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The wide-field image is centered around the bright Population A quasar HE0109-3518 (apparent visual magnitude
16.5), one of the most luminous quasars in the Universe (absolute B magnitude -29.6) at redshift 2.406 (J. W. Sulentic
et al. 2017, Astron. Astroph. 608, A122). The image is a colour composite made from exposures from the Digitized Sky
Survey 2 (DSS2). Within a field of view of 2.5 times 3 degrees (roughly corresponding to the size of the cover page),
more than 600 quasars and quasar candidates are listed by the million quasars (Milliquas) catalog (V5.2; Flesch, 2017,
originally published in: Flesch et al.,, 2015, Publ. Astron. Soc. Australia, 32, 10), from redshift 0.3 to 3 i.e., over cosmic
epochs between 10 Gyr and 2 Gyr from the Big Bang.

Credits: ESO/Digitized Sky Survey 2, and Davide De Martin. The image is licensed under under a Creative Commons
Attribution 4.0 International License

The last 50 years have seen a tremendous progress in the research on quasars.
From a time when quasars were unforeseen oddities, we have come to a view that
considers quasars as active galactic nuclei, with nuclear activity a coming-of-age
experienced by most or all galaxies in their evolution. We have passed from a few
tens of known quasars of the early 1970s to the 500,000 listed in the catalogue
of the Data Release 14 of the Sloan Digital Sky Survey. Not surprisingly, accretion
processes on the central black holes in the nuclei of galaxies — the key concept
in our understanding of quasars and active nuclei in general — have gained an
outstanding status in present-day astrophysics. Accretion produces a rich spectrum
of phenomena in all bands of the electromagnetic spectrum. The power output
of highly-accreting quasars has impressive effects on their host galaxies. All the
improvementin telescope light gathering and in computing power notwithstanding,
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we still miss a clear connection between observational properties and theory for
quasars, as provided, for example, by the H-R diagram for stars. We do notyet have a
complete self-consistent view of nuclear activity with predictive power, as we do for
main-sequence stellar sources. At the same time quasars offer many “windows open
onto the unknown”. On small scales, quasar properties depend on phenomena very
close to the black hole event horizon. On large scales, quasars may effect evolution
of host galaxies and their circum-galactic environments. Quasars’ potential to map
the matter density of the Universe and help reconstruct the Universe's spacetime
geometry is still largely unexploited.

The times are ripe for a critical assessment of our present knowledge of quasars as
accreting black holes and of their evolution across the cosmic time. The foremost aim
of this research topic is to review and contextualize the main observational scenarios
following an empirical approach, to present and discuss the accretion scenario, and
then to analyze how a closer connection between theory and observation can be
achieved, identifying those aspects of our understanding that are still on a shaky
terrain and are therefore uncertain knowledge. This research topic covers topics
ranging from the nearest environment of the black hole, to the environment of
the host galaxies of active nuclei, and to the quasars as markers of the large scale
structure and of the geometry of spacetime of the Universe. The spatial domains
encompass the accretion disk, the emission and absorption regions, circum-nuclear
starbursts, the host galaxy and its interaction with other galaxies. Systematic attention
is devoted to some key problems that remain outstanding and are clearly not yet
solved: the existence of two quasar classes, radio quiet and radio loud, and in general,
the systematic contextualization of quasar properties the properties of the central
black hole, the dynamics of the accretion flow in the inner parsecs and the origin of
the accretion matter, the quasars’ small and large scale environment, the feedback
processes produced by the black hole into the host galaxy, quasar evolutionary
patterns from seed black holes to the present-day Universe, and the use of quasars as
cosmological standard candles. The timing is appropriate as we are now withessing
a growing body of results from major surveys in the optical, UV X, near and far IR,
and radio spectral domains. Radio instrumentation has been upgraded to linear
detector — a change that resembles the introduction of CCDs for optical astronomy
— making it possible to study radio-quiet quasars at radio frequencies. Herschel and
ALMA are especially suited to study the circum-nuclear star formation processes.
The new generation of 3D magnetohydrodynamical models offers the prospective
of a full physical modeling of the whole quasar emitting regions. At the same time,
on the forefront of optical astronomy, applications of adaptive optics to long-slit
spectroscopy is yielding unprecedented results on high redshift quasars. Other
measurement techniques like 2D and photometric reverberation mapping are also
yielding an unprecedented amount of data thanks to dedicated experiments and
instruments. Thanks to the instrumental advances, ever growing computing power
as well as the coming of age of statistical and analysis techniques, the smallest spatial
scales are being probed at unprecedented resolution for wide samples of quasars. On
large scales, feedback processes are going out of the realm of single-object studies
and are entering into the domain of issues involving efficiency and prevalence over
a broad range of cosmic epochs.

The Research Topic “Quasars at all Cosmic Epochs” collects a large fraction of the
contributions presented at a meeting held in Padova, sponsored jointly by the National
Institute for Astrophysics, the Padova Astronomical Observatory, the Department
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of Physics and Astronomy of the University of Padova, and the Instito de Astrofisica
de Andalucia (IAA) of the Consejo Superidr de Investigacion Cientifica (CSIC). The
meeting has been part of the events meant to celebrate the 250th anniversary of
the foundation of the Padova Observatory.

Citation: Marziani, P., D'Onofrio, M., del Olmo, A., Dultzin, D., eds. (2018). Quasars
at All Cosmic Epochs. Lausanne: Frontiers Media. doi: 10.3389/978-2-88945-604-8
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Editorial on the Research Topic
Quasars at All Cosmic Epochs

Accretion onto massive black holes—and its associated manifestation as nuclear activity in
galaxies—is among the most remarkable phenomena occurring in the Universe, and likely a key
factor in galaxy evolution over a broad range of cosmic epochs. From a time when it was believed
that accreting black holes were isolated sources affecting their host only within a limited sphere
of influence, we have just begun to appreciate the rich and complex phenomenology induced by
active nuclei in their host galaxies due to their radiative and mechanical output. Nuclear activity
also presents a unique opportunity to probe spatial scales that we cannot yet resolve, as accretion
related phenomena provide an immensely rich phenomenology extending from the longest radio
wavelengths to the hardest y-rays within a few parsec from the central black hole. A world of
accreting black holes completely hidden at present will emerge in the next few years from the
development of gravitational wave observatories. In late 2016, the time was ripe for a critical
assessment of our understanding of quasars as accreting black holes and of their evolution across
the cosmic time, with an eye on future developments.

This Research Topic is based on contributions presented at a meeting held in Padova in April
2017. Close to 170 participants convened in Padova from research institutes and Universities
around the world. The Padova meeting was one of the largest conferences on active galactic
nuclei in recent years. With 159 contributions (88 talks), gender balance was achieved (within 2
o confidence-level stochastic fluctuations expected from binomial statistics), as the percentage of
women participant was 43%, the percentage of women first author in a contribution 48%, and the
percentange of women speakers was 55%.

The meeting highlighted progress—both observational and theoretical—achieved over the last
decade. At the same time, many shortcomings, wishful thinkings, and never critically-reanalyzed
prejudices emerged in discussions among the participants about our view of quasars and nuclear
activity in general.

The organization of the e-book produced from this Research Topic reflects the temporal
sequence of the meeting sessions. Each day was organized around a broad theme, focused on
one or more overarching questions. On the first day, we aimed at a comprehensive overview
of the main observational aspects of active galactic nuclei (AGN), with a focus on several key
questions (Chapter 1). Contributions from this first day, organized into Chapter 1, discuss the
most relevant photometric, spectroscopic, polarimetric, and variability observations over the full
spectral energy distribution (SED), together with their interpretation, with attention to both
statistical results and case studies. Overarching issues are some still-enigmatic aspects of the SED,
systematic organization, and contextualization of observational properties, radio properties of
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jetted and non-jetted quasars, as well as selection effects that
still affect major surveys. Chapter 2 contains contributions on
accretion disk structure and wind and jet launching processes.
The overarching theoretical issues (which remain open to-date)
are the connections between disk structure, relativistic ejections,
and continuum and line emitting regions. A satisfactory model
of the broad line emitting region of quasars—to which almost
2,000 papers were dedicated over 40 years and to which a large
part of the Conference was devoted—could pave the road to
the use of quasars as distance indicators but remains as yet
incomplete. The contributions in Chapter 3 attempt to connect
theory and observation. The overarching questions remain, why
do the radio properties of quasars divide the quasar population
into the two categories radio quiet and radio loud? What is
the connection between disk structure, relativistic ejections, and
emitting regions structure? We think that one of the more
remarkable outcomes of the conference was the realization of
the many observational manifestations of accretion in quasars
in a broad range of luminosity and cosmic epochs, and of their
dependence on accretion parameters such as mass, dimensionless
accretion rate, and spin. As the accreting black hole systems
only possess axial symmetry and not spherical symmetry, many
observational properties are affected by the viewing angle.
Our ability to connect observational to physical and aspect
parameters is still lacunose but, if filled, the importance could
be comparable to the development of the Hertzspung-Russell
diagrams for stars. We miss an equivalent for quasars, although
prospective improvements are in sight. Significant attention was
devoted to a promising approach, developed by Jack Sulentic, his
collaborators, and other research groups, based on the analysis
of the “first eigenvector” of a 4D correlation space of quasar
properties.

Chapter 4 and in part Chapter 5 are devoted to the role of
nuclear activity in shaping the evolution of galaxies. Feedback
and environment of active nuclei are seen in the suggested black
hole and host galaxy coevolution, but open issues still involve
the interplay of black hole fueling (strongly influenced by the
environment over cosmic ages), star formation and feedback. The
overarching question posed at the meeting was: which are the
strongest evidences and the state-of-the-art modeling, and which
are the tests and surveys, both observational and theoretical,
that can lead to progresses in our understanding of fueling and
feedback processes on all scales?

Chapter 5 discussed some interesting developments having
taken place in the last two years, as we seek to learn from
the observations of the increasing number of high redshift
quasars. An open issue remains the role of quasars at the
epoch of re-ionization. A more basic question is the role of
first seed quasars and their relation to galaxy formation. The
overarching question remains whether we understand quasar
evolution beyond selection effects.

The last contributions deal with the possibility to exploit
quasars as helpful distance indicators, a possibility that was found
closely linked to an improvement in our understanding of the
quasar emitting region structure and dynamics. Major issues and
the recent developments, including several research lines aimed

at answering some of the overarching questions, are critically
evaluated in the conference closing remarks by Hagai Netzer
(Chapter 6).
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Active Galactic Nuclei at All
Wavelengths and from All Angles

Paolo Padovani*

European Southern Observatory, Garching bei Mtinchen, Germany

AGN are quite unique astronomical sources emitting over more than 20 orders of
magnitude in frequency, with different electromagnetic bands providing windows on
different sub-structures and their physics. They come in a large number of flavors only
partially related to intrinsic differences. | highlight here the types of sources selected in
different bands, the relevant selection effects and biases, and the underlying physical
processes. | then look at the “big picture” by describing the most important parameters
one needs to describe the variety of AGN classes and by discussing AGN at all
frequencies in terms of their sky surface density. | conclude with a look at the most
pressing open issues and the main new facilities, which will flood us with new data to
tackle them.

Keywords: quasars, active galactic nuclei, supermassive black holes, radio emission, infrared emission, X-ray
emission, y-ray emission

1. INTRODUCTION

AGN are, by definition, more powerful than the nuclei of normal galaxies. This “additional”
component is now universally accepted to be due to an actively accreting central supermassive
(= 10° Mg) black hole (SMBH). This implies a number of fascinating properties, which include
very high luminosities (up to Lyy &~ 10%® erg s~!), small emitting regions in most bands (of the
order of a milliparsec), strong evolution of the luminosity functions, and broad-band emission
covering the entire electromagnetic spectrum (see Padovani et al., 2017, for a review).

