the changes in the properties within
the NLS1 class. The variables included in our study were FWHM(Hβ), MBH, R4570,

5LBol/LEdd, where LEdd = 3.2 ×104(M/M�)L�
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S O, S R, S IR, and S X. PCA was performed separately for the whole sample, and
radio-quiet and radio-loud subsamples. For most parts the results of the whole sample
and the subsamples agree.

Anticorrelation of S O and S IR versus MBH dominates the EV1 in this study. In
the radio-quiet sample the radio emission contributes almost as much as the optical
and infared emission, which is in agreement with the multifrequency correlations
(Publication I), supporting their connected origins. Since the optical emission and
the black hole mass have the strongest contribution to the EV1, it is quite similar to
EV2 found in previous studies. However, including both S O and S IR, which are rather
strongly linearly correlated, might emphasise their significance in EV1. EV1 does
not correlate with the Eddington ratio. On the contrary, EV2 of this study represents
the ‘traditional’ EV1 and is dominated by the anticorrelation between R4570 and
FWHM(Hβ). In the radio-quiet subsample also the contribution of the black hole
mass is strong and it correlates with the FWHM(Hβ). EV2 is strongly correlated with
the Eddington ratio as expected.

Since the study in Publication I included only radio-detected sources and thus
concerned only a limited part of the NLS1 population, we decided to do a follow-up
study with a larger sample that includes also radio-silent sources. In Publication
IV we used PCA to analyse ∼1300 NLS1 galaxies. The sources were split into two
samples according to the origin of the large-scale environment density parameter that
was introduced as a new variable. Since the density values are from two different
surveys, they are not directly comparable. This study was the first ever to include a
parameter describing the large-scale environment density in the PCA of AGN. Our first
sample consisted of 960 NLS1 galaxies of which 799, 73, and 87 were radio-silent,
radio-quiet, and radio-loud, respectively. The large-scale environment density data
come from a luminosity-density field (LDF) constructed using a sample of luminous
red galaxies (LRG) in the SDSS Data Release 7 (Abazajian et al. 2009; Lietzen
et al. 2011; Liivamägi et al. 2012). The second sample included 323 NLS1 sources:
266 radio-silent, 6 radio-quiet, and 51 radio-loud sources. The environment data for
these are from an LDF constructed using the SDSS BOSS Constant MASS (CMASS)
sample from Data Release 12 (Alam et al. 2015). For a more detailed description of
the large-scale environment density parameter see Section 2.5.2. These surveys do not
spatially overlap due to their different redshift ranges and thus could not be scaled to
be directly comparable; therefore we performed PCA separately for the two samples.
Additionally, we analysed subsamples of radio-detected sources and X-ray-detected
sources. The final variables included were R4570, S ([O III]), S O, FWHM(Hβ), and
the large-scale environment parameter, and S R and S X for the radio-detected and
X-ray-detected subsamples, respectively.

The results for EV1 are rather similar for all of the subsamples in both LRG
and BOSS samples. EV1 of the whole sample and the radio-detected subsample is
dominated by the anticorrelation of R4570 versus S ([O III]) and S O. FWHM(Hβ) also
correlates with S ([O III]) and S O, but its contribution is less significant. Interestingly,
in the X-ray-detected subsample R4570 is insignificant and the contribution of S X,
which correlates with S ([O III]) and S O, is strong. In the LRG sample EV1 correlates

37



Multiproperty studies of narrow-line Seyfert 1 galaxies

Figure 2.5. EV1 and EV2 of the PCA of the whole LRG sample. Individual sources are
marked with red points, and the contribution of variables to each EV with
blue lines. FO is the optical flux density and F([O III]) the flux density of
the [O III] emission line (Publication IV).

with the Eddington ratio to some extent in the whole sample and the radio-detected
subsample, but not in the X-ray-detected subsample. There is a weak but significant
correlation with the black hole mass in all samples. In the BOSS sample EV1 correlates
strongly with MBH. This EV clearly seems to be comparable to the EV2 found in
previous studies.

EV2 is similar for the whole sample and the radio-detected subsample, and is domi-
nated by R4570, S O which anticorrelate with FWHM(Hβ). S R shows a significant
contribution among the radio-detected sample and correlates with FWHM(Hβ). X-
ray-detected sources otherwise agree with the other samples but the contribution of the
optical emission is negligible, and in the BOSS sample the large-scale environment
density contributed significantly and correlates with FWHM(Hβ). It seems that EV2
of this study is similar to the ‘traditional’ EV1, dominated by the anticorrelation
between R4570 and FWHM(Hβ) (Boroson & Green 1992; Boroson 2002; Xu et al.
2012). Indeed, despite the minor differences in the variable strengths in EV2, it
correlates strongly with the Eddington ratio among all samples.

Practically in all cases EV3 is dominated by the density parameter, with the other
variables being negligible. Only in the radio-detected subsample of the LRG sample
also S R has a considerable contribution and it correlates with the density parameter.
The emergence of radio emission together with the large-scale environment density in
this EV supports the scenario that the environment affects the radio properties of AGN.
The fact that EV3 is almost completely dominated by the large-scale environment
parameter, with the other variables being insignificant, indicates that there exists
no tight connection between the large-scale environment density and the intrinsic
properties of NLS1 galaxies included in this study. EV3 does not correlate with the
Eddington ratio or the black hole mass either.
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Figure 2.6. Schematic AGN continuum.

As Figure 2.5 shows, EV1 and EV2 are dominated by the interplay between R4570,
FWHM(Hβ) and S ([O III]), the components that are also the most dominant in the
4DE1 space. This result fits NLS1 population nicely in the narrow FWHM(Hβ),
strong Fe II, and weak [O III] extreme of the AGN continuum. When using a sample
of only NLS1 galaxies, the first EVs seem to be reversed, a phenomenon seen already
in Publication I. This is due to using a pure sample inside which there is much less
variance in certain variables, for example, in the case of NLS1 galaxies FWHM(Hβ) is
limited to 0–2000 km s−1. This causes the variance of other variables to be emphasised
in the PCA. Figure 2.6 explains this with a simplified graph; when taking only a slice
of the whole AGN continuum, the variance is more pronounced along the ‘secondary’
properties and thus they are also more dominant in the PCA.

2.5 Environment

2.5.1 Host galaxies

The host galaxy is the closest environment of an AGN and directly affects its activity
level because the black hole feeds on the gas reservoirs of its host galaxy. For the AGN
to stay active the gas must be efficiently transferred from the outer parts of the galaxy
towards its center. In spiral galaxies non-axisymmetric structures such as bars are able
to bring gas within the innermost 1 kpc (Sakamoto et al. 1999). The gas forms nuclear
spirals which further transfer it closer to the nucleus (van de Ven & Fathi 2010). The
accumulating gas often triggers nuclear star formation, or even starburst, frequently
seen in AGN (LaMassa et al. 2013). The AGN might be triggered simultaneously
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or at a later time. Mass loss from the evolving young stars provides additional fuel
for the black hole. Star formation gradually decreases, leaving an intermediate-age
stellar population behind while the AGN activity can continue for tens to hundreds of
mega-years (Storchi-Bergmann 2008).

The active nucleus in turn affects the host galaxy via various feedback machanisms,
for example, radiation pressure, jets, and winds and outflows. This feedback is thought
to be responsible for establishing the black hole mass – galaxy scaling relations, for
example, the MBH – σ relation. The feedback is stronger in jetted AGN. Two main
feedback modes have been recognised; quasar mode and radio mode, corresponding
to the accretion modes of AGN, HERG and LERG, respectively. The quasar mode
works mainly through radiative feedback and winds, whereas in radio mode the jet
is the predominant source of feedback. The feedback connected to the quasar mode
can be either positive or negative. Positive feedback can enhance or even induce
star formation in the host galaxy (e.g., Ishibashi & Fabian 2012), whereas negative
feedback can slow down or entirely suppress star formation in the host galaxy (Pović
et al. 2012). Radio mode feedback is usually associated with quenching of the star
formation via heating the gas in the galaxy, and is believed to be responsible for
turning galaxies into red and ‘dead’ galaxies. A review of these processes can be
found in Fabian (2012).

The dynamics of the feedback processes between the host galaxy and the AGN are
complicated and not yet well understood, but the AGN clearly considerably affects the
galaxy evolution. Since significant AGN feedback is mostly associated with powerful
jets – rare in NLS1 galaxies – it probably does not play a major role in shaping the
properties of the NLS1 population. On the other hand, the host galaxy properties are
likely to affect the nuclear activity and characteristics of NLS1 sources.

The intrinsic host galaxy morphology and properties can be affected by its local
environment. In fact, studies indicate that galaxy – galaxy interactions may play a
crucial role in AGN activity. A galaxy residing in a dense environment, for example,
in a galaxy cluster, may undergo a number of minor and major mergers, and close
encounters. Minor mergers can replenish the gas reservoirs of the more massive galaxy,
and in addition distort its gas dynamics and cause gas infall, subsequently triggering
circumnuclear star formation and feeding the black hole (Taniguchi 1999; Barth et al.
2008; Kaviraj 2016). Minor mergers are more frequent than major mergers (Lotz
et al. 2011), and usually leave the morphology of the more massive galaxy unchanged.
Also major mergers can bring more gas into the galaxy and cause similar gas infall
than what is seen in minor mergers (Urrutia et al. 2008; Ellison et al. 2011), but they
may also strip the galaxy of its gas reservoirs, quenching or preventing future star
formation and severely limiting the gas supply of the black hole, and consequently
impacting its future activity. Either way, in major mergers the morphologies of the
participating galaxies are transformed and usually they form a massive early-type
galaxy. It has been argued that the most luminous AGN are predominantly triggered by
major mergers (Treister et al. 2012; Villforth et al. 2014). Merging is also an effective
way to grow a black hole when the central black holes of the merging galaxies coalesce.
The effects of a close encounter depend strongly on the initial parameters of the system,

40



Multiproperty studies of narrow-line Seyfert 1 galaxies

but like minor mergers it may cause gas infall leading to enhanced star formation
and triggering of the AGN activity. However, there are also studies which do not
find mergers and AGN activity connected at all (Corbin 2000; Cisternas et al. 2011;
Kocevski et al. 2012).

Host galaxy studies of NLS1 galaxies have so far concentrated on the radio-quiet and
radio-silent sources, mostly because in the radio-loud sources the AGN contribution is
considerable also in the optical and infrared bands, and complicates or prevents the
modelling of the morphology. Most but not all radio-quiet NLS1 sources reside in
late-type galaxies (Ohta et al. 2007).