The latter property means that AGN have been discovered at all wavelengths. This is partly
responsible for the very large number of classes and sub-classes AGN researchers have come up
with (see Table 1), which appear to be overwhelming and very confusing, especially to astronomers
working in other fields and particularly to physicists.

Different methods are employed to select AGN in the various bands, which also provide different
views on AGN physics. I discuss this next. I refer to Padovani et al. (2017) for a more in-depth
review of these (and other) topics.

2. THE RADIO BAND

One of the main results of the past few years has been the realization that the radio sky population
undergoes major changes at low flux densities. Namely, while the bright radio sky (f, 2 1 mJy
around 1 GHz, where 1 Jy is 1072% erg cm™2 s™! Hz™!) is populated mostly by radio galaxies
(RGs) and radio quasars, that is largely non-thermal sources, at faint radio flux densities we are
now detecting mainly star-forming galaxies (SFGs) and the more common non-jetted AGN (see
Padovani, 2016, for a review). This change is also apparent by looking at the Euclidean normalized
1.4 GHz source counts, which show an upturn around ~ 0.1 mJy (see Figure 1). We therefore need
to deal separately with the two flux density regimes.
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TABLE 1 | The AGN zoo: list of AGN classes.

Class/Acronym Meaning/Main properties

Quasar Quasi-stellar radio source (originally)
Sey1 Seyfert 1, FWHM 2> 1,000 km 51
Sey?2 Seyfert 2, FWHM < 1,000 km s~
QSO Quasi-stellar object

QS02 Quasi-stellar object 2, high power Sey2
RQ AGN Radio-quiet AGN

RL AGN Radio-loud AGN

Jetted AGN With strong relativistic jets

Non-jetted AGN Without strong relativistic jets

Type 1 Sey1 and quasars

Type 2 Sey2 and QS0O2

FRI Fanaroff-Riley class | radio source

FRII Fanaroff-Riley class Il radio source

BL Lac BL Lacertae object

Blazars BL Lacs and FSRQs

BAL Broad absorption line (quasar)

BLO Broad-line object, FWHM 2> 1,000 km g1
BLAGN Broad-line AGN, FWHM > 1,000 km s~
BLRG Broad-line radio galaxy

cbQ Core-dominated quasar

CSS Compact steep spectrum radio source
CT Compton-thick

FRO Fanaroff-Riley class 0 radio source
FSRQ Flat-spectrum radio quasar

GPS Gigahertz-peaked radio source
HBL/HSP High-energy cutoff BL Lac/blazar

HEG High-excitation galaxy

HPQ High polarization quasar

Jet-mode

IBL/ISP Intermediate-energy cutoff BL Lac/blazar
LINER Low-ionization nuclear emission-line regions
LLAGN Low-luminosity AGN

LBL/LSP Low-energy cutoff BL Lac/blazar

LDQ Lobe-dominated quasar

LEG Low-excitation galaxy

LPQ Low polarization quasar

NLAGN Narrow-line AGN, FWHM < 1,000 km g1
NLRG Narrow-line radio galaxy

NLS1 Narrow-line Seyfert 1

ow Optically violently variable (quasar)
Population A

Population B

Radiative-mode

RBL Radio-selected BL Lac

Sey1.5 Seyfert 1.5

Sey1.8 Seyfert 1.8

Sey1.9 Seyfert 1.9

SSRQ Steep-spectrum radio quasar

USS Ultra-steep spectrum source

XBL X-ray-selected BL Lac

XBONG X-ray bright optically normal galaxy

The top part of the table relates to major/classical classes. See Padovani et al. (2017) for
a more complete version of this table, including more details and references.

100 [~ % % i,

S%2 n(s) [Jy"® sr7']

il Lol | s ol Ll i
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FIGURE 1 | The Euclidean normalized 1.4 GHz source counts derived from
various radio surveys. See Figure 14 of Padovani (2016) for references.

2.1. The Bright Radio Sky: f, =~ 1 mJy

Sources include mostly jetted AGN, mainly blazars and RGs.
Selection is done by just observing the high Galactic latitude sky
as AGN are (basically) the only sources. This is helped by the fact
that stars are extremely weak radio emitters. For example, out
of the 527 sources with 5 GHz flux density > 1 Jy and Galactic
latitude |by1| > 10° (Kiihr et al., 1981) only M 82 is not an AGN
(and only M 82 and NGC 1068 do not belong to the RG, radio
quasar, or blazar classes; moreover, ~51% of the classified sources
are blazars). The radio band probes the jet and its emission
is due to synchrotron radiation (ultra-relativistic electrons in a
magnetic field). The only bias is that we are sampling the jetted
AGN population, which is only a small fraction (<10%) of the
total.

2.2. The Faint Radio Sky: f; < 1 mJy
Sources include both non-jetted AGN and a quickly decreasing
fraction of jetted AGN (see Figure 7 of Padovani, 2016); the
former are the dominant type. Selection requires data in various
bands to single out the AGN, especially the non-jetted ones,
from the SFGs, as the optical counterparts are very faint
(as detailed in section 5.1 of Padovani, 2016). Apart from
probing the jet in jetted AGN, radio emission is mostly due to
star formation (through synchrotron emission from relativistic
plasma accelerated in supernova remnants) in non-jetted ones
(at least for radio-selected sources: see discussion in section
6.2 of Padovani, 2016). There is some chance of contamination
from SFGs (especially if no X-ray detection is available). But we
are now reaching the most common non-jetted AGN with no
obscuration bias.

I would also like to stress, once more (see also Padovani,
2016, 2017), that the differences between jetted and non-jetted
AGN are not taxonomic but reflect intrinsic differences, with

jetted AGN emitting a large fraction of their energy in association

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

November 2017 | Volume 4 | Article 35


https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

AGN at All Wavelengths and from All Angles

Padovani
3cm 0.3um 400keV
2 T T T
L cm/mm MIR-NIR X-ray
I’ Radio Sub-mm/FIR  Optical-UV
O -
o~ L
[)
2 -
s |
[7]
A .
B L
w
S L
o
o L
-4}
———— - Accretion disc
I = Non-jetted AGN Hot corona ]
L —Jet(HSP) | ==--- Reflection
: / < Jet (LSP) minimini= " SOt @XCOSE"
I — — — - Dusty torus
—6 1 1 1 1
10 15 20 25
logv (Hz)

FIGURE 2 | A schematic representation of an AGN spectral energy
distribution (SED), loosely based on the observed SEDs of non-jetted quasars
(e.g., Elvis et al., 1994; Richards et al., 2006). The black solid curve represents
the total emission and the various colored curves (shifted down for clarity)
represent the individual components. The intrinsic shape of the SED in the
mme-far infrared (FIR) regime is uncertain; however, it is widely believed to have
a minimal contribution (to an overall galaxy SED) compared to star formation
(SF), except in the most intrinsically luminous quasars and powerful jetted
AGN. The primary emission from the AGN accretion disk peaks in the UV
region. The jet SED is also shown for a high synchrotron peaked blazar (HSP,
based on the SED of Mrk 421) and a low synchrotron peaked blazar (LSP,
based on the SED of 3C 454.3). Adapted from Harrison (2014). Image credit:
C. M. Harrison. Figure reproduced from Padovani et al. (2017), Figure 1, with
permission of Springer.

with powerful relativistic jets and therefore non-thermally, while
the multi-wavelength emission of non-jetted AGN is dominated
by thermal emission related to the accretion disk, which forms
around the SMBH. Because of this, only jetted AGN manage
to emit in the hard X-ray to y-ray bands (see also Figure 2).
Furthermore, the 50-year-old “radio-loud/radio-quiet” labels
are obsolete, misleading, and wrong and should be dropped
(Padovani, 2016, 2017).

3. THE INFRARED BAND

Whatever its detailed distribution and properties, we know there
is dust around most AGN outside the accretion disk and on
scales larger than those of the broad line region (BLR). This dust
has a temperature in the 100-1,000 K range and is located at a
minimum distance determined by the sublimation temperature
of the dust grains (Barvainis, 1987). Ultraviolet (UV)/optical
emission from the accretion disk is absorbed by it and re-emitted
in the infrared (IR) band where it dominates the AGN spectral
energy distribution (SED) at A 2 1 wm up to a few tens of micron
(Figure 2).

Dust plays a vital role in AGN unification schemes
(e.g., Antonucci, 1993; Urry and Padovani, 1995). Thanks to
polarization studies it was in fact realized that the difference
between type 1 (broad-lined) and type 2 (narrow-lined) AGN was
solely due to orientation with respect to the dust. In the latter

objects our view of the accretion disk and the BLR is obscured by
the dust and therefore we cannot see the UV bump and the broad
lines typical of type 1 AGN but can only detect the narrow lines
emitted by slower-moving clouds beyond the dust (but see Elitzur
and Netzer, 2016 for a discussion about possible real type 2 AGN
where the difference is not caused by dust obscuration; see also
section 5.3 of Padovani et al., 2017).

Importantly, it now looks like the dust and the BLR are only
present at high powers (>10*? erg s~!)/high Eddington ratios
(L/Lggq = 0.01; see discussion in Padovani et al., 2017), which
implies that dust-driven unification breaks down below these
values. Jet-driven, low-power unification (linking BL Lacs with
LEG RGs) is unaffected by this.

Based on all of the above, AGN selected in the IR band include
mostly non-jetted AGN (because low-power/low accretion rate
jetted sources do not have any dust) of the radiative-mode type
(i.e., with high accretion rates and L/Lggq). The IR is sensitive
to both obscured and unobscured AGN, providing an almost
isotropic selection, and in particular to extremely obscured AGN
(missed by optical and soft X-ray surveys). Selection is done by
typically using IR colors with the aim of separating AGN from
SFEGs (see section 3.2 in Padovani et al,, 2017, and specifically
Figure 5 and Table 2). While for shallow surveys relatively high
reliability and completeness can be obtained (see caption of
Table 2 for definitions) this is not the case for deeper ones, where
high reliability can only be obtained by having low completeness
(in other words, one can select mostly AGN only by missing a
large fraction of them above a given flux limit).

4. THE OPTICAL/UV BAND

Optical/UV emission in AGN comes from the accretion disk
and the BLR. Because of the presence of dust discussed in
section 3 one can detect this emission only if our line of sight
is unobstructed (which happens only for specific orientations)
and therefore only in unobscured sources. The optical/UV band,
therefore, provides a very biased view of the AGN phenomenon,
although it was also thanks to their strong optical/UV emission
that AGN were mostly discovered in the past.

AGN selected in the optical/UV band, therefore, include
unobscured sources mostly of the non-jetted type [as only a
small fraction of jetted AGN (radio quasars) have also a standard
accretion disk and a BLR]; in short, type 1 AGN. Predictably, this
band misses lots of obscured AGN (the type 2's), although many
of them are still selected through their narrow emission lines,
and even the moderately obscured ones. Other biases are against
low-luminosity AGN (where the host galaxy light swamps the
AGN) and also AGN close to stellar loci (as stars are also strong
optical/UV emitters) especially at z ~ 2.6 and 3.5.