Generally the host galaxies of NLS1 sources seem to exhibit an ensemble of prop-
erties that support the secular growth scenario of the central black hole. Large-scale
stellar bars outside the innermost 1 kpc are frequently seen in NLS1 galaxies; Cren-
shaw et al. (2003) found 65% and Ohta et al. (2007) 80% of the disk-like hosts of
NLS1 galaxies to possess bars. Deo et al. (2006) found that in their NLS1 sample 83%
of the host galaxies show nuclear dust spirals within the innermost 1 kpc and most of
them are grand-design (80%). Evidence of enhanced circumnuclear star formation in
NLS1 galaxies has also been found in several studies (e.g., Deo et al. 2006; Sani et al.
2010).

Quite a small fraction, 8%–16%, of NLS1 galaxies show signs of interaction or
merging (Ohta et al. 2007). It seems that it is rarer in NLS1 galaxies than in Seyfert
galaxies in general (20%–30%, Schmitt et al. 2001). Ohta et al. (2007) also found that
the frequency of interacting or merging increases with increasing FWHM(Hβ). This
could at least partly explain the discovery by Crenshaw et al. (2003) that the frequency
of bars is anticorrelated with FWHM(Hβ), since a merger is able to disturb or even
destroy the bar structure. The absence of interaction or merging in NLS1 galaxies
(e.g., Ryan et al. 2007; Ohta et al. 2007) indicates that the evolution of the host
galaxy as well as the growth of the central black hole have been and are dominated by
secular processes. The prevalence of pseudo-bulges in NLS1 host galaxies supports
this scenario (Orban de Xivry et al. 2011), since pseudo-bulges are formed via internal
secular processes, whereas classical bulges are usually formed as a consequence of a
merger.

The favourable combination of properties seen in NLS1 galaxies might be able to
efficiently fuel the central black hole. Sufficient fuel supply via secular processes
seems to be able to maintain the high activity levels seen in them and at least partly
explain the high observed Eddington ratios. However, even if most NLS1 sources are
radio-quiet or radio-silent and preferentially non-jetted, the small fraction of jetted
NLS1 galaxies is becoming increasingly important in attempts to understand the nature
of the whole NLS1 population as well as the triggering and maintaining of relativistic
jets in young AGN.

So far the host galaxy morphologies of only four jetted NLS1 sources have been
investigated. Zhou et al. (2007) claimed the host galaxy of 1H0323+342 to be a
one-armed spiral galaxy. However, it has been later argued that it is an elliptical galaxy
whose morphology is disturbed due to merging (Antón et al. 2008; León Tavares
et al. 2014). According to Olguín-Iglesias et al. (2017) the host galaxy of FBQS
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J1644+2619 is a barred lenticular galaxy with a pseudo-bulge. They argue that the
host shows clear signs of strong bar-driven secular evolution which efficiently feeds
the black hole and maintains the nuclear activity. There are also signs of recent minor
mergers which could replenish the gas reservoirs of the host galaxy. On the contrary,
D’Ammando et al. (2017) claim that the host galaxy of FBQS J1644+2619 is an
elliptical galaxy. The third studied jetted NLS1 galaxy, PKS 2004-447, resides in a
barred disk-like galaxy (Kotilainen et al. 2016), and has a pseudo-bulge, indicating
that its evolution and growth have been dominated by secular processes. According
to D’Ammando et al. (2018), the fourth studied jetted NLS1 galaxy, PKS 1502+036,
is hosted by an elliptical galaxy. All of these four NLS1 galaxies are gamma-ray
detected sources with powerful relativistic jets, so it is remarkable that the secular
evolution seems to be dominant at least in some of them. This discovery goes against
the conventional view of only highly-evolved massive elliptical galaxies being able to
launch and maintain relativistic jets.

However, no definite conclusions can be drawn from four galaxies, a considerably
larger sample is needed. We observed the host galaxies of nine NLS1 sources using the
NOTCam at the Nordic Optical Telescope (NOT, Publication VI). All the sources are
included in the Metsähovi NLS1 observing programme (Publication III and Publication
VII), but their properties are otherwise diverse. They are also included in our ongoing e-
VLBI programme that aims to study the differences in the pc-scale radio morphologies
of steep- and flat-spectrum NLS1 galaxies. These nine NLS1 galaxies were selected
for near-infrared observations to enable comparison of radio morphologies and spectra,
and host galaxy morphologies, and to study their possible connection. The sample
includes sources detected and not detected at 37 GHz, radio-silent, radio-quiet, and
radio-loud sources, and both flat- and steep-spectrum sources.

The observations were performed in J-band using the NOTCam with high resolution
imaging (0.078"/px). We also observed a separate point spread function (PSF) star
with very high S/N for each of our sources to properly model the AGN and remove its
contribution. To perform a photometric decomposition of the images we used a 2D
fitting algorithm GALFIT version 3 (Peng et al. 2010). Most sources were sufficiently
fit with variations of the Sérsic profile (Graham & Driver 2005). In addition to
modelling the host galaxy morphologies we obtained their radial surface brightness
profiles using IRAF task ELLIPS E.

Our results are summarised in Table 2.1. We were not able to model four of
our sources reliably. This was probably due to the non-optimal weather conditions
combined with some of the highest redshifts of our sample; the data quality was
not good enough to properly perform the photometric decomposition. However, the
remaining five host galaxies were modelled successfully, and all of them are late-type
galaxies. Four of them host pseudo-bulges, and the fifth does not seem to have a
distinguishable bulge component. Four out of five also have bars. Three of these five
sources have been detected at 37 GHz and possibly host jets. We estimated the black
hole masses of the successfully modelled sources using the Hβ line dispersion, and
the mean black hole mass is log MBH = 6.8 M�. Whereas these morphologies and
black hole masses are typical for NLS1 galaxies, they are unusual for jetted AGN.
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Figure 2.7. J-band images of interacting NLS1 galaxies. Left panel: SDSS
J111934.01+533518.7. The field of view is 23.4" / 44.1 kpc. right panel:
SDSS J152205.41+393441.3. The field of view is 31.2" / 43.5 kpc (Publica-
tion VI).

The high fraction of interacting or perturbed galaxies is also remarkable: three
out of five properly modelled sources have a disturbed morphology. Examples of
such sources are shown in Figure 2.7. Due to the characteristics of late-type galaxies,
for example, pseudo-bulges, it seems that secular processes have dominated their
evolution so far. Two of these three have been detected at 37 GHz. If they really are
jetted, this result could indicate that in NLS1 galaxies the instabilities caused by a
merger are able to trigger the nuclear activity and eventually lead to the launching of a
jet. One source also exhibits star formation at starburst level (Caccianiga et al. 2015),
which could be due to the interaction causing gas infall, triggering the starburst, and
also feeding the black hole. Mathur et al. (2001) argued that NLS1 galaxies could
be sources rejuvenated by mergers. Whereas this scenario seems not to hold for the
NLS1 population in general, it might be true for the jetted sources.

Indeed, compared to the radio-quiet/radio-silent NLS1 population, the host galaxy
properties seem to be similar with the exception of the significantly higher percentage
of interaction among the jetted sources. However, even if it seems likely that inter-
action is connected to the launching of jets in NLS1 galaxies, there are also sources
that possess jets but do not show signs of interaction – or possible signs have passed
unnoticed – requiring an alternative explanation. In general, however, interaction
seems to be a dividing factor between the jetted and non-jetted NLS1 galaxies. This
scenario is supported by the result that jetted NLS1 galaxies reside in denser large-
scale environments, where also interaction is more probable, than the non-jetted NLS1
galaxies (Publication IV). The heterogeneity seen in the NLS1 population could also
be explained by different evolutionary stages, induced by interaction and mergers.

Our results more than double the number of jetted NLS1 sources with known host
galaxy morphologies and provide additional proof that evolving young spiral galaxies
with unusually low black hole masses can indeed launch and maintain powerful jets.
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Table 2.1. Summary of the host galaxy observation results.

source morph. components notes

J091313.73+365817.2 spiral PB, bar, disk enhanced SF
J111934.01+533518.7 spiral PB interacting, RL
J122749.14+321458.9† unclear enhanced SF
J123220.11+495721.8† unclear
J125635.89+500852.4† unclear
J133345.47+414127.7† unclear SB
J151020.06+554722.0† spiral bar, disk
J152205.41+393441.3† spiral PB, bar, disk interacting
J161259.83+421940.3† spiral PB, bar disturbed, SB

† = jetted, PB = pseudo-bulge, RL = radio-loud, SF = star formation, SB = starburst.

This highlights the uniqueness of jetted NLS1 galaxies among the jetted AGN, and
further challenges the conventional view that only highly-evolved massive elliptical
galaxies with black hole masses exceeding 108M� are able to launch relativistic jets.

2.5.2 Local and large-scale environments

The local environment of a galaxy spans from its close satellite and neighbour galaxies
to the group or cluster it resides in. ∼15% of massive galaxies6 (Mgal > 1011M�) have
at least one satellite galaxy whose mass is 10% of the mass of the more massive galaxy,
and 30% a satellite galaxy whose mass is 1% of the mass of the primary. Elliptical
galaxies are two to three times more likely to possess satellites than disk-like galaxies,
and are therefore more likely to undergo minor mergers with their satellite galaxies
(Mármol-Queraltó et al. 2012). The fraction of galaxies in close pairs is found to be
∼1–4% (Keenan et al. 2014; Man et al. 2012; Robotham et al. 2014; Fu et al. 2018),
but it remains unclear whether significant evolution with redshift exists. However, in
general, a galaxy can be expected to have undergone ∼1 major merger at z < 3, and 0.2
– 0.8 mergers since z = 1. The number of major mergers depends on the environment
as the fraction of non-isolated galaxies strongly increases with the increasing density
of the local environment (Ideue et al. 2009).

Only ∼5% of galaxies reside in rich clusters which are the largest gravitationally
bound structures in the Universe. Rich clusters typically consist of 30–300 members
within a radius of 1–2 h−1 Mpc. The largest fraction of galaxies, ∼55%, are in groups
and poor clusters with 3–30 galaxies (Bahcall 1996) and a radius of 0.1–1 h−1 Mpc .
A minor fraction of the rest are in pairs, and almost 40% are singular field galaxies.