The optical/UV band, however, makes up for these
shortcomings in two ways: (1) by providing spectra which
are vital to study AGN physics, e.g., the accretion disk, to
estimate the mass of the central SMBH through “reverberation
mapping”, and to study the AGN spectral diversity; (2) by
supplying us with huge optical catalogs. More details on these
topics can be found in section 4 of Padovani et al. (2017).
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TABLE 2 | A multi-wavelength overview of AGN highlighting the different selection biases (weaknesses) and key capabilities (strengths).

Band Type Physics Selection biases/weaknesses Key capabilities/strengths
Radio, fr 2 1 mJy Jetted Jet Non-jetted sources High efficiency,
no obscuration bias
Radio, fr < 1 mJy Jetted and non-jetted Jet and SF Host contamination Completeness,
no obscuration bias
IR Type 1 and 2 Hot dust Completeness, reliability, Weak obscuration bias,
and SF host contamination, no dust high efficiency
Optical Type 1 Disk Completeness, low-luminosity, High efficiency,
obscured sources, host contamination detailed physics from lines
X-ray Type 1 and (most) 2 Corona Very low-luminosity, Completeness, low
heavy obscuration host contamination
y-ray Jetted Jet Non-jetted, High reliability
unbeamed sources
Variability Al (in principle) Corona, Host contamination, obscuration, Low-luminosity
disk, jet cadence and depth of observations

The definitions of some of the terms used in the bias and capability columns are as follows: Efficiency, ability to identify a large number of AGN with relative small total exposure times
(this is thus a combination of the nature of AGN emission and the capabilities of current telescopes in a given band). Reliability, the fraction of sources that are identified as AGN using
typical criteria that are truly AGN. Completeness: the ability to detect as much as possible of the full underlying population of AGN. Table reproduced from Pacdovani et al. (2017), Table 3,

with permission of Springer.

5. THE X-RAY BAND

X-ray emission appears to be one of the defining features of
AGN and therefore the X-ray band has proven to be very
important for AGN studies. X-rays are deemed to be due to
inverse Compton scattering of the accretion-disk photons by an
atmosphere above the accretion disk (referred to as the “corona”
and whose geometry is still unknown). In jetted AGN the X-rays
can have a major contribution from the jet as well. The X-
rays then interact with matter by being reflected, scattered, and
absorbed by the accretion disk and/or the dust discussed in
section 3. X-ray spectra are sensitive to all of these components
and, in particular, to the amount of absorbing material, which
means they can be also used to classify sources into absorbed
(type 2) and unabsorbed (type 1). This is because lower energy
X-rays are more easily absorbed than higher energy ones and so
the shape of the spectrum depends on the column density Ny.
When Ny > 1.5 x 10?4 cm~2 (in so-called Compton-thick [CT]
sources) the source looks completely absorbed in the X-ray band.

X-ray selected AGN, then, include in theory all AGN.
However, sources with progressively larger Ny will be
systematically missed below an increasingly higher energy,
until the CT value is reached when all AGN are undetectable in
the X-ray band. Low-luminosity AGN with Ly < 10%? erg s~!
are also biased against as this is the power associated with host
galaxy emission. For the same reason at very low soft X-ray fluxes
(fos—2kev < 6 x 10718 erg cm ™2 s71) contamination from SFGs
kicks in. Low-power RGs (i.e., of the LEG type) are also mostly
missed since their X-ray jet emission is not very strong and they
lack an accretion disk. More details on these topics can be found
in section 5 of Padovani et al. (2017).

6. THE y-RAY BAND

The y-ray band is conventionally divided into the High Energy
(HE) band, between 100 MeV (2.4 x 10?2 Hz) and ~100 GeV
(2.4 x 10?° Hz), and the Very High Energy (VHE) band, covering
the ~50 GeV to ~10 TeV (2.4 x 10¥ Hz) range. Different
detectors operate in the two bands: in the former we have
electron pair-conversion telescopes in space characterized by
a very large field of view (FoV; thousands of square degrees)
(e.g., AGILE and Fermi: Atwood et al, 2009; Tavani et al,
2009); VHE vy-rays, on the other hand, are detected by Imaging
Atmospheric Cherenkov Telescopes and Extensive Air Shower
observatories on the ground! (e.g., Cangaroo, Hess, Magic,
Veritas, and HAWC: de Naurois and Mazin, 2015; Abeysekara
etal., 2017).

y-ray astronomy is still a relatively young branch so its
number of sources is much smaller compared to the other
bands. The Third Fermi source catalog (Acero et al., 2015) has
detected 3,033 sources all-sky above 100 MeV and up to 300 GeV.
AGN make up ~60%, and possibly <90% (including the still
unclassified sources), of these. These include only jetted AGN,
the large majority of them being blazars with only a handful of
RGs. Therefore, the current y-ray sky is quite similar to the radio-
bright sky, which is also dominated by blazars (section 2.1). This
is simply because both radio and y-ray photons are sampling
jet-related, non-thermal processes.

! These instruments observe at ground level the particle showers that are produced
by the interaction of VHE y-ray photons with the top layers of the atmosphere
through the Cherenkov light they create or via the detection of the charged
particles in the shower.
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The VHE sky is even more sparsely populated, as only ~200
sources have been detected at TeV energies?. Of those ~35%
are AGN, mostly blazars. Blazars, so far, make up ~92% of the
extragalactic y-ray sky, with the remaining fraction including
LEG RGs (~6%) and SFGs (~2%).

y-ray selected AGN, therefore, include only jetted AGN,
mostly blazars. There is then an obvious bias against non-jetted
AGN, which is simply due, in my opinion, to the fact that these
sources lack the engine to produce y-ray photons (although they
could still be very weak y-ray sources through proton-proton
collisions [via pp — 70 — 2y: the so-called “pion decay”]
thanks to their outflows: Wang and Loeb, 2016; Lamastra et al.,
2017).

Although it is clear that y-rays are produced by relativistic
jets, the exact process through which this happens is still not
understood. Most researchers favor leptonic processes, where
the electrons in the jet inverse Compton scatter their own
synchrotron photons (synchrotron self-Compton) or an external
photon field (external inverse Compton). In hadronic scenarios,
on the other hand, y-rays are instead thought to stem from
high-energy protons either loosing energy through synchrotron
emission or through pion decay. In the hadronic case blazars
would also produce neutrinos (from charged pions decay) and
possibly also cosmic rays becoming therefore multi-messenger
sources (e.g., Padovani et al., 2016; Resconi et al., 2017).

7. PUTTING IT ALL TOGETHER

7.1. Making Order Out of Chaos: A
Minimalistic Approach to AGN

Figure 2 brings home one of the main points of this paper:
different AGN components emit in different bands and only
by looking at the broad, multi-wavelength picture can we
understand AGN. But different bands gives us also different
perspectives and types of sources, which means we need to be
fully aware of selection effects. The selection biases and key
capabilities (i.e., the weaknesses and the strengths) of all bands
discussed above are summarized in Table 2.

Based on our current understanding of AGN we can now look
back at Table 1 and see that the complexity it displays is only
apparent. It has been known for quite some time that many of the
different classes can be explained by taking orientation and the
presence (or lack) of a relativistic jet into account. More recent
evidence suggests that other parameters play a role, above all the
accretion rate (or equivalently L/Lgqq: see section 8.1 of Padovani
et al., 2017 for references). This can change the structure of
the accretion flow and thus the SED shape. I am convinced
that these three parameters (i.e., orientation, relativistic jet, and
accretion rate) explain most of the AGN variety. For example, BL
Lacs are LEG RGs with their jets pointing toward the observer
and also the radiatively inefficient version (with lower accretion
rate and L/Lggq) of FSRQs. Additionally, possible second-order
parameters include the galaxy environment (e.g., Chiaberge et al.,
2015) and the host galaxy, which can also partially obscure the
AGN (e.g., Buchner and Bauer, 2017).

2http://tevcat.uchicago.edu/

7.2. AGN at All Frequencies

AGN emit over the full electromagnetic spectrum (and possibly
even beyond it). The ease with which AGN are detected in the
various bands, however, depends essentially on three aspects: (1)
astrophysics. As shown by Figure 2 AGN do not emit at the
same level in all bands and the SED is shaped by the various
AGN components. The most manifest of these is the presence or
absence of a strong relativistic jet, which leads to the distinction
between jetted and non-jetted AGN but also modifies the SED
substantially (the latter class is weaker in the radio and not
present in the y-ray band). Other effects include changes in
the accretion rate (or L/Lgqq), which can also modify the SED
predominantly in the optical/UV and X-ray bands, and obviously
obscuration by gas and dust that can absorb emission from
the near-IR (NIR) to the soft X-rays; (2) selection effects. AGN
selection techniques are not uniformly efficient in the various
bands, resulting in (sometimes strong) biases. For example, the
host galaxy in the optical, IR, and to some extent the radio band
can be particularly luminous making the selection of faint AGN
more challenging; host contamination is instead particularly low
in the X-ray band; (3) technology. Not all astronomical detectors
are equally efficient (it is much harder to catch a high-energy
photon than a low-energy one) which means that observations
in some wavebands are going to be more sensitive than others
relative to the typical AGN SED. For example, contemporary
radio telescopes can detect jetted AGN with much smaller
bolometric fluxes compared to current y-ray observatories.

This complex mix of physics, selection effects, and technology
is behind the numbers in Figure 3, which shows the largest AGN
surface density over the whole electromagnetic spectrum. Thanks
to cutting-edge X-ray observatories and the low contamination
from the host galaxy the AGN surface density is largest in the
soft X-ray band. And the difficulty of detecting y-ray photons
combined with the fact that only a minority of AGN (the jetted
ones) are y-ray emitters result in a very low surface density in
this band. Furthermore, despite being intrinsically radio faint,
non-jetted AGN have a surface density in the radio band larger
than that reached by the deepest optical surveys and at the same
level as the NIR values, which highlights the sensitivity reached by
present radio facilities. Since radio observations are unaffected by
absorption they are also sensitive to all types of AGN, irrespective
of their orientation (i.e., type 1s and type 2s), unlike soft X-ray
ones.

Three more considerations (of the many more one could
make!) are in order about Figure 3: (1) the actual number of
detected and identified AGN has a wavelength dependence very
different from that shown in the figure and is still heavily biased
toward the optical/NIR bands, as most AGN were discovered
through dedicated large-area spectroscopic surveys. The figure
could then be thought of as describing the “detection potential” of
the various bands; (2) the largest entry in the figure translates into
at least ~1 billion AGN in the Universe that could be detected
with current technology. The comparison with the number of
currently known AGN (of the order of a million: see Figure 6 of
Padovani et al., 2017) shows that there is still a lot of room for
discovery in future AGN surveys (see section 8); (3) it is worth
reflecting on the large financial and human investment behind

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

16

November 2017 | Volume 4 | Article 35


http://tevcat.uchicago.edu/
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

AGN at All Wavelengths and from All Angles

Padovani
radio NIR optical X-ray y—ray
| 1 * 1 T 1 T T 1
.4
10t / \ E
N £
% / \
o) ;
z —__ / \
= 1000 E  @reteceeansemminitr Vi E
E F \%é \
> |
>
& 100 £ E
B
3 \
g \
5 10F \ E
n
= \
T \
= \
w 1F ® All AGN 4
o \ :
&0
; O non-jetted AGN \
—_— L \ i
= variability selected AGN \
01 E
i Il L 1 L | L 1 ' 1 s 1 L L ' 1 L l:
26

16
log v

18
(Hz]

20

FIGURE 3 | The largest AGN surface density over the whole electromagnetic
spectrum. Black filled points refer to all AGN, open red points are for
non-jetted AGN. The latter are actually directly measured only in the radio
band, while in the NIR to X-ray bands they have been derived by simply
subtracting 10% from the total values. Non-jetted AGN have not been
detected in the y-ray band. The blue square indicates variability selected AGN.
Updated from Figure 11 of Padovani (2016), where one can find the references
to the relevant samples and facilities, to include variability selected AGN and
the results of the CDFS 7 Ms sample (Luo et al., 2017). Figure reproduced
from Padovani et al. (2017), Figure 21, with permission of Springer.

the figure, which could only be put together thanks to state-of-
the-art ground- and space-based facilities (the ones listed in the
caption of Figure 11 of Padovani, 2016 do not take into account
the multi-wavelength data most of the surveys had to accumulate
in order to be able to identify their targets) and the effort of many
teams.