The environment has an ability to shape and steer the evolution and properties
of a galaxy. Galaxy – galaxy interactions, discussed in the previous Section, can
radically impact the galaxy and the AGN. In denser environments, for example,

6For comparison, the mass of the Galaxy is 5.8 ×1011M�.
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in galaxy groups or clusters, the probability of interaction is higher. There is a
relation between the cluster-scale environment and the galaxy morphology (Hubble &
Humason 1931; Dressler 1980; Park & Choi 2009; Chen et al. 2017): galaxies residing
in clusters are more likely to show an early-type morphology than field galaxies. This
tendency can be explained by more frequent galaxy – galaxy interactions in denser
regions. Mergers transform the galaxy morphology from late-type towards early-type
and the speed of this evolution greatly depends on the galaxy density of the local
environment. Ellipticals being more frequent in denser environments may also explain
the higher fraction of satellite galaxies around them, when compared to late-type
galaxies (Mármol-Queraltó et al. 2012). A galaxy can also interact with a galaxy
cluster and due to ram-pressure stripping it might lose a fraction or almost all of its gas
in the process, which in turn quenches the star formation in the galaxy and transforms
it to a red, inactive galaxy (Ebeling et al. 2014; Steinhauser et al. 2016).

At the largest scale galaxies are not distributed evenly in space but form a cosmic web
of superclusters, filaments, and voids. Superclusters are collections of galaxy clusters
and groups, and their sizes vary from tens to hundreds of Mpc. Most superclusters
are not gravitationally bound, and the member clusters and groups shift away from
each other due to the expansion of the Universe. Superclusters are connected to each
other by filaments, regions containing an overdensity of galaxies but not as dense as
superclusters. The axial ratios of these thread-like filaments are close to 1 and their
radii is of the order of ∼0.5 h−1 Mpc (Tempel et al. 2014a), with typical lengths of
50 – 80 h−1 Mpc (Bharadwaj et al. 2004). Superclusters and filaments surround large
regions of considerable underdensity called voids. Voids are generally spherical in
shape and span from 20 to 100 h−1 Mpc in diameter (Alpaslan et al. 2014). The matter
density in a void is ∼10% of the typical matter density in the Universe, and there
are very few, usually isolated galaxies. However, structures similar to filaments but
much more sparse have been found. Park & Lee (2009) found ‘void filaments’ with
approximate lengths of 10 h−1 Mpc and further speculated that since the gas flow is
enhanced along these filamentary structures they might explain surprisingly high star
formation and AGN activity in voids. Alpaslan et al. (2014) also found ‘tendrils’ of
void galaxies branching from the actual filaments. These tendrils host on average six
galaxies and are 10 h−1 Mpc long. A relation similar to the one seen in cluster-scale
environment also applies for the large-scale environments: the galaxies that reside
close to or in filaments and superclusters have a higher probability of showing spheroid
morphology, whereas the percentage of late-type galaxies increases the further inside
the void they reside in (Lietzen et al. 2012; Einasto et al. 2014; Chen et al. 2017;
Kuutma et al. 2017; Pandey & Sarkar 2017). Moreover, the large-scale environment
density affects the properties of galaxy groups and thus indirectly the evolution of
their member galaxies (Poudel et al. 2017).

AGN are found in all environments in the Universe, but their properties substantially
differ depending on the environment. Ellison et al. (2011) found the fraction of AGN
in close pairs to be higher than in isolated galaxies, and the AGN fraction seems to
increase with the decreasing distance between the galaxy pair. In addition they found
the number of binary AGN to be too high to be explained with random pairing of

45



Multiproperty studies of narrow-line Seyfert 1 galaxies

galaxies, and argue that the pair galaxies exhibit correlated activity: an AGN paired
with a normal galaxy is able to turn on the non-active galaxy. On the other hand,
Fu et al. (2018) did not find an excess of single AGN in pairs but also they found a
surprisingly high fraction of binary AGN.

Krongold et al. (2001) investigated the local environments of samples of NLS1,
BLS1, and Sy2 galaxies by mapping their neighbour galaxies. They were able to
confirm the results by Dultzin-Hacyan et al. (1999) who found Sy2 galaxies to have
an excess of bright companion galaxies. However, they did not find any differences
between the local environments of NLS1 and BLS1 galaxies. They found that NLS1
galaxies have fewer companions residing farther away from them when compared to a
matching sample of non-active galaxies. Moreover, they found the host galaxies of
NLS1 nuclei to be smaller than the hosts of BLS1 or non-active galaxies.

After Krongold et al. (2001) the local environments of NLS1 galaxies have not been
investigated. However, the disparity between the local environments of BLS1 and
Sy2 galaxies has been quite widely researched and the results are in good agreement.
Generally, Sy2 galaxies have more close companion galaxies than BLS1 galaxies
(Koulouridis et al. 2006, 2013). The companions of Sy2 galaxies also seem to be
systematically bluer and exhibit more star formation than the companions of Sy1
galaxies. This is not compatible with the simple orientation-based AGN unification
model. An alternative scheme evoked to explain this speculates an evolutionary line
from starburst galaxies to Sy2 galaxies, and further to Sy1 galaxies (see Section 3.2).
Agreeing results have been found when investigating the neighbouring galaxies of
Type 1 and Type 2 AGN in general: companion galaxies of Type 1 AGN exhibit less
star formation and have older stellar populations than the companion galaxies of Type
2 AGN (Villarroel & Korn 2014). If Type 2 AGN really are interacting or merging
sources in which the AGN activity has been recently triggered, the heavy obscuration
seen in them can be at least partly explained by star-forming circumnuclear molecular
clouds.

The group- and cluster-scale environments of NLS1 galaxies have not been previ-
ously investigated, and studies including any Seyfert galaxies are scarce. Constantin
& Vogeley (2006) concluded that Seyfert galaxies are less clustered than average
galaxies and usually reside in smaller groups or in the outskirts of clusters. This kind
of an environment could provide Seyfert galaxies with the ample cold gas needed to
maintain their nuclear activity and high Eddington ratios. In general, significantly
diverse AGN characteristics can be seen depending on the group- or cluster-scale
environment. It seems that the radio-loudest AGN are consistently found in rich galaxy
clusters (however, see McLure & Dunlop 2001), whereas radio-quiet AGN prefer
less dense environments and reside mostly in groups (Kauffmann et al. 2008; Ramos
Almeida et al. 2013; Hatch et al. 2014). This discrepancy seems to hold at least up to
z = 3 and suggests that an exceptionally dense environment is required for an AGN to
reach extraordinarily high radio luminosity, in other words, to be able to launch and
maintain a relativistic jet. However, interesting differences have been observed among
the radio-loud AGN. Ramos Almeida et al. (2013) found that 82% of radio galaxies
with weak emission lines, that is, LERGs, reside in clusters, whereas the percentage
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for radio galaxies with strong emission lines is only 31%. The result was similar
also when comparing the environments of FR I and FR II galaxies. This discovery
is in agreement with other observed properties of these AGN, the host galaxies of
LERGs are preferably red, inactive ellipticals, but HERGs are often hosted by green
or blue star-forming galaxies (Janssen et al. 2012). In the context of the morphology
– environment relation this would place LERGs in the inner regions of rich clusters,
which is also consistent with their accretion mode, and HERGs to considerably lower
density environments with more abundant cold gas reservoirs to feed them.

Lietzen et al. (2011) used a sample of non-active LRGs in the SDSS Data Release
7 to construct a low-resolution three-dimensional LDF at z < 0.3 to investigate how
various AGN classes are distributed in the large-scale structures of the Universe.
They divided the LDF to superclusters, intermediate-density regions – filaments and
outskirts of superclusters – and voids. As expected, FR I galaxies have, on average,
the densest large-scale environments of all AGN classes included in their study: they
mostly reside in superclusters and intermediate-density regions. In contrast BLOs,
which are supposed to be unifiable with FR I sources, are found in significantly less
dense environments. Similar and even more pronounced discrepancy is seen when
comparing the environments of FR II galaxies and radio-loud quasars. The authors
argue that the results may be due to small sample sizes. Their results may also be
affected by the fact that the divisions to FR I/II and BLO/radio-loud quasar classes do
not always go hand in hand. On average, the Sy 1 and Sy2 galaxies in their sample
mostly reside in intermediate-density regions as do radio-quiet quasars. This is an
expected result since these classes of AGN are probably rather similar, as explained in
Section 1.3, and the environment in the filaments and the outer parts of superclusters
can provide the gas needed for the intense accretion. Their Sy1 sample does not
include NLS1 galaxies because they used a cut-off [O III]/Hβ > 3.

Constantin et al. (2008) used SDSS Data Release 2 data to study AGN activity in
voids and compared the results with samples of wall (supercluster and filament) AGN.
Their results show that AGN are common also in voids. There even seems to be more
intermediate-luminosity AGN in voids than in walls, especially among the weakly
accreting AGN. They do not find the properties of weakly accreting massive galaxies,
mostly low-ionization nuclear emission-line region galaxies, to be correlated with
their local environments, and propose that they were formed in massive halos to begin
with and have since ‘cleaned’ their nearby environments in the voids. Instead, they
find young galaxies such as H II and Seyfert galaxies to be preferentially located in
small-scale strcutures or groups, and argue that their activity is triggered, or ar least
affected, by the environment that enables galaxy – galaxy interaction. The wall AGN
in their study seem to have significantly higher probabilities to be detectable at low
radio frequencies (1.4 GHz) and, on average, they exhibit higher flux densities than
void AGN.

The large-scale environment studies of NLS1 galaxies are practically nonexistent.
Ermash (2014) compared the spatial densities of samples of NLS1 and BLS1 galaxies
as a function of the large-scale galaxy density using the SDSS Data Release 7. They
found the ratio of NLS1 and BLS1 galaxies to remain constant over different local
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galaxy densities, implying that there are no differences between the large-scale envi-
ronments of NLS1 and BLS1 galaxies. They also argue that since the fraction does
not change with increasing density the evolution of NLS1 galaxies is dominated by
secular processes in all environments. Generally the large-scale environment reflects
the morphology – density relation; galaxies in denser large-scale environments have a
higher probability to reside in a group or a cluster.

The properties of the local and large-scale environments of NLS1 galaxies are poorly
known, but they could offer us an additional parameter in studying the nature of the
NLS1 population and their connections to other AGN classes. We looked at the
local and large-scale environments of a large and diverse sample of NLS1 galaxies
in Publication IV. We used three environment data sets covering different redshift
ranges between z = 0 – 0.62 and studied the large-scale environment trends within
the NLS1 population, as well as compared their large-scale environment properties
to the large-scale environments of other AGN samples. We also studied whether the
large-scale environment significantly affects any of the intrinsic properties of NLS1
galaxies.