8. OPEN ISSUES AND THE NEAR FUTURE

We have learnt a lot about AGN since the discovery of the first
quasar in 1963. However, there are still many open questions in
AGN research, some of them quite important, to say the least, a
comprehensive list of which is given in section 8.4 of Padovani
etal. (2017). My favorite topics include:

e Why do a minority of AGN have jets? There are some
hints, as jetted AGN appear to be more clustered, undergo
mergers, reside in more massive, bulge-dominated galaxies
(and perhaps spin faster) than non-jetted AGN. But the truth
is this is still an unsolved issue.

e What is the composition, geometry, and morphology of the
obscuring dust? Recent ground-based mid-IR interferometric
observations have suggested that our “standard” (doughnut-
like) picture of the so-called dusty torus might not be always
valid and that a large fraction of the dust might instead reside

in the walls of the ionization cone (e.g., Lopez-Gonzaga et al.,
2016, and references therein).

e How does the cosmic history of black hole accretion as traced
by AGN compare to the history of star formation in galaxies?
More generally, what is the physical connection between
SMBH evolution and that of their host galaxies and halos, and
are these driven by common processes? This is a very hot topic,
which has attracted a lot of attention in the past few years and
has important implications for galaxy evolution. Despite this,
we still do not have definite answers to these questions.

e Are blazars multi-messenger emitters? Said otherwise, is there
a connection between y-ray emission from jetted AGN,
neutrinos and cosmic rays? If so, this would have huge
implications for astro-particle physics, solving at the same
time the mystery of the origin of (at least some of) the
IceCube neutrinos and ultra high-energy cosmic rays detected,
amongst others, by the Pierre Auger Observatory and the
Telescope Array. It would also constrain theoretical models for
particle acceleration in AGN by proving beyond any doubt the
existence of very energetic protons.

We will soon have plenty of data to tackle these and other open
issues. Here I simply list some of the main future facilities, which
we will be having at our disposal in the next few years, sorted by
band. Many more details and relevant hyperlinks can be found in
Padovani et al. (2017).

e Radio: ASKAP (Australia), MeerKAT (South Africa), e-
MERLIN (UK), APERTIF (The Netherlands), and finally the
Square Kilometre Array;

e IR: JWST (NASA/ESA), Tokyo Atacama Observatory (Japan),
Euclid (ESA/NASA), WFIRST (NASA), SPICA;

e Optical/NIR: Zwicky Transient Facility (USA), LSST, and the
giant telescopes namely GMT, TMT, and the ELT;

e X-ray: eROSITA (Germany/Russia), XIPE, and Athena;

e y-ray: Cherenkov Telescope Array and the Large High
Altitude Air Shower Observatory (China).

In terms of AGN science these facilities will open up entire
new regions of parameter space, especially with regard to
sensitivity and number of sources. Just to give a few numbers: the
Evolutionary Map of the Universe, one of the ASKAP surveys,
will detect approximately 30 million AGN in the radio band;
Euclid will provide NIR spectra for ~1 million AGN; the LSST
will select more than 10 million AGN; eROSITA will provide
X-ray data for ~3 million AGN; and the Cherenkov Telescope
Array will detect ~10 times more blazars than are currently
known at TeV energies.

In short, the future of AGN studies is very bright and we will
soon be flooded with amazing new data. To take full advantage
of them we need to ask the right questions and use the most
appropriate and efficient tools.

9. MAIN MESSAGES

The main points of this paper can be thus summarized:

1. Different bands give us different perspectives, different
physics, and different types of AGN: one needs to be aware
of selection effects!
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2. The “AGN z00” is unnecessarily complex: most of the variety
of AGN classes can be explained by three main parameters,
namely orientation, presence or lack of relativistic jets, and
accretion rate. Second-order parameters might include the
environment and the host galaxy.

3. There are two main classes of AGN: jetted and non-jetted (not
“radio-loud” and “radio-quiet”)!

4. In the next few years we will be flooded with AGN data. We
need to be ready for them by: (1) asking the right questions;
(2) having the right tools to analyze them.
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Quasars are often considered to be point-like objects. This is largely true and allows
for an excellent alignment of the optical positional reference frame of the ongoing ESA
mission Gaia with the International Celestial Reference Frame. But presence of optical
jets in quasars can cause shifts of the optical photo-centers at levels detectable by Gaia.
Similarly, motion of emitting blobs in the jet can be detected as proper motion shifts.
Gaia’s measurements of spectral energy distribution for around a million distant quasars is
useful to determine their redshifts and to assess their variability on timescales from hours
to years. Spatial resolution of Gaia allows to build a complete magnitude limited sample
of strongly lensed quasars. The mission had its first public data release in September
2016 and is scheduled to have the next and much more comprehensive one in April
2018. Here we briefly review the capabilities and current results of the mission. Gaia’s
unique contributions to the studies of quasars are already being published, a highlight
being a discovery of a number of quasars with optical jets.

Keywords: extragalactic astronomy, active galactic nuclei, quasars, quasar spectral energy distribution,
extragalactic radio jets, strong gravitational lensing, astrometry, photometry

1. THE GAIA MISSION

Gaia, an ongoing mission of ESA (gaia.esa.int), is conducting a massive all sky optical survey of
sources with 0.0 < V' < 20.9 (for current review of mission properties and its status see Prusti et al.,
2016). Brown et al. (2016) published an initial sky chart with 1,142,679,969 sources, which already
makes Gaia the largest all-sky survey of celestial objects to date. Gaia is primarily an astrometric
mission, positional accuracy at the end of the mission is expected to be between 5 and 400 pas
(Figure 1), while the spatial resolution is ~0.1 arc-second (as). This impressive accuracy of position
of optical photo-center is mostly photon-noise limited and in many cases supersedes the accuracy
of VLBI positions for radio emitting sources. Gaia is continuously scanning the skies. In 5 years of
official mission lifetime it will observe each source in the sky transiting its focal plane from 50 to
over 200 times, median is 72. Sampling is uneven, with the shortest separations corresponding to
two observations within the 6-h spin period of the satellite. Gaia includes three main instruments:
astrometry is done in white light (G band, between 330 and 1,050 nm), photometry is collected
via weakly dispersed spectra in the blue (BP, blue photometer, 330-680 nm) and red (RP, red
photometer, 640-1,050 nm) bands, each sampled in wavelength by 45 pixels. 76% of energy of a
sharp line from a point source is spread in the wavelength direction over ~1.6 pixels (BP) and
~3.8 pixels (RP). Finally there is a spectroscopic instrument on-board which is collecting spectra
in the 845-872 nm range for objects brighter than V' ~15.5 and at a resolving power of 10,500. The
main goal of spectroscopic instrument is to determine radial velocities, but for the very bright stars
(V < 12) it will also measure abundances of chemical elements with lines in wavelength range of the
spectrograph. Magnitude and wavelength limitations of Gaia’s spectroscopic instrument are being
complemented by ground-based optical stellar spectroscopic surveys which are aimed to obtain
stellar parameters and accurate radial velocities, as well as abundances of individual elements for
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FIGURE 1 | Positional error after a 5-year mission as a function of

V magnitude. The latter was derived from Gaia’s intrinsic G magnitude using
the relation V = 1.02 G — 0.24, which is appropriate for quasars withz < 4
(Proft et al., 2015). Positional error estimate assumes a point-like source and
follows Equations (4-7) from Prusti et al. (2016) with 0.54 <V —/ < 0.98.

stars which are not within the reach of Gaia. They can however
observe only a small fraction of such sources. The ongoing
surveys include RAVE (Kunder et al.,, 2017, https://www.rave-
survey.org/project/), LAMOST (Cui et al,, 2012, http://www.
lamost.org), Gaia-ESO (Gilmore et al., 2012, https://www.gaia-
eso.eu/), and Galah (https://galah-survey.org, de Silva et al., 2015,
see also Martell et al. 2017).

2. GAIA AND QUASARS

A vast majority of quasars are fainter than V'~ 15.5 so they
are not observed by the spectroscopic instrument aboard Gaia,
but the mission’s astrometry and spectrophotometric BP and RP
measurements are extremely relevant for quasar studies. Figure 1
shows that one may expect a positional accuracy of ~70 pas at
V ~17 and ~400 pas at V' ~20 at the end of the official 5-year
mission lifetime. These figures may actually be too pessimistic,
as Gaia performs better than expected on the faint end, and the
mission itself may be extended up to 2022 or beyond, therefore
increasing the photon budget and time span of its observations.
Figure 2 shows accuracy of integrated magnitudes over the G, BP,
and RP bands for each transit. It demonstrates the potential of
Gaia’s ~72 observations of each quasar over a ~5 year timeframe
to assess temporal variability for a complete population of quasars
down to V' ~20 in white light (G band). For bright sources
(V' < 18) one can also study color changes on timescales from
hours to years, using their integrated BP and RP magnitudes.

BP and RP instruments do not collect only integrated
magnitudes but also spectrophotometric information. Figure 3
shows a typical quasar spectrum (black tracing), and its BP
(blue) and RP (red) spectrophotometry collected by Gaia over
a 5-year mission. The panels show the signal for objects
with apparent magnitude V' 20 which have 4 different
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FIGURE 2 | Errors in integrated G (white light), RP (red photometer), and BP
(blue photometer) magnitudes per transit, as a function of V magnitude,
estimated from G magnitude as explained in Figure 1. Errors were estimated
from Equations (9-13) in Prusti et al. (2016) using Npps = 1. Combining blocks
of Npps transits obtained on timescales of days or weeks reduces the errors

by /Nops-

redshifts between 0.5 and 3.5. Vertical stripe at ~8,600 A is
the wavelength range of Gaia’s spectroscopic instrument. In our
view the figure, which summarizes simulations of Proft et al.
(2015), clearly demonstrates the ability of Gaia to determine
photometric redshifts for a complete population of quasars down
to V' ~20. For brighter objects even changes in their spectral
energy distribution (SED) should be detectable. Proft et al. (2015)
demonstrate that variability of SDSS 154757.714-060626.6, which
has Sloan red magnitude ¥ = 17.5 and redshift z = 2.03, is
clearly within the reach of Gaia.

Gaia mission observes any object bright enough to trigger its
instruments. So the initial quasar catalog with 1,248,372 sources,
which was prepared before the launch by Andrei et al. (2014),
is only a lower limit of what we may expect to be observed.
Properties of the catalog are summarized in Table 1. Note the
relatively low astrometry precision for most of the quasars.
Position is of course more accurately known for 4,866 VLBI
sources which are part of the catalog and for additional 38,699
sources with available radio position, although of lower precision.

3. QUASARS IN GAIA'S FIRST DATA
RELEASE

Gaia’s first data release (Gaia DR1) was published in September
2016 (Brown et al., 2016). It contains

1. Positions, parallaxes (error ~0.3 milli arc-second, hereafter
mas) and proper motions (error ~1 mas/yr) for 2 million
Hipparcos and Tycho stars;

2. Positions (error ~10 mas) and G magnitudes (error
<0.03 mag) for 1.1 billion objects (V < 20.9);

3. G-band light curves and characterization for ~3,000 Cepheids
and RR Lyrae stars around the south ecliptic pole.
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From Proft et al. (2015), with permission.
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TABLE 1 | Properties of the Initial quasar catalog with numbers of different
sources and their expected typical precision, adapted from Andrei et al. (2014).

Number of sources 1,248,372
Sources with magnitude 1,246,512
Sources with redshift 1,157,285
Sources with G < 20 371,098
Sources with G > 21 690,507
Sources withz < 1.0 250,405
Sources withz > 2.0 383,487
Astrometry precision (arc sec) 1
Magnitude precision 0.5
Redshift precision 0.01
Average density (sources/degz) 30.3
Average neighbor distance (arc sec) 220

Quasars observed within the first data release have been discussed
by Lindegren et al. (2016) and Mignard et al. (2016). Main
results can be summarized as follows: Some 135,000 quasars
from the list of Andrei et al. (2014) were included in the
astrometric solution, and their positions were determined with
an (inflated) standard uncertainty of 1 mas. Accurately known

positions from VLBI were used to align the Gaia DR1 reference
frame with the extragalactic radio frame. A special astrometric
solution has been computed for selected extragalactic objects with
optical counterparts in Gaia DRI, including the ones from the
second realization of the International Celestial Reference Frame
(ICRF2). Formal standard error for 2,191 such quasars (with
17.6 < V < 20.7) does not exceed 0.76 mas for 50% and 3.35
mas for 90% of the sources. Alignment of the Gaia DR1 reference
frame with the ICRF2 is better than 0.1 mas at epoch 2015.0. The
two frames do not rotate to within 0.03 mas/yr. There are now
11,444 objects with VLBI positions, i.e., 3.5-times more than in
ICRF2 (Petrov and Kovalev, 2017).

4. OFFSETS BETWEEN GAIA AND VLBI
POSITIONS AND EVIDENCE FOR OPTICAL
JETS

Lindegren et al. (2016) note that for sources with good optical
and radio astrometry they found no indication of physical optical
vs. radio offsets exceeding a few tens of mas, in most cases they
are less than 1 mas. This in encouraging, as it will permit to
build a very accurate common Gaia+radio reference frame in the
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FIGURE 4 | Histograms of differences in position angle (AP.A.) between the
direction of the radio jet (jet) and the direction of the offset (VG) from radio to
optical position of the source. All but the top-left panel plot only objects with
the size of the offset VG being at least two times larger than the errors of their
VLBI (o) and Gaia (o) positions. Vertical dashed lines indicate aligned and
counter-aligned jets. From Kovalev et al. (2017), with permission.

future. But some objects may require further checks. In particular,
Makarov et al. (2017) publish a list of 188 objects (out of 2,293
ICREF2 sources), most of them with z < 0.5, with offsets up
to 1 arcsec, the latter corresponds to a distance of ~7.5 kpc at
z ~0.5. They propose that 89 of them may be AGNs (quasars and
BL Lac) dislodged from their host galaxies’ centers.

In a much larger study Petrov and Kovalev (2017) used the
whole 1.1 billion object dataset from Gaia DR1 and the VLBI
absolute astrometry catalog RFC 2016¢ to find 6,055 secure
matches with AGNs. Kovalev et al. (2017) used this large sample
to check on offsets between radio and optical positions. In 2,957
AGN's they were able to determine the direction of the radio jet.
They find a significant prevalence of optical and radio offsets in
directions along or opposite the one of the radio jet (Figure 4).
This suggests that strong, extended optical jet structures are
present in many AGN. Position offsets along the jet require
strong, extended parsec-scale optical jets, while small (<1 mas)
offsets in direction opposite to the jet can be due to extended
VLBI jet structure or a “core-shift” effect due to synchrotron
opacity.

5. CONCLUSIONS

Gaia is living to its promise of revolutionizing virtually any field
of astronomy. In case of quasars two of the instruments on board
are of particular interest: spectrophotometric BP/RP instrument

and astrometric instrument. The former allows studies of SED
variability for a complete sample of sources with V < 18,

and of general brightness variations and photometric redshift
determination for all sources brighter than V' ~ 20. The emphasis
is on completeness, and on the ability to discover and characterize
yet unknown quasars in this magnitude range. Both present a
major advance to current lively research efforts to characterize
quasar variability (e.g., Peters et al., 2016; Marziani et al., 2017;
Rumbaugh et al., 2017). An obvious importance of astrometry
of quasars is to harmonize optical and radio reference frames.
Some 135,000 quasars, which were already analyzed within the
first data release, already allowed to achieve an unprecedented
accuracy of alignment of VLBI radio and optical Gaia reference
frames. A small offset between optical and radio position, which
is seen in some quasars with well determined directions of radio
jets, points to presence of strong, extended optical jets on parsec
scales. Spatial resolution of Gaia allows to discover large numbers
of gravitationally lensed quasars (Lemon et al., 2017), especially
when photometric and spectrophotometric measurements of
Gaia are combined with mid-infrared selection, as enabled by the
WISE mission (Agnello, 2017).

Gaia observations are ongoing, with the second public
data release planned for April 2018. It will include a five-
parameter astrometric solutions for all sources with acceptable
formal standard errors (>10° are anticipated), and positions
(R.A., Dec.) for sources for which parallaxes and proper
motions cannot be derived. Next, it will include G and
integrated BP and RP photometric magnitudes for all sources.
For sources brighter than Ggrys = 12 also median radial
velocities will be published. Finally for stars brighter than G
= 17 there will be estimates of the effective temperature and,
where possible, line-of-sight extinction, based on the above
photometric data. Of less interest to quasar studies, a list of
photometric data for a sample of variable stars and epoch
astrometry for a pre-selected list of over 10,000 asteroids will be
provided.

There are further planned intermediate public data releases,
with the final database to be published some 3 years after the end
of observations, which may happen anytime between 2019 and
2023. By then a complete magnitude limited sample of quasars,
many of them new, together with their variability, redshift and in
many cases optical jets or multiple gravitationally lensed images
are bound to be discovered.
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Active Galactic Nuclei (AGNs) are characterized by emission of radiation over more than
10 orders of magnitude in frequency. Therefore, the execution of extensive surveys of
the sky, with different types of detectors, is providing the attractive possibility to identify
and to investigate the properties of AGNs on very large statistical samples. Thanks to the
large spectroscopic surveys that allow detailed investigation of many of these sources,
we have the opportunity to place new constraints on the nature and evolution of AGNs
and to investigate their relations with the host systems. In this contribution we present
the results that can be obtained by using a new interactive catalog that we developed to
investigate the range of AGN spectral energy distributions (SEDs). We present simple
SED models based on data collected in the catalog and discuss their relations with
optical spectra obtained by follow up observations. We compare our findings with the
expectations based on the AGN Unification Model, and we discuss the perspectives
of multi-wavelength approaches to address AGN related processes such as black hole
accretion and acceleration of relativistic jets.

Keywords: galaxies: active, galaxies: nuclei, quasars: emission lines, quasars: supermassive black holes, galaxies:
jets, catalogs, surveys

1. INTRODUCTION

Since their first identification as sources of prominent emission lines from ionized gas in the core
of galaxies with exceptionally bright centers (Seyfert, 1943), Active Galactic Nuclei (AGNs) became
a primary source of discoveries and new challenges in Astrophysics. In addition to being the most
energetic non-transient objects that we currently know, maintaining luminosities of the order of
L > 10* ergs™! for timescales spanning from several thousands up to hundred millions years,
they populate both the local and the remote Universe, suggesting that their existence must have a
relevant impact on the evolution of cosmic structures. The well known paradigm that identifies
their energy source as the conversion of gravitational binding energy of material accreted by a
Super Massive Black Hole (SMBH) into radiative power accounts very well for most of their
observational properties (Blandford and Znajek, 1977; Blandford, 1986) and it is largely supported
by the strong evidence for the existence of SMBHs in the nuclei of all massive galaxies (Magorrian
et al., 1998; Ferrarese and Merritt, 2000). It is well established that the process of matter accretion
onto SMBHs can give raise to different mechanisms resulting in the production of a complex
spectrum of electro-magnetic radiation that, depending on the characteristics of the source, may
exhibit various emission and absorption components. Attempts to explain the resulting wealth of
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AGN Multi-Frequency Databases

observational features in a single physical picture led to the
formulation of the AGN Unification Model (Antonucci, 1993;
Urry and Padovani, 1995).

In spite of major advances in our understanding of the physics
of AGNSs, today we still seek the answer of some fundamental
questions, such as how nuclear activity is triggered, what role
does it play on the evolution of galaxies and which are the
most relevant physical processes that govern the mass flow in
the close vicinity of the SMBH, controlling the formation of
structures like accretion disks and relativistic jets. While waiting
for the deployment of instrumental facilities that might directly
address part of these questions, such as the James Webb Space
Telescope (JWST), the Square Kilometer Array (SKA), or the
European Extremely Large Telescope (E-ELT), among others, the
approach of testing the properties of AGNs taking advantage
of the complexity and the extension of their spectral energy
distribution (SED) on large statistical populations is providing
very attractive results (Massaro et al., 2011; D’Abrusco et al,
2012).

With this contribution, it is our aim to present an
innovative approach to collect multi-frequency information from
astronomical databases, in order to identify different types of
AGNs. The gathered information can be used in connection with
spectroscopic surveys, monitoring experiments and follow-up
observations in order to validate the predictions of AGN physical
models and to clarify some of the issues that are currently under
debate. In the following sections we shall therefore present our
work on AGN databases (section 2), discuss its comparison
with other existing services (section 3), and finally provide
considerations on the results that have so far been achieved, with
a mention on their possible development.

2. AN INTERACTIVE AGN
MULTI-FREQUENCY OBSERVATION
ARCHIVE

By identifying AGNs with objects where the central SMBH
of a galaxy is persistently fed by an accretion flow, it can be
roughly estimated that, from the highest power Quasi Stellar
Object (QSO) to the much dimmer Low-Ionization Nuclear
Emission Region (LINER), approximately 10% of all galaxies
host some kind of nuclear activity. The task to collect into
a single catalog the most fundamental information, such as
position, distance, apparent magnitude and luminosity estimates,
becomes itself a non trivial problem with the resulting numbers.
The Catalog of Quasars and Active Galactic Nuclei (Véron-
Cetty and Véron, 2010), in its 13th edition, represented a
major attempt to assemble a systematic list of active galaxies,
providing basic information. With its 168,480 main entries,
however, it represents only a small fraction of the millions
potentially detectable sources, as demonstrated by Flesch
(2015). In addition to designing an effective scheme to handle
the catalog contents, the large number of entries implies a
coarse classification of objects with a non-negligible chance to
overlook important features or to fail in spotting unreliable
measurements.