To achieve statistically significant results we compiled a large seed sample of
2049 NLS1 galaxies (Zhou et al. 2006; Komossa et al. 2006; Whalen et al. 2006;
Yuan et al. 2008; Foschini 2011) without any selection criteria to be able to study
the whole population. 1341 of these sources reside in the LDFs we use for this
study. We used radio loudness to divide our sample into radio-silent, radio-quiet,
and radio-loud subsamples. It is not an optimal method to categorise AGN, as
discussed in Sections 1.3 and 2.3, but due to the lack of appropriate data it was
the only proxy for nuclear activity available. In addition it allows the comparison
with earlier results. Ambiguity of the radio loudness parameter, and an unknown
fraction of misclassifications, for example, previously radio-silent sources hosting
jets (Publication VII) can be expected to affect our results and to cause obscurity to
some extent. We used the FWHM(Hβ) – luminosity mass scaling relation (Greene &
Ho 2005) to estimate the black hole masses of our sources with adequate data (1312
sources). Depending on the case this method might underestimate (inclination effects
caused by the possibly disk-like BLR, Decarli et al. 2011), or overestimate (unknown
amount of jet contribution to the monochromatic luminosity at 5100Å, Wu et al. 2004)
the black hole mass. However, when used mostly in statistics for a large sample it
serves well as an order of magnitude estimate.

To extend the redshift coverage of our study we use three separate sets of environ-
ment data in our analyses. 1) SDSS Main Galaxy sample is a low-redshift catalogue of
galaxies, limited to z ≤ 0.2. We cross-matched the NLS1 galaxies with the galaxy and
group catalogues (Tempel et al. 2014b) and filament catalogues (Tempel et al. 2014a)
constructed using the Main Galaxy sample, and found 229 matches. In addition to
local environment data, Tempel et al. (2014a) provides LDF data with 1, 2, 4, and 8
h−1 Mpc smoothing for each galaxy. 2) SDSS LRG LDF is the same LDF that was
used in Lietzen et al. (2011), where also a more detailed description can be found (see
also Liivamägi et al. 2012). The LDF spans from redshift of ∼0.07 to 0.4, and has a
smoothing scale of 16 h−1 Mpc. The mean density around each galaxy is calculated
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in a volume of 3 h−1 Mpc, essentially reflecting the supercluster scale environment
surrounding it. We were able to obtain SDSS LRG LDF data for 960 sources, 171
of which overlap with the SDSS Main Galaxy sample. 3) The third LDF we used is
constructed using the SDSS BOSS CMASS sample, and is limited to z = 0.43–0.62.
The grid size is 3 h−1 Mpc, and the used smoothing scale was 8 h−1 Mpc. A detailed
description of the BOSS LDF can be found in Lietzen et al. (2016). We have BOSS
LDF data for 323 sources.

The local environment and filament data are available only for the sources in the
Main Galaxy sample. Large-scale environment density data are available for all
sources, but due to the different construction methods and smoothing scales they
are not straightforwardly comparable and we analyse them separately. It should be
noted that the luminosity-density is based on mean density, and whereas supercluster
and void environments probably correlate well with the actual physical large-scale
structures, the intermediate-density regions can coincide either with the physical
filaments or regions similar in density between the superclusters and voids.

Of the NLS1 galaxies in the Main Galaxy sample only 23% (N=52) reside in groups,
10% in pairs (N=22), and the rest are field galaxies (N=155). The percentage in
groups is significantly lower than for galaxies in general, for example, Bahcall (1996)
found 60%, and Tempel et al. (2014b) 48% of galaxies to reside in groups or clusters.
Moreover, the groups NLS1 galaxies are members of are generally poor. This result is
in agreement with their young, unevolved nature. There is no difference in the group
richness between radio-silent and radio-detected sources, but compared to radio-silent
sources, radio-detected sources seem to reside in groups with smaller radii, meaning
that they have higher number density. This may indicate that the density of the group
has an impact on the radio properties of NLS1 galaxies possibly via galaxy – galaxy
interactions. The comparison of the group richness and the large-scale environment
density shows that groups with more members prefer denser large-scale environments,
as was also found in Poudel et al. (2017).

In the LRG and BOSS LDFs the different density regions are based on their overden-
sity compared to the mean density. In the LRG LDF the density in a supercluster is
more than three times the mean density, in an intermediate-density region the density
is between one and three, and in a void less than the mean density (Lietzen et al.
2011). In the BOSS LDF only supercluster and non-supercluster environments have
been defined, and the dividing density is six times the mean density. The average
luminosity-densities for the different samples and their distribution to the large-scale
environments for the LRG LDF are shown in Table 2.2 and for the BOSS LDF in
Table 2.3.

The main results for both LDFs are consistent with each other: radio loudness
increases with the increasing large-scale environment density. The large-scale environ-
ment seems to be able to transform the radio properties of NLS1 galaxies, probably
via interaction and merging. Interestingly, the black hole masses of the different
subsamples in a limited redshift range are similar, indicating that radio loudness is not
a product of more massive black holes. The masses are similar in all environments.
Thus the large-scale environment does not seem to affect the black hole mass at all,
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suggesting that, on average, the accretion histories of all NLS1s have so far been
similar, probably dominated by secular processes.

As a consequense of the large-scale environment affecting the radio characteristics
of NLS1 galaxies also their spatial distribution to superclusters, intermediate-density
regions, and voids changes as the radio loudness increases. The changes are not drastic
but they are distinct nonetheless, for example, the fraction of sources residing in voids
is largest among the radio-silent sources, and radio-louder sources are more often
found in superclusters. An interesting exception to this are the radio-silent sources,
of which a surprisingly large fraction – much larger than of the radio-quiet sources –
reside in supercluster environments. This may be due to the severe misclassification
of some radio-silent sources, as already seen in the Metsähovi 37 GHz observations of
NLS1 galaxies (Section 2.3 Publication VII).

Since the SDSS LRG LDF we use is the same as in Lietzen et al. (2011), a compari-
son with their AGN samples is easy. Compared to any of their samples, NLS1 galaxies,
on average, reside in less dense large-scale environments and the spatial distributions
are distinct. The large-scale environments properties of NLS1 galaxies do not coincide
with any of the samples used in Lietzen et al. (2011). Particularly interesting, and
in contradiction with the results in Ermash (2014), is the fact that the large-scale
environments and spatial distribution of NLS1 galaxies significantly differ from BLS1
and Sy2 galaxies. This is in disagreement with the orientation-based unification model
of NLS1 and BLS1 galaxies (Decarli et al. 2008; Rakshit et al. 2017), and based on
this result it seems improbable that BLS1 galaxies would be the parent population of
NLS1 galaxies. This issue is discussed in more detail in Section 3.1.

We wanted to investigate whether using division to jetted and non-jetted NLS1
galaxies, instead of using the ambiguous radio loudness parameter (Padovani 2016),
would affect the results. We collected all NLS1 galaxies that based on their properties,
for example, gamma-ray or 37 GHz detections – can be assumed to host relativistic
jets. Comparison samples include sources in which the radio emission is believed
to be generated solely by star formation processes, or is a mixture of the jet and star
formation emission. The number of NLS1 galaxies known to host jets is still small
and only 157 of those lie in the LRG LDF. Their average density is similar to that
of the radio-loud sample and higher than the average density of the star formation
dominated or mixed sample. Interestingly, the average density of the star formation
dominated sources is similar to that of radio-silent and radio-quiet sources. This is
understandable since the star formation dominated sources probably do not have a jet
and are radio-silent when only the jet emission is considered.

Even when selecting only the jetted NLS1 galaxies their average large-scale environ-
ment density (1.75±0.31) is considerably lower compared to the jetted AGN samples
in Lietzen et al. (2011) (BLOs 2.50±0.20, flat-spectrum radio galaxies 2.60±0.07,
FR I radio galaxies 3.01±0.07, and FR II radio galaxies 3.20±0.04). This is not
surprising since the sources in their samples, for example, FR I and II galaxies, and
BLOs and radio-loud quasars, are typically massive, highly-evolved galaxies that in

7Originally 17, but two sources were removed since they were initially selected for 37 GHz
observations based on their dense large-scale environments and are thus biased.
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the framework of the morphology – density relation should indeed reside in denser
regions. However, this emphasises the disparity of NLS1 galaxies among the jetted
AGN, and confirms that jets can be triggered in diverse environments, spanning from
voids to superclusters. The triggering mechanism still remains unclear, but based on
these results it seems that the environment, probably via galaxy – galaxy interactions,
may play a role in the triggering of the jet.

In addition to the large-scale environment analysis we performed PCA using a
parameter defining the large-scale environment density in the PCA of AGN for the
first time ever. This study is described in Section 2.4.2. We did not find the density to
correlate with any intrinsic properties of NLS1 galaxies included in the study. This is
probably because the effect of the large-scale environment is subtle and works over
long timescales steering the evolution of the whole galaxy. On the other hand, the
nuclear activity in AGN varies at much shorter timescales and can be intermittent. The
possible impacts of the large-scale environment can also easily pass unnoticed in a
sample consisting of similar sources, such as the pure NLS1 galaxy sample in this
study.

Table 2.2. Average density of the whole SDSS LRG sample and the NLS1 subsamples,
and percentage in voids, intermediate density regions, and superclusters.

N Average density LDa < 1 (%) 1 < LD < 3 (%) LD > 3 (%)

all 960 1.50 ± 0.04 44 44 12
RS 799 1.48 ± 0.05 45 43 12
RD 161 1.61 ± 0.10 40 47 13
RQ 73 1.48 ± 0.08 40 52 8
RL + VRL 87 1.71 ± 0.14 40 43 17

(a) LD = mean luminosity-density of the LDF.

Table 2.3. Average density of the whole SDSS BOSS sample and the NLS1 subsamples,
and the fraction outside of and in superclusters.

N Average density LDa < 6 (%) LD > 6 (%)

all 323 2.29 ± 0.15 92 8
RS 266 2.13 ± 0.15 93 7
RD 57 3.05 ± 0.54 86 14
RQ 6 1.12 ± 0.51 100 0
RL + VRL 51 3.27 ± 0.60 84 16

(a) LD = mean luminosity-density of the LDF.
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3. Discussion on the nature of
narrow-line Seyfert 1 galaxies

3.1 Heterogeneity, unification, and parent population

NLS1 galaxies are Type 1 AGN, probably seen almost face-on, and require not only a
numerous parent population of Type 2 sources but also Type 1 sources seen at larger
angles. The size of the parent population can be estimated based on the number of
beamed NLS1 sources and their average Lorentz factor, γ. For each beamed source
there should exist about 2γ2 misaligned sources. Taking the number of beamed
NLS1 galaxies to be ∼20 at the moment and assuming γ is ∼10, the unbeamed
parent population should consist of ∼4000 sources. The unbeamed NLS1 population
offers a natural candidate for the parent population, but some studies indicate that
all NLS1 sources are not intrinsically similar and thus cannot be unified to form one
homogeneous class. If this is true, alternative parent population candidates from other
AGN classes will be needed. After the discovery of relativistic jets in NLS1 galaxies
also their role in the AGN unification scheme became more complicated. Traditionally
they were placed into the unification scheme of radio-quiet, non-jetted AGN along
with other Seyfert galaxies, but in the light of our current knowledge this idea has to
be revised. These issues are discussed in more detail in this section.