It is now clear that in the case of AGNs a proper and physically
meaningful classification is fundamental, both for our current
understanding, as well as for its development perspectives.
The execution of large survey and monitoring programs with
publicly available spectroscopic observations, such as the Sloan
Digital Sky Survey (York et al., 2000; Alam et al., 2015, SDSS)
and the 6dF Galaxy Redshift Survey (Jones et al., 2004, 2009,
6dFGS), combined with the deployment of instruments able
to explore the electromagnetic radiation with unprecedented
sensitivity and resolution, especially in the energies of the
X rays and above, now provide the possibility to probe the
physics of many objects in very high detail. Taking advantage
of the increase in the computational power and in the efficiency
of data transmission networks available to final users, which
characterized the technological progress of the last years, we
explored the possibility to develop a new strategy to collect multi-
frequency data and to use them for the investigation of AGNS.
Due to the complex mechanisms that are involved in the emission
of their radiation, generally resulting from the combination of
both thermal and non-thermal processes, the SEDs of AGNs
often span several orders of magnitude in frequency, effectively
distinguishing these objects from quiescent and star-forming
galaxies, whose emission is mostly confined in the IR-optical-
UV range. The use of this property, however, is not always
the best option to search for AGNS, since intrinsic or external
absorption processes can lead to the loss of important frequency
ranges. Limiting the analysis to very specific radiation bands,
on the other hand, may lead to substantial selection effects
and, therefore, restrict the scope of investigations to under-
representative samples. Some additional methods to detect AGNs
rely on variability investigations, but again they are prone to the
observability constraints of the selected frequency and they can
be considerably expensive, in terms of observational efforts, due
to the necessity to monitor many targets on a regular schedule.

In order to overcome, at least in part, the difficulties listed
above, we explored the possibility of building an interactive AGN
observation catalog, named AGN Multi-Wavelength Catalog
(AGNMWQC), that users can tune with minimal effort to match
their specific requirements. Because our aim has been to set
up an instrument that can manage large sets of information,
without losing the possibility to explore single objects in detail,
we adopted a structured database architecture, as our strategy to
store data, and we developed a client application, written in Java
language, to grant compliance with any operating system hosting
a Java Runtime Environment (JRE). The innovative aspect of
this solution is that it is not constrained to access a specific
data source, which might become outdated or unavailable, but
it allows the user to build customized catalogs, using data from
virtually any source, provided that the correct information on
how to manage the input is given. The adopted strategy is to
connect to an SQL database, presently managed either by MySQL
or SQL Server, that must be available on the user’s workstation or
through network or Internet connection. The Java application is
therefore used to import data selected by the user and to build a
multi-frequency catalog in the database where every data source
is associated with a set of customizable options that define what
type of information is being stored. The application also connects
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through the Internet to the SDSS and the 6dF spectroscopic
databases, to visualize spectral previews, if available, and to the
Digitized Sky Survey, to show maps of the sources in the optical
Rband.

3. COMPARISON WITH EXISTING
CATALOGS AND ON-LINE SERVICES

One of the key features of scientific investigation is the
repeatability of experiences. In the case of Astrophysics this
requirement can hardly be matched, because many observations,
especially those obtained by space-born detectors, are prone
to a continuous deterioration of the instrument. Moreover,
the study of variable sources, like many processes connected
with AGN activity, is often related to unpredictable situations,
which rarely repeat under similar conditions. For these reasons,
the possibility to repeat experiences is generally replaced with
an accurate knowledge of the observation target and of the
conditions of instruments at the time of the observation. Holding
such information is the main goal of the data archives maintained
by most observatories and experiment collaborations. In general,
each instrument has its own characteristics, which require
different calibrating information and reduction approaches,
in order to extract the final data products. Replicating such
information to meet the requirements of different users, or
communicating it upon request, usually leads to large costs in
terms of data storage or transmission efficiency.

In recent times, thanks especially to a fast increase in the
efficiency of data transmission networks, several tools have been
developed, which connect different types of archives. These
tools lead to the collection of high-level data products, offering
selective and customizable output. Very well known examples
are the Nasa Extragalactic Database (NED)! and the Vizier
service?, which, connecting different catalogs and data sources
are able to plot SEDs and to connect to external spectroscopic
servers (chiefly the SDSS and the 6dF databases). More recently,
the Virtual Observatory project’ attempted the creation of
a more interactive environment, providing tools to inspect
raw and calibrated data from various archives. Other mission
specific tools to analyze data at various levels are provided,
for instance, by the High Energy Astrophysic Science Archive
Center (HEASARC)* and the Italian Space Agency Science Data
Center (ASDC)®, which additionally proposes powerful tools to
fit analytical models to specific types of SEDs. The possibility to
build a catalog of multi-frequency AGN observations based on
the contemporary availability of data has also been thoroughly
explored (Padovani et al., 1997).

All of the aforementioned solutions are particularly useful
either to perform detailed investigations of single targets or to
quickly manage large data samples, but they often cannot work
as effectively in both modes, or provide a customizable and easy

Uhttps://ned.ipac.caltech.edu/
Zhttp://vizier.u-strasbg.fr/viz-bin/VizieR
Shttp://www.ivoa.net/index.html
“https://heasarc.gsfc.nasa.gov/
Shttps://tools.asdc.asi.it/

to update solution. The choice to set up a new archive interface,
therefore, descends from the importance of collecting data from
the large archives of AGN observations that we currently possess,
while maintaining the ability to develop customizable access to
advanced information, such as spectroscopy and time resolution.
All such features should be combined with the ability to perform
statistical studies of SEDs, fitted through combinations of thermal
and non-thermal radiation sources.

4. RESULTS AND PERSPECTIVES

Due to the complex combination of thermal and non-thermal
contributions that participate to their spectrum, involving black-
body radiation from the accretion disk, synchrotron emission
from relativistic plasmas and inverse Compton scattering of
seed photons in the disk corona and possibly in jets, AGNs
are commonly detected over a broad range of frequencies. As a
result AGNs are often characterized by a high-energy radiation
excess and X-ray surveys are very effective to identify them.
Moreover they are the dominant population of extragalactic
sources in the range of y -ray emission (Acero et al., 2015). Taking
advantage of the availability of spectroscopic surveys, we are able
to investigate the SED properties of multi-frequency emitters, in
connection with the optical spectroscopic properties that lead
us to identify the existence of a specific type of nuclear activity.
Figure 1 illustrates an example application of AGNMWC to set
up such kind of investigation. Starting from the 2nd ROSAT
all sky survey catalog (2RXS, Boller et al., 2016) and requiring
coincident detections in the WISE, GALEX, and USNO (Monet
et al., 2003) at an angular separation of r < 15arcsec (to
account for the limited spatial resolution of ROSAT), we select
53,683 sources with multi-frequency detection, distributed at
high galactic latitude. Using AGNMWC to import observations
obtained from the data sources listed in Table 1, we are able to
reconstruct the SED of targets and to model their features in
terms of power-law and black-body components. By comparing
the models of different types of sources, we can immediately
appreciate how the transition from Type 1 to Type 2 objects
occurs in a consistent way with the expected effects of an
increasing amount of obscuration toward the central source.
The case of 3C 273, a prototypical Type 1 QSO belonging to
the Flat Spectrum Radio Quasar (FSRQ) blazar family, is a fair
example of AGN SED with prominent non-thermal emission
and a clear signature of a thermal excess, having an estimated
temperature of 2.58 - 10* K, in very good agreement with the
expectations for an AGN seen without significant obscuration
toward the central engine. Conversely, in the SED of NGC 1068,
a Type 2 source that has well established evidence for a hidden
Broad Line Region (BLR, Antonucci and Miller, 1985), the
non-thermal contribution is energetically overwhelmed by the
thermal emission of an optically thick obscuring structure that
absorbs most of the ionizing radiation of the central source,
with just the exception of the highest energy, more penetrating
photons, and radiates it back isotropically, in the form of an
IR bump. The search of similar features in the SEDs of objects
detected at various frequencies leads to the identification of AGN
candidates located at high Galactic latitudes all over the sky.
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FIGURE 1 | (Left) Examples of SED models for proto-typical Type 1 (3C 273, blue points and continuous curve) and Type 2 (NGC 1068, red points and continuous
curve) obtained from the cross-match of NVSS, WISE, IRAS, 2MASS, USNO B2, GALEX, XMM-Newton, INTEGRAL, and Fermi/LAT data. The SEDs have been
modeled through the combination of three exponential cut-off power laws and a black-body contribution and normalized to the same optical flux. We note the
energetically dominant non-thermal emission with a hot UV thermal contribution in the case of the Type 1 SED, compared to the IR thermal excess due to radiation
reprocessing in the warm obscuring medium of the Type 2 source. (Right) Aitoff projected distribution of 53,683 sources, selected on the basis of detected emission
over the frequency range spanning from IR to X rays, plotted in galactic coordinates over a gray-scale map of HI column density in the Milky Way. Absorption of
radiation and source confusion are still the main issues affecting the detection of extragalactic objects close to the Galactic plane.

TABLE 1 | Data sources for the selection of multi-wavelength SED points. An additional advantage of developing a customizable service
to investigate the multi-wavelength properties of AGNs stems

Instr./catalog log » {Hz) Band References from the possibility to explore time domain properties. Indeed,
SUMSS 8.93 Radio Mauch et al., 2003 one of the most striking properties of AGNs, particularly in the
NVSS 915 Radio Condon et al., 1998 case of Type 1 sources and especially for blazars, is a strong
IRAS 10481340  FR Helou and Walker. and mostly irregular variability. The origin of this behavior is

1988 related to the details of the accretion process in the central engine
WISE 1343 -13.94  FR Cutri et al., 2012 and the influence of changes in one spectral component on the
OMASS 14141438 NR Skrutskie et al., 2006 others may lead to unveil the structure of the source beyond
GALEX 1500—15.30 UV Bianchi et al.. 2011 the current limits of observational resolution (Blandford and
ROSAT 1686 —17.23  Soft-X Boller et al., 2016 McKee, 1982; Peterson, 1998). An example of such application
YMM-Newton 16.86— 1816 Xrays Rosen et al., 2016 is illustrated in Figure?2, for the case of the FSRQ blazar
INTEGRAL 18701900  Soft y rays Bird et al., 2010 3C 345 (Berton et al., 2017). During the period monitored
Fermi/LAT 23002600  y rays Acero et al., 2015 by the Fermi/LAT y-ray telescope between August 2008 and

October 2016, this source showed a significant decrease of
high-energy activity, which, in spite of the occurrence of strong
outbursts, apparently involved its overall emission. Like many
The distribution of such objects strongly argues in favor of their ~ other blazars, its SED is energetically dominated by the non-
extragalactic origin and the AGN nature can be directly assessed, ~ thermal processes arising in the jet and the observed decrease
if the source lies in the footprint of a spectroscopic survey or  in luminosity might be interpreted as a loss of jet power. The
it can be associated to an optical counterpart for spectroscopic  ejection of new relativistic plasma blobs, reported by VLBI
follow-up. Looking at the sources located in the footprint of  radio observations in correspondence with some flares represents
the SDSS-DR 12, we find 6,127 objects with spectra, out of  episodic breaks in this general trend, which, in some cases,
which 5,901 are spectroscopically confirmed AGNs, while the  appears to affect other spectral components, like the prominent
remaining are mainly interacting star systems. By requiring that ~ broad Mg I 12798 emission line. This line, which in general
the X-ray spectra of the sources are dominated by a power-law ~ shows a well defined anti-correlation between equivalent width
contribution, we reduce to a total number of 2,389 sources, 2,300  and continuum intensity (i.e., a Baldwin Effect, Baldwin, 1977;
out of which are confirmed active galaxies. Similar methods have ~ Pogge and Peterson, 1992), exhibited a strong variation shortly
been widely used in the literature (e.g., Massaro et al.,, 2014,  after a y-ray flare without any evidence of changes in the
2015; Alvarez Crespo et al., 2016a,b,c), and they were specifically ~ underlying continuum, suggesting that the flare occurred very
adapted in our catalogs to investigate the nature of unclassified ~ close to the central SMBH and within the BLR. A subsequent
y-ray sources (Chiaro et al., 2016; La Mura et al., 2017). analysis of its spectrum and SED shows that, while moving from
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the maximum activity to the minimum observed during the  very close to the black hole affects the coupling of jet and
monitoring, the source featured a decrease of jet emission power,  accretion disk, favoring the accretion flow with respect to the jet
but a relevant enhancement in the relative importance of the  immediately after the outburst. Clearly much more investigation
thermal component, for which we also observe a slight increase  of similar processes in this and other sources is required to verify
of temperature. A possible explanation of such a behavior may  this possibility. A summary of the models that were used to
reside in the fact that the processes, which feed power to the  reconstruct the illustrated SEDs is reported in Table 2.