3.1.1 Are NLS1 galaxies a homogeneous class?

As proof of the varied properties of the NLS1 population accumulates, the words of
Pogge (2011):" – while NLS1s are a fairly well-defined and distinctive subclass of
AGN, they are also a diverse subclass", could not be more true. The simplest division
between NLS1 galaxies can be made based on their radio properties: radio-loud,
radio-quiet, and radio-silent. Radio-loud sources can be further divided into flat-
and steep-spectrum sources, whereas radio-quiet sources seem to mostly have steep
spectra. The majority of NLS1 sources are radio-silent, and the absence of detected
radio emission in them and their connection to radio-detected NLS1 sources is unclear.

In the simplest scenario all NLS1 sources are intrinsically similar, and the observed
differences caused by external factors and some changing intrinsic properties, for
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example, the intermittency of the nuclear activity. As estimated before the whole
parent population needed at the moment consists of a few thousand sources –a number
easily covered by the unbeamed NLS1 population. The various subclasses could
be unified based on orientation. Gamma-detected sources are seen at very small
angles and their radiation is greatly enhanced due to relativistic effects. Flat-spectrum
radio-loud NLS1 sources would be seen at slightly larger angles so that the impact
of relativistic effects is dimished, or their jets could be less powerful. When moving
to even larger inclinations, the extended radio emission starts to dominate and the
sources appear as steep-spectrum radio-loud NLS1 galaxies (Berton et al. 2015).
The distributions of properties in the samples of flat- and steep-spectrum radio-loud
NLS1 galaxies have been found to be statistically similar and point to their uniformity
(Berton et al. 2015, Publication V). The discovery of jets in radio-quiet NLS1 galaxies
(see Section 2.3) suggests that also they are a part of this unification scheme. Their
radio quietness can be explained by the increasing contamination from the host galaxy;
indeed, Ho & Peng (2001) found that most Sy1 nuclei are radio-loud when the host
galaxy contamination is removed. However, studies comparing the properties of NLS1
subsamples defined based on their radio properties have not yielded conclusive results
(Publication IV, Berton et al. 2015, Publication V).

There is evidence of enhanced star formation in NLS1 galaxies (Sani et al. 2010),
even at levels where it could dominate the radio emission in some NLS1 sources
(Caccianiga et al. 2015). Consequently, some radio-quiet and even radio-loud sources
might be intrinsically radio-silent when considering only the AGN. Seemingly radio-
silent sources could in turn belong to the parent population when taking into account
the beaming effects. The intrinsic radio flux density at sub-mJy level, which would
have been gone undetected, for example, in the FIRST survey, can due to beaming
be enhanced hundredfold, to the radio emission levels seen in gamma-ray detected
NLS1 sources (Publication V). Some observed differences between the radio-loud and
radio-quiet/radio-silent sources, for example, the [O III] emission line blueshifts could
also be explained by orientation (Boroson 2011, and see Section 2.1). The observed
difference in the black hole masses may be partly due to the disparate radio luminosity
distributions of the subsamples causing an observational bias that the radio-quiet
sources are preferentially observed at lower redshifts (due to the faint radio emission
they would appear radio-silent at higher redshifts), possibly causing the tendency of
lower-luminosity radio-quiet sources seemingly harbouring also lower-mass black
holes.

An additional factor able to explain the radio-loud – radio-quiet/radio-silent disparity
might be intermittent jet activity at short timescales (tens-to-hundreds of years, Czerny
et al. 2009): radio-quiet and radio-silent sources would currently be experiencing
an inactive state. Intermittent jet activity, along with lower kinetic jet power, and
high density nearby environment (gas-rich young spiral galaxies) could explain the
general lack of blazar-like luminous extended radio structures and prominent relic
radio emission. Some hints of possible intermittent jet activity have been seen in NLS1
galaxies, for example, a decrease of several magnitudes in their X-ray flux densities
and the lack of gamma-ray detections in sources whose SEDs otherwise indicate the
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dominance of a relativistic jet (Publication II). Also an aborted jet model has been
proposed to account for the differences seen in the radio properties. In some sources –
mostly radio-quiet – the initial velocity of the material launched into the jet is smaller
than the escape velocity from the central potential well, and thus after reaching a
certain radius the material falls back, colliding with newly ejected blobs and producing
at least some of the observed X-ray radiation in these sources (Ghisellini et al. 2004).
The conditions that in this case determine the success of the jet launch remain unclear.

Despite the multiple scenarios aimed at unifying NLS1 galaxies, there is also ample
evidence against their simple unification. The statistically significant disparity in the
black hole mass distributions is what seems to set radio-quiet and radio-loud sources
apart, even when limiting the subsamples to low redshifts (Publication V). Additional
arguments against the simple unification scenario come from radio imaging. The radio
cores of radio-quiet sources are consistently found to fall at the less luminous end, and
their extended emission seems to be faint and diffuse instead of intense radio emission
indicating the presence of a proper relativistic jet. Moreover, the contribution of star
formation seems to be more important in radio-quiet sources. It is possible that star
formation activity is enhanced in all NLS1 galaxies, but in radio-loud sources the
(beamed) radio emission from the jet dominates whereas in unbeamed radio-quiet
and radio-silent sources the intrinsic radio emission from the jet is so weak that the
contribution of the star formation becomes significant. The impact of distinct redshift
distributions is, however, unknown, and the results remain inconclusive. Interestingly,
the steep-spectrum NLS1 galaxies seem to harbour more massive black holes than
the flat-spectrum sources. This could be explained by a disk-like BLR, leading to
underestimated black hole masses in flat-spectrum sources, preferentially viewed at
smaller angles.

In contrast the average black hole masses among radio-silent, radio-quiet, and radio-
loud subsamples in different LDFs (and thus redshift ranges) in Publication IV seem
to be similar. The tendency of radio-loud sources residing at higher redshifts is clear
but this is probably an observational bias. However, the large-scale environment
properties of the subsamples differ – a denser large-scale environment seems to be
connected to a higher probability of radio loudness – and support the heterogeneity of
the population (Publication IV). Similar black hole masses indicate that the disparate
radio properties must be due to some other factor. The surprisingly high fraction of
radio-silent sources residing in superclusters and the 37 GHz detections of radio-silent
sources suggest that there is still a considerable number of misclassified NLS1 sources
with powerful jets hiding among the radio-quiet and radio-silent populations. The
inability to correctly classify NLS1 sources, or even determine the origin of the radio
emission, is a considerable issue that leads to mixed subsamples, and inconsistent
and inconclusive results in statistical studies. However, the large-scale environment
differences remain even when considering more carefully selected samples of jetted
and star formation dominated samples, indicating that these sources are actually not
intrinsically similar1.

1Caution must be exercised when using the 1.4 GHz radio flux density as a proxy for the
possible jettedness (Publication VI).
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Studies using smaller samples, for example, host galaxy studies, also point to the
disparate intrinsic properties of the NLS1 subsamples. The results suggest differences
in the host galaxy properties of jetted and non-jetted NLS1 sources. The higher fraction
of interaction and mergers in jetted NLS1 galaxies is striking, possibly indicating that
non-jetted and jetted sources are at different evolutionary stages. Indeed, the intraclass
evolution could be a viable explanation for the observed heterogeneity among the
NLS1 population (see Section 3.2 for more details).

It is also possible that the various subsamples are actually not connected at all and
there exists separate evolutionary lines inside the NLS1 class. This requires that
some of their intrinsic properties are different in a way that under similar internal and
external conditions some NLS1 sources are able to launch a relativistic jet whereas
some are not. What these properties could be remains unanswered. At the moment this
scenario is not needed to explain the diverse characteristics of the NLS1 population,
and it lacks observational proof that could not be explained by evolution.

3.1.2 Unification with blazars

Observations clearly show that (jetted) NLS1 galaxies are intrinsically different from
blazars. Almost all of the observational characteristics can be explained by their
lower black hole masses. Jetted NLS1 galaxies are less luminous but accrete at higher
Eddington ratios, and they show shorter time-scale variability and generally more
compact radio morphologies. In case of extended emission they show diffuse radio
morphologies, probably due to their low-power jets. They also show intermittent nu-
clear activity and reside in dense accretion environments. As discussed in Section 2.2
it has been argued that the black holes in NLS1 galaxies are not genuinely low-mass
but a product of orientation effects. However, it this were true their characteristics
should be similar to those of FSRQs – which seems not to be true – or the mechanism
that maintains the jet would need to be intrinsically different.

In addition to the properties of the AGN, for example, the disparate large-scale
environments (Lietzen et al. 2011, Publication IV) and luminosity functions (Berton
et al. 2016) further support the distinct nature of NLS1 galaxies when compared to
blazars. The luminosity function of an FSRQ sample shows evolution in accordance
with the cosmic downsizing: their number increases with increasing redshift (Berton
et al. 2016). Their dense large-scale environments agree with this in the context of
hierarchical galaxy evolution. Galaxies and also AGN in the denser areas are more
evolved and therefore host more massive black holes than the galaxies residing in less
dense areas. Interestingly the flat-spectrum radio-loud NLS1 sample in Berton et al.
(2016) does not show any significant evolution with redshift, at least up to redshift
z=0.6.

The jet powers of NLS1 galaxies are comparable with those of BLOs but for a
different reason. In BLOs the jet power is low due to their photon-poor environments
and ineffective electron cooling, whereas in NLS1 sources it is due to the lower-mass
black holes. In contrast, the accretion environments of NLS1 galaxies are similar
to the photon-rich environments of FSRQs. When taking into account the jet power
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scaling with the black hole mass, Pjet ∼ M1.4
BH (Heinz & Sunyaev 2003), the jets in

NLS1 galaxies can be unified with the jets in FSRQs (Publication II). NLS1 sources
seem to represent the lower black hole mass end of the FSRQ-type jetted AGN. Also
their radio luminosity function seems to be the low-luminosity continuation of the
radio luminosity function of FSRQs (Berton et al. 2016). In reality, however, the
situation may be more complicate and the mass-based unification may need some
finetuning as discussed in Section 2.