jet, are likely slowing the accretion rate. In such circumstances, In order to take full advantage of the opportunity to
it could be possible that the ejection of a plasma blob from  investigate AGN SEDs with the wealth of available observing
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FIGURE 2 | SED fits (left) and corresponding optical spectra (right) of the FSRQ blazar 3C 345 observed during a high state (October 26, 2009; blue points and
lines) and a low state (May 25, 2016; red points and line). Non-thermal power laws have been represented as long-dashed lines, while short-dashed curves are
thermal contributions. Solid lines are used to show total models. The power-law dominance for this object suggests that the main source of radiation probably arises
from the relativistically beamed contribution of the jet, as expected for blazars. In the low activity state, however, a slight but sensible increase in the relative
importance of the thermal component can be appreciated, suggesting that a weaker jet activity is likely being associated with an increased accretion efficiency and a
higher temperature of the accretion disk.

TABLE 2 | SED fitting models.

Object Function log v,(,‘;’,!n log v,(,a,)ax Norm. Index®) Temp. szed
3C 273 Power law 8.6 13.1 2.30-10"18 0.60 -

Power law 13.1 17.6 1.31.10°6 —0.31 -

Power law 17.1 22.6 1.26-10-28 0.70 -

Black body - - 1.03.10-12 - 25,800K 1.11
NGC 1068 Power law 8.5 13.0 2.49 1028 1.52 -

Power law 12.8 17.5 7.068 - 102 —-0.85 -

Power law 17.0 24.0 482.10713 0.05 -

Black body - - 1.04-1074 - 540K 1.17
3C 345 (high) Power law 11.0 16.8 5.193.10~10 —0.19 -

Power law 17.0 24.5 8.28.10719 0.31 -

Black body - - 75110717 - 31,340K 1.05
3C 345 (low) Power law 10.1 17.0 1.096 - 10712 —0.06 -

Power law 17.0 24.5 7.07-10"18 0.24 -

Black bodly - - 3.38-10"17 - 38,630K 1.06

@[ ogarithm of exponential cut-off frequency given in Hz.
O)The power-law index is given according to the notation v F, o v®.
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material, we are currently developing our interactive catalog
tools in the framework of possible connections with an
ever increasing number of online services and particularly
matching the procedural strategies of the Virtual Observatory.
Although several opportunities to improve AGNMWC can still
be pursued, especially with the inclusion of more detailed
physical models to fit the target SEDs and the introduction of
more suitable stand-alone solutions that may rely on lighter
requirements on the connection with SQL driven databases,
we maintain a test suite of the tool at the URL address:
https://1drv.ms/u/s! AngiMxTxSRoxgjnYsXm3-DuHub2u that is
used for testing and development purposes. The online package
includes the Java client application, the example catalog
described in this study and a technical description illustrating
the procedures to build a compliant database. Its system
requirements are limited to the presence of a JRE v1.6 or above
and to the possibility to connect to an SQL database managed
either by MySQL v5.6.19 or by MS SQL Server 2008, or following
releases.
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Active galactic nuclei (AGNs) are known to cover an extremely broad range of radio
luminosities and the spread of their radio-loudness is very large at any value of the
Eddington ratio. This implies very diverse jet production efficiencies which can result
from the spread of the black hole spins and magnetic fluxes. Magnetic fluxes can be
developed stochastically in the innermost zones of accretion discs, or can be advected
to the central regions prior to the AGN phase. In the latter case there could be systematic
differences between the properties of galaxies hosting radio-loud (RL) and radio-quiet
(RQ) AGNs. In the former case the differences should be negligible for objects having
the same Eddington ratio. To study the problem we decided to conduct a comparison
study of host galaxy properties of RL and RQ AGNSs. In this study we selected type |l
AGNs from SDSS spectroscopic catalogs. Our RL AGN sample consists of the AGNs
appearing in the Best and Heckman (2012) catalog of radio galaxies. To compare RL
and RQ galaxies that have the same AGN parameters we matched the galaxies in black
hole mass, Eddington ratio and redshift. We compared several properties of the host
galaxies in these two groups of objects like galaxy mass, color, concentration index,
line widths, morphological type and interaction signatures. We found that in the studied
group RL AGNs are preferentially hosted by elliptical galaxies while RQ ones are hosted
by galaxies of later type. We also found that the fraction of interacting galaxies is the
same in both groups of AGNs. These results suggest that the magnetic flux in RL AGNs
is advected to the nucleus prior to the AGN phase.

Keywords: active galaxies, radio galaxies, jetted and non-jetted AGNs, radio-loudness, galaxy morphology

1. INTRODUCTION

Active galactic nuclei (AGNs) are powered by accretion on a supermassive black hole (BH).
Although the first discovered AGNs were radio-loud (RL), most of AGNs are radio-quiet (RQ). The
radio-loudness of RL AGNs, defined as the ratio of the radio flux to the optical flux (Kellermann
et al,, 1989), covers several orders of magnitude (e.g., Sikora et al., 2007; Lal and Ho, 2010) which
implies very diverse jet production efficiencies. For jets powered by rotating BHs (Blandford and
Znajek, 1977), the efficiency of the jet production can be related to the spread of the BH spins and
the amount of magnetic fluxes accumulated in the central AGNs.

Magnetic fluxes can be developed stochastically in the innermost zones of accretion discs
(Begelman and Armitage, 2014), or can be advected to the central regions of a galaxy prior to
the AGN phase (Sikora et al., 2013; Sikora and Begelman, 2013). In the latter case there could be
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systematic differences between the properties of galaxies hosting
radio-loud and radio-quiet AGNs. Our aim is to compare the
properties of the host galaxies of radio-loud and radio-quiet
AGNs to distinguish which of these two scenarios is more
probable. If we find that RQ and RL are hosted by different
galaxies, we could discard the scenario where radio jets are
stochastic.

Radio-loud (jetted) and radio-quiet (non-jetted) AGNs have
already been studied extensively and some systematic differences
were found between these two groups of objects:

e The most radio-loud AGNs are found in galaxies with black
hole masses > 108 Mg, (Laor, 2000; Dunlop et al., 2003; Floyd
et al., 2004; McLure and Jarvis, 2004; Best et al., 2005).

e The fraction of radio-loud objects and radio loudness
increases with decreasing Eddington ratio, A = Lyoj/Lgq4q (e.8-»
Terashima and Wilson, 2003; Kratzer and Richards, 2015), but
there is a large scatter in radio loudness for AGNs with similar
Eddington ratio.

e The fraction of galaxies with disturbed morphology is larger
in RL than in RQ AGNs (Bessiere et al., 2012; Chiaberge et al.,
2015).

e RL AGNs are located in denser environments
Mandelbaum et al., 2009; Ramos Almeida et al., 2013).

(e.g.

However, the differences listed above concern entire families of
objects, but not objects that have the same accretion properties.
Moreover, in catalogs of AGNs there are many objects with
properties characteristic of RL objects like very massive black
holes, low Eddington ratios, and disturbed morphologies, but
they are radio-quiet. Therefore, we ask the question why is the
efficiency of the jet production very different among otherwise
similar objects?

In our project we concentrate on Type 2 (i.e., obscured)
objects, to be able to study the properties of the host galaxies,
with Eddington ratios A > 0.003, and we seek the differences
between radio-loud and radio-quiet AGNs to check if there are
any generic differences between the host galaxies of these two
groups of objects that can indicate different evolution histories
of jetted and non-jetted AGN.

2. METHODS

2.1. Selection of the Samples

The samples of radio-loud and radio-quiet galaxies were selected
from the SDSS DR7 spectroscopic catalogs (Abazajian et al,
2009). Only galaxies with S/N > 10 A=! in the region around
Lo = 4,020 A were chosen. We also applied the redshift cuts, low
velocity dispersion limit and S/N limits in emission line fluxes as

log [OlII)/HB

-1-050 05 1
log [NIl]/Ha

log Mgy [Mo)
®
lllllllll'lllkl

10 11 12
log M, [Me]

l°g wHa [A]
o

w
el

-1-050 05 1
log [NII]/Ha

log Mg, [M.]

FIGURE 1 | Top: BPT and WHAN diagrams for RL and RQ AGNs (red and blue points, respectively). The solid black line in the BPT diagram is the Kewley et al. (2001)
line, while the dashed line separates galaxies with line emission dominated by the AGN. In the WHAN diagram the solid lines separate SF galaxies, strong AGNs, weak
AGNSs and retired galaxies (Cid Fernandes et al., 2011). Bottom: Mpgp vs. stellar mass and Mgy, vs. Eddington ratio. The histograms of plotted parameters for RL and
RQ galaxies are also shown. Updated version published in Koziet-Wierzbowska et al. (2017).
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in Koziel-Wierzbowska et al. (2017). Galaxies with faulty pixels in
the area of emission lines were eliminated. After this step, AGNs
were selected based on the BPT diagram and the Kewley et al.
(2001) line. Using the WHAN diagram (Cid Fernandes et al,
2011), we removed those galaxies in which the emission lines
could be produced by hot, low-mass, evolved stars (the retired
galaxies defined in Stasinska et al., 2008). This procedure selected
19883 optical AGNEs.

Among this sample of optical AGNs, we searched those which
belong to the Best and Heckman(2012; BH12) catalog of radio
galaxies and whose radio emission is considered by them to be
produced by an AGN. The BH12 catalog flux limit is 5 m]Jy.

After limiting ourselves to AGNs with Eddington ratio A >
0.003!, i.e., focusing mostly on sources with radiatively efficient
accretion, we obtained our RL AGN sample of 376 objects, and
our RQ AGN sample of 10,918 objects.

The host galaxy stellar masses, velocity dispersions (used to
calculate Mpy), nebular extinction, emission line fluxes and
equivalent widths, and the Eddington ratios, A, where obtained
from the SDSS data after applying the STARLIGHT (Cid
Fernandes et al., 2005) spectral model-fitting.

The upper panels of Figure 1 show the BPT (Baldwin et al,,
1981) and the WHAN (Cid Fernandes et al., 2011) diagrams
for our RL and RQ samples. RL AGNs are shown in red and
RQ AGNs in blue. On both axes the normalized histograms
are presented. The black curve is the Kewley et al. (2001) line.
The location of red and blue points is similar which shows that
objects from both samples have similar ionization properties.
The bottom panel in Figure 1 shows Mpy as a function of the
galaxy stellar mass M,, and of the Eddington ratio, A. In these
diagrams RL and RQ galaxies are shifted relative to each other.
On average, RL AGNs have higher black hole masses and higher
stellar masses compared to RQ galaxies. RL objects have also
lower A. These observations are compatible with trends found
by previous authors (see Introduction). These two panels clearly
show that in order to compare RL and RQ AGNs it is necessary
to match them in black hole mass and Eddington ratio.