3.1.3 Parent population candidates

Even if the unbeamed NLS1 population could constitute the misaligned parent pop-
ulation of beamed NLS1 sources, they are Type 1 sources and an additional Type 2
parent population is needed. Since NLS1 galaxies are thought to be seen at small
inclination angles (smaller than BLS1 galaxies), there are multiple Type 1 larger-
inclination parent population candidates. If the NLS1 population includes separate
– either evolutionarily or otherwise – subpopulations these require separate parent
populations, which further complicates the picture. The most relevant Type 1 and 2
parent population candidates, and arguments for and against them, are discussed in
this Section.

BLS1 galaxies

BLS1 galaxies, as another Sy1 class seemingly differing from NLS1 galaxies only in
emission line widths, are a natural larger inclination angle candidate for the parent
population. The largest discrepancy between BLS1 and NLS1 galaxies seems to be
the black hole mass – generally more than 108M� in BLS1 and less than 108M�
in NLS1 galaxies. This issue was discussed in more detail in Section 2.2. As a
summary, some studies support the scenario that the narrow permitted emission lines
are a projection effect caused by the small viewing angle and a flattened BLR, and
the black hole masses and Eddington ratios become comparable to those of BLS1
galaxies when this is taken into account (e.g., Decarli et al. 2008; Rakshit et al. 2017).
Other studies, estimating the black hole masses in NLS1 galaxies using alternative
methods, do not agree with this and argue that the black hole masses are genuinely
low (e.g., Publication II, Wang et al. 2016). However, definitive conclusions cannot
yet be drawn.

Differences in optical properties have been confirmed in many studies (e.g., Xu
et al. 2012; Rakshit et al. 2017), the most prominent being the considerably (factor of
two in Rakshit et al. 2017) stronger relative Fe II emission in NLS1 galaxies. Rakshit
& Stalin (2017) studied the optical variability of large samples of BLS1 and NLS1
sources, and confirmed the previous results (Klimek et al. 2004; Ai et al. 2013) that
NLS1 galaxies show lower-amplitude variability than BLS1 galaxies. Also their X-ray
properties are different: NLS1 sources show more prominent variability and have
steeper X-ray spectra than BLS1 galaxies (Boller et al. 1996; Fabian et al. 2013). Host
galaxy studies offer an opportunity to compare BLS1 and NLS1 galaxies based on
properties that are not affected by orientation. Several studies have found considerable
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differences in the host galaxy characteristics of BLS1 and NLS1 sources. The host
galaxies of NLS1 galaxies were found to be smaller than those of BLS1 galaxies
(Krongold et al. 2001). There are more large-scale stellar bars in NLS1 than BLS1
galaxies (they are ∼2–3 times more frequent, Crenshaw et al. 2003; Ohta et al. 2007).
In addition Crenshaw et al. (2003) found an anticorrelation between the frequency of
bars and the FWHM(Hβ). Nuclear dust spirals, especially of grand design, are much
more common in NLS1 galaxies (Deo et al. 2006) and they exhibit higher rates of
nuclear star formation (Deo et al. 2006; Sani et al. 2010) than BLS1 galaxies. NLS1
galaxies show less signs of merging and interaction than the Seyfert population in
general (Ohta et al. 2007; Schmitt et al. 2001), and the probability of interaction seems
to increase with increasing FWHM(Hβ). This could in part explain, for example,
the absence of bars in BLS1 galaxies, since they could have been destroyed due to
past interaction or mergers. In agreement with these results is also the discovery that
the bulges in NLS1 galaxies are mostly pseudobulges, whereas the bulges in BLS1
galaxies come in all flavours, pseudo, classical, and composite bulges (Orban de Xivry
et al. 2011).

A comparison of the local and large-scale environments of galaxies can be effectively
utilised to study large, statistically significant samples and to reveal population-wide
trends. In principle sources belonging to the same population should, on average, re-
side in similar environments. For example, were BLS1 galaxies the parent population
of NLS1 galaxies their local and large-scale environments should be similar. Krongold
et al. (2001) compared the environments of NLS1 and BLS1 galaxies by searching
for close companions, but found no difference between them. The large-scale en-
vironments of a large sample of BLS1 galaxies (N=1095) were studied in Lietzen
et al. (2011). Using the same data and methods this was done for an NLS1 sample
of comparable size (N=960) in Publication IV. The average large-scale luminosity
densities of BLS1 and NLS1 galaxies, and their spatial distributions, were found to be
statistically significantly different. NLS1 sources preferentially reside in less dense
large-scale environments than BLS1 sources, which agrees well with their presumably
younger age. These results do not support the orientation-based unification of NLS1
and BLS1 sources. However, the diversity of BLS1 galaxies might affect the results,
for example, the variety of bulges seen in them may indicate that the BLS1 population
is not uniform. This heterogeneity has not been taken into account in any of the host
galaxy or environment studies.

A similar issue was encountered with BLS1 and Sy2 galaxies before it was realised
that Sy2 galaxies are actually a heterogeneous class, consisting of Type 2 counterparts
of BLS1 galaxies with hidden BLRs (HBLR Sy2) and of ‘pure’ Sy2 sources genuinely
without a BLR (non-HBLR Sy2, Heisler et al. 1997; Tran 2001, 2003; Marinucci
et al. 2012). When some of the previous studies were reanalysed taking this into
account, the BLS1 and Sy2 galaxies with hidden BLRs were found to be similar, and
non-HBLR Sy2 galaxies different when compared to them. This could also be the
case with NLS1 and BLS1 galaxies; it is possible that a subset of BLS1 galaxies is a
part of the parent population of NLS1 galaxies.
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Non-HBLR Sy2 galaxies

Sy2 galaxies without a hidden BLR were proposed as a possible Type 2 parent
population of NLS1 galaxies (Zhang & Wang 2006). Zhang & Wang (2006) found
non-HBLR Sy2 and NLS1 galaxies to have similar black hole masses, Eddington
ratios, and [O III], infrared and radio luminosities, and argue that the sources could be
unified based on orientation. They suggest that the non-detected polarised emission
lines in non-HBLR Sy2 sources are due to the low-mass black holes and high accretion
rates. Tran et al. (2011) studied these sources in more detail and confirmed that there is
no evidence of broad emission lines in their polarised spectra, suggesting that the BLR
is not just ‘weak’ but that these sources do not intrinsincally have a BLR. Therefore
this scenario is probably not realistic.

CSS sources

The extreme radio loudness and flat radio spectra of some NLS1 galaxies were the
first hints of the presence of relativistic jets in them. After the gamma-ray detections
it became evident that a jetted, misaligned parent population is needed. Since NLS1
galaxies are thought to be young sources, young radio galaxies could constitute a
natural parent population. A relation between NLS1 and CSS sources was suggested
early on and evidence has since accumulated in favour of their close connection (e.g.,
Oshlack et al. 2001; Komossa et al. 2006; Yuan et al. 2008; Caccianiga et al. 2014;
Schulz et al. 2016). CSS sources are powerful (P1.4GHz > 1025 W Hz−1) radio galaxies
with radio spectra peaking around ∼100 MHz. They often exhibit double-sided jets
that are confined inside the host galaxy (extent 1–20 kpc). The jets cross the interstellar
medium but are probably powerful enough to break out from it. This is thought to be
evidence of their young age, which according to estimates is ∼105 yr or less (O’Dea
1998, and references therein). Similarly to more evolved radio galaxies they can be
classified as LERG or HERG, and it is the HERG CSS sources that could form a part
of the parent population of jetted NLS1 galaxies.

Berton et al. (2016) compared samples of F-NLS1 and HERG CSS sources (with
a control sample of FSRQs). They found the black hole mass and Eddington ratio
distributions of the NLS1 and HERG CSS samples to be similar at a statistically
significant level: both sources generally harbour black holes with masses between
107 and 108M�, and have high Eddington ratios. Neither of these samples show
considerable density and/or luminosity evolution up to z=0.6, whereas the control
sample of FSRQs shows positive evolution with increasing redshift. They also point
out that signs of intermittent activity has been observed in both F-NLS1 and HERG
CSS sources, further supporting their similar nature. However, the results are not
yet conclusive and there are problems with the NLS1 / HERG CSS unification. On
average CSS sources are considerably more luminous than NLS1 sources and exhibit
more complex radio morphologies (Dallacasa et al. 2013). Interestingly, the lower-
luminosity tail of CSS sources seem to be more alike to F-NLS1 sources: their radio
morphologies are simpler and may indeed be products of intermittent jet activity
(Kunert-Bajraszewska et al. 2010). This indicates that also the HERG CSS class is
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heterogeneous and only the lower radio power HERG CSS sources could be unified
with F-NLS1 sources. This scenario is supported by other results as well, for example,
FWHM(Hβ) in some HERG CSS sources is < 2000 km s−1. HERG CSS sources as
radio galaxies should by definition be hosted by elliptical galaxies, but studies of their
host galaxies are almost nonexistent. However, the black hole masses in CSS sources
are quite low, and lower-mass black holes are usually found in disk-like host galaxies.

CSS sources are a promising parent population candidate for F-NLS1 galaxies. They
fit well into the unification scenario of F- and S-NLS1 sources providing at least a part
of the missing high inclination Type 1 and Type 2 parent population. Indeed, many
S-NLS1 sources closely resemble CSS sources (Caccianiga et al. 2014; Gu et al. 2015;
Schulz et al. 2016). The role of the radio-quiet NLS1 sources in this scenario is unclear.
If CSS sources can actually be unified with F- and S-NLS1 sources, it suggests that
the radio lobes should be prominent also in misaligned NLS1 sources, in contradiction
to the faint, diffuse emission seen in radio-quiet NLS1 sources (Publication V). Most
radio-quiet NLS1 galaxies could then belong to the evolutionarily younger NLS1
population discussed earlier.

Disk-hosted radio galaxies

Another possibility for the misaligned, jetted parent population are disk-hosted radio
galaxies, especially those classified as HERGs. However, since their emission lines
are broad (if the BLR is visible), this option requires the BLR to be flat and the
lines in NLS1 galaxies to be narrow due to the projection effects. The properties of
broad-line and narrow-line disk-hosted radio galaxies in comparison to flat-spectrum
NLS1 galaxies were studied in Berton et al. (2015). They found that according to
the Kolmogorov-Smirnov test the black hole mass distributions of disk-hosted radio
galaxies and F-NLS1 sources could be drawn from the same population. However, the
disk-hosted radio galaxies span a wider range of black hole masses and show a high-
mass tail similar to ‘normal’ radio galaxies that are hosted by massive ellipticals. They
also argue that the disk radio galaxies with low black hole masses and preferentially
with pseudobulges could be part of the parent population of F-NLS1 sources. In
general the disk-hosted radio galaxies seem to be an intermediate population between
low black hole mass and high Eddington ratio sources such as NLS1 galaxies, and high
black hole mass and low Eddington ratio sources such elliptical radio galaxies. While
a fraction of disk-hosted radio galaxies might belong to the parent population of the
jetted NLS1 galaxies, their number is still low, and as such cannot explain the whole
missing parent population. Further studies, especially of their host galaxy properties,
and of statistically significant extent will be needed to estimate the contribution of
these sources to the parent population of jetted NLS1 galaxies.

3.2 Evolution

The evolution of the most luminous AGN show a trend called cosmic downsizing
(Barger et al. 2005). Their number density and luminosity peak at z ∼ 2–3, and have
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been decreasing after that (Fanidakis et al. 2011; Rigby et al. 2015). Essentially it
means that the most massive black holes, mostly residing in massive ellipticals, were
more active in the past with the activity peaking at z ∼ 2–3. These sources prefer
the densest large- and cluster-scale environments where the galaxy could initially
evolve fast to a massive elliptical through mergers, and the black hole could effectively
increase its mass through coalescence with other black holes and efficient radiative
mode feeding (HERG). The decrease in their luminosity and number density is thought
to be due to a change in their accretion mode. Instead of efficient cold gas accretion in
a radiatively efficient mode, continuously larger fraction of them started accreting via
a radiatively inefficient hot gas mode (Babić et al. 2007, LERG).

Recent studies indicate that the AGN population at high redshifts is twofold. In
addition to the aforementioned population of very luminous, probably merger-triggered
AGN there exists a more numerous population of mainly disk-hosted, undisturbed
AGN with moderate luminosities (Schawinski et al. 2011; Kocevski et al. 2012).
Interestingly this ‘general’ AGN population seems to be quite similar to the AGN
population of the local Universe (Schawinski 2012). The number densities and
luminosities of moderate- and low-luminosity AGN populations do not show similar
behaviour to the luminous population (in fact the number of moderate- and low-
luminosity AGN may be increasing, Cowie et al. 2003), but since the contribution
of the once extraordinarily luminous AGN is diminishing, the overall population at z
< 1 is dominated by these less luminous AGN with less massive black holes. These
AGN and their mainly disk-like host galaxies are still evolving, mostly via secular
processes. NLS1 galaxies belong to this population but seem to be evolving rapidly.

3.2.1 Intraclass evolution

Based on host galaxy studies most NLS1 galaxies reside in undisturbed, often barred
spiral galaxies with pseudobulges. These properties indicate that the evolution of the
host galaxy as well as the central black hole is, and has been, dominated by secular
processes.

Assuming that the black holes in NLS1 galaxies have been accreting since z ∼ 1 –
when bars became a common component in spirals – with a duty cycle of ∼9% (for
details, see Orban de Xivry et al. 2011), seed black holes of 103 – 104M� would
have reached masses of 109 – 1010M� assuming a ‘standard’ value for the radiative
efficiency, ε = 0.1, and masses of 5 ×105 – 5×106M� with ε = 0.2. NLS1 galaxies
would have thus needed to accrete with a higher radiative efficiency than the general
AGN population. If they continued accreting in a similar manner, it would take them
∼2.8 Gyr to increase their mass another order of magnitude, highlighting that NLS1
activity is not just a flick but a long-lasting phase in galaxy evolution. However, the
mass accretion efficiency greatly depends on ε that depends on the spin of the black
hole: black holes with larger spin have larger ε. To speed up the black hole in an
NLS1 nucleus, infalling matter would need to have a favoured direction over long
periods of time. This can be achieved if the properties of the infalling matter were
related to the structure of the host and hence have, for example, a preferred angular
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momentum direction. Results concerning the spins of black holes in NLS1 nuclei ar
contradictory. Some studies indicate that they might be maximally rotating (Fabian
et al. 2009; Gallo et al. 2015; Fabian et al. 2013), whereas others find the spins to be
low or intermediate (Done et al. 2013; Liu et al. 2015). Large spins could explain the
presence of relativistic jets in NLS1 galaxies in the context of the spin paradigm (see
Section 1.2.2). However, this issue remains unsolved until more data are obtained.

As discussed in Section 3.1.1 it seems that NLS1 galaxies may not form a uniform
class. In the emerging picture it is the radio properties that separate the different NLS1
subpopulations. Flat- and steep-spectrum radio-loud NLS1 galaxies share similar
characteristics and could be unified by orientation, whereas the majority of radio-quiet
NLS1 galaxies seem to belong to a different subpopulation. Radio-silent sources
could in principle belong to either population. If the bulk of NLS1 galaxies were
intrinsically similar and had evolved similarly, for example, via secular processes, they
should show similar properties. Since this is not the case, there must be something
that affected the evolution of a fraction of them and is responsible for the diversity we
observe. Based on the largely undisturbed host galaxy morphologies of the radio-quiet
sources, and the higher black hole masses of the F-NLS1 sources and their parent
population, it seems that the latter are the more evolved sources. If their nuclei and
host galaxies initially were similar to the radio-quiet population, we need to look for
external factors that affected their evolution and set them apart.

A natural cause are events disturbing the host galaxy morphology, for example,
minor and major mergers, and interaction, which are known to be capable of causing
gas infall in galaxies and thus enhancing nuclear activity (see Section 2.5.1). As
discussed in Section 2.5.1, the host galaxies of jetted NLS1 sources indeed seem to
differ from the host galaxies of radio-quiet NLS1 sources by showing a considerably
higher fraction of interaction and mergers. The higher merger rate could be a result
of their environments; in a denser environment the probability of a merger is higher
than in a less dense environment. Comparisons between the local environments of
radio-loud and radio-quiet sources have not been performed, but in Publication IV
their large-scale environments were found to be different, with radio-loud – and also
jetted – sources favouring denser large-scale environments. Large-scale environment
is not a proxy of their local environment, for example, the number and proximity of
neighbouring galaxies, but the large-scale environment correlates with the evolution
of the general galaxy population. The most evolved, old galaxies are found in the
densest large-scale environments, whereas the younger galaxies reside in less dense
large-scale environments. This supports the scenario in which jetted NLS1 galaxies
are more evolved than radio-quiet ones, and the evolution is triggered by interaction
and mergers. It is likely that not all NLS1 galaxies follow this evolutionary path
and some of them, especially in the less dense regions, continue evolving via secular
processes. Whether this evolution can lead to the triggering of relativistic jets during
their NLS1 phase is unknown. Overall, our understanding of the diversity of the NLS1
population and the disparity between the possible subclasses is still incomplete.
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3.2.2 Interclass evolution

Another important aspect is the place of the NLS1 galaxies among other AGN. There
are various scenarios explaining the evolution of NLS1 galaxies prior to the NLS1
phase, as well as hypotheses concerning their future after it. If NLS1 galaxies were
initially similar it can be assumed that they evolved from the same seed population.
However, if during the NLS1 phase they can take separate evolutionary paths, for
example, due to the interaction of only a fraction of the population, their characteris-
tics after the NLS1 phase may diverge and they probably evolve into very different
directions.

It has been proposed that NLS1 galaxies evolve from ultraluminous infrared galaxies
(ULIRG, Kawakatu et al. 2007). However, this seems unlikely since ULIRGs are
formed in mergers, whereas the majority of NLS1 galaxies are undisturbed spirals. A
more plausible alternative is that before becoming active they were part of the ordinary
non-active galaxy population with properties similar to NLS1 sources (Ermash &
Komberg 2013). Simulations also show that galaxies with a dominant disk and low-
luminosity bulge have quiet pasts, and have not undergone significant mergers since z
= 2 (Martig et al. 2012). The third proposed alternative, based on similar host galaxy
properties, is that they evolve from H II/starburst galaxies once the nuclear activity is
triggered via a secular process, for example, the bar transporting matter to the nuclear
region (Ohta et al. 2007).

Assuming that the emission lines in NLS1 galaxies are narrow due to the low-mass
black holes efficiently accreting matter, they will in the future evolve to be broad-line
AGN. The natural next step in their evolution will then be BLS1 galaxies and this
has been proposed by many authors (e.g., Kawakatu et al. 2007; Wang & Zhang
2007; Zhu et al. 2009; Orban de Xivry et al. 2011). It should be noted again that
BLS1 sources do not seem to be a uniform class and, for example, their bulges show
diverse properties indicating that the evolution of a fraction of BLS1 galaxies with
pseudobulges has been dominated by secular processes, whereas some seem to be
products of merging and possess classical bulges. Then again, it is becoming evident
that the NSL1 population is not homogeneous either. In the simple evolutionary
scenario, NLS1 galaxies that do not experience mergers continue growing their black
holes until they reach masses high enough to turn them into broad-line AGN. They
then emerge as BLS1 galaxies with pseudobulges. The small fraction of NLS1 sources
that undergo mergers could similarly evolve into BLS1 galaxies with classical and
composite bulges. However, the fraction of classical bulges in BLS1 galaxies is higher
than the estimated merger fraction of NLS1 galaxies (Ohta et al. 2007; Orban de Xivry
et al. 2011), indicating that not all BLS1 galaxies have been NLS1 galaxies in the past
–unless the merger fraction of NLS1 galaxies used to be significantly higher in the past,
for example, due to the denser environments. In fact, as BLS1 galaxies do reside in
denser large-scale environments than NLS1 galaxies, they should be more evolved than
NLS1 galaxies and should have had a higher probability of interaction and merging
in the past (Publication IV). Whether they had an NLS1 phase before turning into
BLS1 galaxies is unclear. An important question is asked in Orban de Xivry et al.
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(2011): "– when NLS1s evolve into BLS1s, will they be distinguishable from systems
classified as BLS1s?" This can be examined by studying, for example, BLS1 sources
with pseudobulges and comparing them to NLS1 galaxies with pseudobulges.

The future of the jetted NLS1 galaxies is even more uncertain. If they stay active
longer than it takes for the black hole to grow to masses comparable to BLS1 galaxies,
they probably would not be classified as such since relativistic jets do not occur in
BLS1 galaxies. Mathur (2000) argue that they are low-redshift equivalents of luminous
quasars and follow a separate but similar evolutionary path. They argue that NLS1
galaxies are in a phase comparable to low-ionisation broad absorption line quasars,
when the winds from the nucleus are blowing away the matter surrounding it, and
which is thought to precede the luminous quasar phase. Some results seem to support
this scenario, for example, the metallicities in high-z quasars and NLS1 galaxies are
equally high (Hamann & Ferland 1993), they share similar optical spectral properties
(e.g., Lawrence et al. 1997; Elston et al. 1994), and outflows and winds are observed
also in NLS1 galaxies. According to this scenario, after blowing away the interstellar
medium, NLS1 galaxies reach the quasar phase that lasts as long as there is fuel
left in the vicinity of the black hole. After depleting the remaining gas reservoirs
they become dormant black holes, similar to what is seen in the centres of massive
ellipticals in the local Universe. However, Mathur (2000) further argue that NLS1
nuclei reside in galaxies rejuvenated in mergers that would have also triggered the
nuclear activity. According to our current knowledge this is not true for the majority of
NLS1 galaxies, but since it seems that the interacting/merging fraction is significantly
higher among the jetted NLS1 galaxies, this scenario could be realistic for them.

Observations support the connection of the jetted NLS1 galaxies to the higher-
redshift, more luminous quasars. Jetted NLS1 galaxies seem to be very similar to
FSRQs. They both exhibit HERG-type accretion and, when taking into account
the scaling with the black hole mass, their jet powers are comparable (Publication
II) possibly indicating that the environment near the black hole is similar as are the
properties of the jets (Zhu et al. 2016). NLS1 galaxies seem to form the low-luminosity
tail of FSRQs (Berton et al. 2016), which further supports their close connection.
Berton et al. (2016) argue that NLS1 galaxies are the young, evolving versions of
FSRQs, and suggest an evolutionary scenario in which jetted NLS1 galaxies will grow
and evolve to become FSRQs. The HERG CSS sources of their parent population
will evolve to HERG FR radio galaxies. NLS1 galaxies offer us an unprecedented
view to the first stages of the evolution of powerful quasars, and may help us address
the issues concerning the triggering and launching of jets as well as the conditions
necessary to maintain them.
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Astronomers have been intrigued by NLS1 galaxies since their discovery over 30
years ago, and their extraordinary properties challenge our understanding of AGN. An
unexpected discovery were the fully-developed relativistic jets in a fraction, probably
still increasing, of NLS1 galaxies. The presence of powerful jets in sources which were
believed to be unable to host them has several implications on our understanding of the
triggering and maintaining mechanisms of jets, and proved that the jet phenomenon is
more diverse than previously thought. Jetted NLS1 sources clearly do not fit into the
current evolutionary path leading to massive jetted ellipticals through major mergers,
thus an alternative evolution scenario is needed to explain the relativistic jets in NLS1
galaxies. Unification schemes also need revision or, more likely, a new unification
scheme for young, jetted AGN needs to be crafted. The heterogeneity of the NLS1
population further complicates these issues, because the subpopulations are not yet
well defined and their relationship to other AGN classes is unclear. While examining
the most exceptional individual jetted NLS1 galaxies is important and might help us
to understand the jet phenomenon better, studying the whole diverse population is
crucial for understanding the place of NLS1 galaxies in the big picture of AGN.

The aim of this thesis was to study the characteristics of the whole NLS1 population.
This was achieved by executing statistical studies of unprecedentedly large samples
of NLS1 galaxies, carrying out the high radio frequency observing programme at
Metsähovi, and performing studies of smaller samples of NLS1 galaxies targeted to
provide information about their previously poorly known properties.

In Publication II multifrequency data, from radio to gamma-rays, of 42 radio-loud
flat-spectrum NLS1 galaxies were collected and analysed. Extreme spectral and flux
density variability strongly favours the presence of relativistic jets in these sources,
and indicates that the central engine of flat-spectrum NLS1 galaxies is alike to that of
blazars, even if the jets in NLS1 galaxies are less powerful. The black hole mass was
found to be < 108M� for all sources, and once the jet power is scaled by the black hole
mass, the jet powers in NLS1 galaxies and blazars become comparable, suggesting
that the observed disparities are due to scaling.

In Publication I we performed the first PCA of a pure sample of almost 300 radio-
detected NLS1 galaxies. It was followed by Publication IV in which the larger sample
consisted of almost 1000 radio-detected and radio-silent NLS1 galaxies. In Publication
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IV the large-scale environments of NLS1 galaxies were studied for the first time, and
a parameter describing the large-scale environment was included in the PCA of AGN
for the first time. The PCA in Publication I and Publication IV are in agreement, and
place NLS1 galaxies in one extreme of the 4DE1 continuum as expected. The first
two EVs in this pure NLS1 sample are reversed, probably due to the limited range
of FWHM(Hβ). The statistical multifrequency and large-scale environment studies
in Publication I and Publication IV support the heterogeneous nature of the NLS1
population. The radio-loud/jetted and the radio-quiet/radio-silent/non-jetted sources
are distinct in terms of multifrequency emission, and the jettedness and radio loudness
are connected to the large-scale environment density. However, on average, the large-
scale environments of NLS1 galaxies are significantly less dense when compared to
other jetted AGN, and some jetted NLS1 galaxies clearly reside in voids proving that
the triggering of relativistic jets is possible in diverse environments. Comparison of
large-scale environments further indicates that NLS1 galaxies cannot be unified with
BLS1 galaxies simply based on their orientation. In the future carefully executed
multifrequency and large-scale environment studies offer an effective tool for studying,
for example, the parent population candidates of NLS1 galaxies and more generally
the whole young AGN population.

A surprisingly high fraction of radio-silent NLS1 galaxies residing in superclusters
hinted towards possibly misclassified sources. This proved to be true when two
samples of NLS1 galaxies, selected based on other than their radio properties, were
observed at Metsähovi Radio Observatory at 37 GH, published in Publication VII.
The fraction of detected sources was nearly comparable to the detection rate of the
two previous samples consisting of gamma-ray detected and the radio-loudest sources
published in Publication III. This discovery highlights the ambiguity of the use of the
low radio frequency observations, and the radio loudness parameter derived from them,
as an indicator of the activity level of NLS1 nuclei. It further implies that powerful
jets in NLS1 galaxies are more common than what was previously assumed and that
high radio frequency observations offer an alternative tool for identifying them. The
Metsähovi 37 GHz observations published in Publication III and Publication VII
already constitute the largest data set of high radio frequency observations of NLS1
galaxies. The ongoing observation programme will continue to provide frequent NLS1
galaxy monitoring data at 37 GHz, and with the addition of new targets identification
of new jetted NLS1 galaxies is expected. In the near future observations of these
samples also at 22 GHz will be started.

Based on the Metsähovi observations a sample of mostly jetted NLS1 sources
were observed in near-infrared to examine their host galaxy morphologies. The
results, published in Publication VI, more than doubled the number of jetted NLS1
galaxies with known host morphologies. All NLS1 nuclei in our sample are hosted by
preferentially barred spiral galaxies with pseudobulges and have black hole masses of <
108M�, confirming that powerful jets can be launched also in spiral galaxies with lower-
mass black holes. Two out of three jetted sources show clearly disturbed morphology.
The merger fraction is considerably higher than among the radio-quiet/radio-silent
NLS1 population, indicating that interaction may have a role in initially triggering the
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jet in NLS1 galaxies. In this framework the heterogeneity of the NLS1 population can
be explained by different evolutionary stages due to interaction. The number of jetted
NLS1 galaxies with known host morphologies is still small, and these results need to
be confirmed with larger samples.

Publication V was so far the largest study, with 74 sources, concentrating on the
kpc-scale radio morphologies of NLS1 galaxies. The results confirm the existence
of the distinct NLS1 subclasses seen in previous studies. The extended kpc-scale
radio morphologies seen in NLS1 galaxies are consistently quite diffuse and thus
significantly different compared to blazars or radio galaxies, or the majority of CSS
sources. This implies that the jetted NLS1 galaxies are not straightforwardly unifiable
with CSS sources that have been proposed as their parent population. A more detailed
study of the characteristics of CSS sources, for example, their host galaxies, will be
needed to clarify their connection to NLS1 galaxies.

In the future NLS1 galaxies should be examined together with other young AGN
classes. Studying the characteristics of diverse young AGN samples may help us to
understand the initial triggering mechanism of the jet, and the circumstances needed
to launch and maintain them. Investigating comprehensive samples of young AGN is a
step towards a grand scheme of unification and evolution of young AGN. Additionally,
it may give insights into their future evolution. They seem to be the scaled-down
versions of FSRQs as concluded in Publication II, but it is unclear whether they will
evolve to match them in black hole mass and jet power.

Future observatories and instruments are expected to greatly increase the number of
NLS1 galaxies. Deeper, extensive optical surveys, for example, J-PAS1, will scope the
fainter NLS1 population and provide spectra also for sources not included in the SDSS
spectroscopic survey. Even more important is to extend spectroscopic surveys towards
near-infrared so that more NLS1 galaxies at higher redshifts could be found. Currently
the SDSS BOSS allows the detection of the Hβ line up to z=1.05, slightly extending
the range, but to study the cosmic evolution of NLS1 galaxies it will be essential
to be able to identify them at even higher redshifts. Once operational, the James
Webb Space Telescope2 will enable spectroscopy in near- and mid-infrared bands,
practically covering NLS1 galaxies over all cosmic time. Considerable advancements
can also be expected in radio astronomy. The Square Kilometre Array3 (SKA)
will offer unprecedented sensitivity, flexibility, and speed. The sensitivity of SKA
is well below mJy level and it will be able to detect most of the NLS1 sources
currently classified as radio-silent. Its precursors, some of which might be later
integrated to SKA, Australian Square Kilometre Array Pathfinder4, MeerKAT5, and
the Murchison Widefield Array6 are already performing high sensitivity observations.
Next generation X-ray observatories, for example, the Advanced Telescope for High-

1http://www.j-pas.org/
2https://jwst.nasa.gov/index.html
3https://www.skatelescope.org/
4https://www.atnf.csiro.au/projects/askap/index.html
5http://www.ska.ac.za/gallery/meerkat/
6http://www.mwatelescope.org/
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ENergy Astrophysics7 will enable detailed observations of the innermost parts of the
AGN. These observations are expected to reveal the geometry and position of the
X-ray corona, and increase our knowledge about the properties of accretion disks and
the disk-jet coupling. It will be possible to compare the X-ray data with the radio
monitoring data now being collected at Metsähovi Radio Observatory. The search for
gamma-ray emitting NLS1 galaxies must also continue, even though a replacement
for Fermi seems not, unfortunately, to be imminent. NLS1 sources are also potential
TeV targets. With new and more sensitive instruments in the near future, such as the
Cherenkov Telescope Array8, statistical studies and the comparison of TeV data to
radio light curves become possible.

The knowledge of NLS1 galaxies was scarce for long, and the lack of data prevented
their effective research or proper understanding. Recently samples of NLS1 galaxies
have been included in various observing programmes, and extensive studies of the
whole population as well as detailed studies of individual sources have been performed.
Our new results allow performing well-planned and appropriate studies to form a
comprehensive picture of NLS1 galaxies as a class and to study their place in the AGN
family.

7http://www.the-athena-x-ray-observatory.eu/
8https://www.cta-observatory.org/
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