2.2. Pair-Matching of RL and RQ Galaxies

To compare RL and RQ galaxies with the same AGN parameters,
we applied a pair-matching technique. Galaxies were matched
in redshift, black hole mass (Mpy) and Eddigton ratio (1). In
practice for each RL object we selected all RQ objects for which:
|Az| < 0.01, |Alogi| < 0.09, and |Alog Mpy| < 0.1206. We
computed the distance as dfn ach = 2 A2, For each RL AGN
three RQ galaxies with the smallest d were included into the
matched RQ sample (mRQ sample).

We defined the radio loudness parameter by R =
L1.4[W Hz7']/Lya (L), where Ly 4 is the radio luminosity at 1.4
GHz. The classical criterion for radio-loud AGN, R > 10
(Kellermann et al., 1989), translates into log R > 15.8. From the
matched RQ sample we excluded galaxies that were undetected
in radio and for which the radio-loudness (estimated from the

!'This step ensures us that we calculate the bolometric luminosity consistently and
correctly for all studied sources.
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FIGURE 2 | Histograms of selected parameters of RL (red) and mRQ (blue)
objects. In each panel we show the results of the Anderson-Darling and
Mann-Whitney tests in terms of probabilities p that the samples could be
drawn from the same population. Results with p < 0.003 are written in black,
those with p < 0.05 are written in dark gray. Blue and red points at the top of
each histogram indicate the median values and the horizontal lines indicate the
quartiles. Published in Koziet-Wierzbowska et al. (2017).
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flux limit od 5 m]Jy in the BH12 catalog) is larger than 10 (log
R > 15.8).

3. RESULTS

We present our results in the form of histograms. Figure 2 shows
histograms of selected parameters of RL (red) and RQ (blue)
galaxies. Results for RL AGNs and their matched RQ galaxies
are presented separately for three bins in the value of the radio-
loudness R of the parent RL object. R bins were chosen to
represent classically radio-quiet (although jetted, log R < 15.8)
objects, intermediate radio-loud objects (15.8 < log R < 16.8),
and the most radio-loud ones (log R > 16.8). In each bin,
the tick mark with horizontal line shown on the top of the
histograms represents the median value and the quartiles. We
used two statistical tests to study the difference between RL and
mRQ samples. These are the Anderson-Darling (AD) and Mann-
Whitney (MW) tests. These tests give the probability that both
samples are drawn from the same population.

Among the studied parameters, the stellar galaxy masses, M,
and the colors, u-r, have very similar distributions for RL and
RQ AGNs. In the case of galaxy mass this result is expected
since we matched our objects in Mpy which correlates with M.
The concentration index, CI, and the galaxy axes ratio, b/a, the
two parameters associated with galaxy shape and morphology,

show significant differences. RL galaxies tend to have larger
concentration index, and larger axes ratios in the two highest R
bins. The lower values of CI and b/a ratio in the matched RQ
sample indicate more disky galaxy morphology.

In the next two panels we present a comparison of the nebular
extinction, A‘be, and of the [O 111] to HP line fluxes ratio. The
values of A“‘,eb decrease with increasing R. [O 111]/HB differs
significantly in the bin of the highest R. These results may suggest
some contribution from the H II regions to the line emission. The
last panel shows histograms of [O I11] line widths. We see that the
line widths in RL galaxies tend to be larger then in RQ AGNs in
the lowest R bins. We speculate that this can result from having
at low R less collimated jets. Forming wider outflows such jets
may affect the motion of the gas clouds in the narrow line region,
and hence broaden the emission line profiles.

To eliminate the contribution of H II regions from our
studies we decided to use “cleaned” samples. In these samples
only galaxies that lie above the dashed curve shown in BPT
diagram from Figurel are included. In these galaxies the
contribution from H II regions can be neglected. The results
for the cleaned samples (see Koziel-Wierzbowska et al., 2017)
confirm our findings for the whole RL and mRQ samples
concerning morphological properties.

From the comparison of CI and of the b/a ratio we see
that there is a difference in morphology between RL and
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FIGURE 3 | Cumulative fraction of RL (shades of red) and RQ (shades of blue) classified as elliptical, lenticular, distorted, ring, or spiral galaxies. Ry corresponds to
log R < 15.8, Ry t0 156.8 < log R < 16.8, and R3 to log R > 16.8. Results are shown for three classifiers separately.
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FIGURE 4 | Cumulative fraction of RL AGNs in three R bins, and their closest mRQ galaxies showing signs of the galaxy interaction. The layout is the same as for
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mRQ galaxies. To confirm this result we decided to perform a
morphological classification of all RL galaxies and the closest
match from the RQ galaxies. Classifiers looked at the color
SDSS images of these objects and attributed to each galaxy a
morphological type. The results for the three classifiers are shown
in Figure 3. The panels in this figure show in different shades
of red (blue) the fraction of RL (mRQ) galaxies classified as
elliptical, lenticular, distorted, ring, or spiral galaxies. As before,
results are presented separately for three R bins. As we can see,
the fraction of ellipticals among RL objects in all three radio-
loudness bins is larger than among the matched RQ galaxies.
Note that low-CI galaxies are not spirals, but lenticular or
distorted galaxies. This result was confirmed using Galaxy ZOO
data.

The classification scheme also included information about
galaxy interactions like major or minor mergers, tail, or suspected
interaction. Figure 4 shows the results concerning the fraction of
galaxies with interaction signatures considered as certain. Here,
as interacting, we consider major or minor mergers and galaxies
with a tail. In Figure 4 we do not see any systematic difference
between RL and RQ AGNs suggesting that galaxy interaction has
no special effect on the radio activity of the AGN. Our result is
in contradiction with Chiaberge et al. (2015) who found that all
radio-loud galaxies in their sample are mergers, however their
sample consisted of FRII radio galaxies at redshifts larger than
1, while in our sample we have only local AGNs mostly with
compact morphologies.

4. SUMMARY

The results presented here clearly show that not only Eddington
ratio and black hole mass determine the jet production efficiency.
In the description of the jet production the accumulation of the
magnetic flux in the AGN center and the BH spin have also to
be taken into account. The fact that we find a higher fraction of
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After the discovery of powerful relativistic jets from Narrow-Line Seyfert 1 Galaxies, and
the understanding of their similarity with those of blazars, a problem of terminology
was born. The word blazar is today associated to BL Lac Objects and Flat-Spectrum
Radio Quasars, which are somehow different from Narrow-Line Seyfert 1 Galaxies.
Using the same word for all the three classes of AGN could drive either toward some
misunderstanding, or to the oversight of some important characteristics. | review the main
characteristics of these sources, and finally | propose a new scheme of classification.

Keywords: relativistic jet, blazar, quasar, BL Lac Object, Narrow-Line Seyfert 1 galaxy, black hole, neutron star

1. INTRODUCTION

The title is borrowed from Haruki Murakami’s What we talk about when we talk about running,
who, in turn, borrowed it from Raymond Carver’s What we talk about when we talk about love.
Far from competing with those two outstanding authors, I just would like to draw the attention on
some recent discoveries about relativistic jets, and how to include them into the unified model of
active galactic nuclei (AGN) with jets. I would like to underline that this is not a challenge to the
unified model, but rather the request of an evolution and an improvement.

It is not the first time that there is an evolution in the terminology of this type of cosmic sources.
This should not be looked as a mere fashion about words. It is true that physical objects exist
independently on how we name them, but it is also true that using the most proper words makes
it easier to study them, by avoiding to remain stuck on a swamp of fake problems and misleading
questions. When Gregorio Ricci Curbastro and Tullio Levi-Civita proposed the tensor calculus,
many other mathematicians rejected it, because they thought it was just a mere rehash of old maths.
When speaking about Ricci Curbastro, Luigi Bianchi told that he preferred to find new things with
old methods, rather than to find old things with new methods (cited in Toscano, 2004). On the
opposite, Henri Poincaré wrote that a proper notation in mathematics has the same importance
of a good classification in natural science, because it allows us to connect each other many events
without any apparent link (cited in Bottazzini, 1990).

Back to the topic of this essay, I would like to remind some past changes in terminology
about relativistic jets. In 1978, Ed Spiegel proposed the term blazar as a contraction of
the words BL Lac Objects and Optically Violently Variable Quasars (OVV) (Angel and
Stockman, 1980); in 1994-1995, Paolo Padovani and Paolo Giommi proposed to rename radio-
selected BL Lac Objects (RBL) as low-energy cutoff BL Lacs (LBL), and X-ray selected BL
Lac Objects (XBL) changed to high-energy cutoff BL Lacs (HBL) (Giommi and Padovani,
1994; Padovani and Giommi, 1995); also the Fanaroff-Riley classes of radio galaxies changed
to low- and high-excitation radio galaxies (LErG, HErG) (Hine and Longair, 1979; Laing
et al, 1994; Buttiglione et al., 2010). In his opening talk at the conference Quasar
at all cosmic epochs (Padova, April 2-7, 2017), Paolo Padovani proposed to stop using
radio loud/quiet terms and to start speaking about jetted AGN or not. I was less severe
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in my thoughts on radio loudness some years ago (Foschini,
2011), although I agreed with Padovani. It is time to be resolute in
changing terminology. Also Martin Gaskell wrote: “I tell students
that classification is one of the first step in science. As science
progresses, however, I believe that we need to move toward
physically meaningful classification schemes as soon as possible.
To achieve this, we need to be willing to modify our definitions,
or else we can impede progress” (cited in D’Onofrio et al., 2012).
This means to move from a purely observational classification to
a terminology with more physical grounds. It should be needless
to say, but before establishing the type of a cosmic source, it is
necessary to study it. A simple measure is the easy way, but it is
also the most prone to errors.

Today, AGN with jets are unified according to the scheme by
Urry and Padovani (1995, Table 1), which in turn summarizes
many years of contributions from pioneers (see the historical
review in D’Onofrio et al., 2012). Urry and Padovani’s scheme has
its pillars in three main factors: viewing angle, optical spectrum,
radio emission. They also suggested a fourth factor, the black hole
spin, which should be greater for jetted AGN.

With reference to jetted AGN only, the Urry and Padovani’s
unified model can be divided into two main classes and four
subclasses on the basis of viewing angle and optical spectrum
(Urry and Padovani, 1995):

1. Blazar (small viewing angle, beamed sources):

(a) Flat-spectrum radio quasar (FSRQ), prominent emission
lines in the optical spectrum;

(b) BL Lac Object, weak emission lines or featureless
continuum in the optical spectrum;

2. Radio galaxies (large viewing angles, unbeamed sources):

(a) HErG, prominent emission lines in the optical spectrum;
(b) LErG, weak emission lines or featureless continuum in the
optical spectrum;

The mass of the central spacetime singularity was generally in the
range ~ 103710M¢, (Buttiglione et al., 2010; Ghisellini et al., 2010;
Tadhunter, 2016), which seemed to fit well with the elliptical
galaxies hosting this type of cosmic sources (Olguin-Iglesias
et al,, 2016). The limited range meant to neglect the mass when
scaling the jet power. Therefore, the main factor regulating the
electromagnetic emission became the electron cooling, which is
the basis of the so-called blazar sequence (Fossati et al., 1998;
Ghisellini et al., 1998). The observed blazar sequence indicated
that the spectral energy distribution (SED) of high-power blazar
(FSRQs) had the synchrotron and the inverse-Compton peaks
at infrared and MeV-GeV energies, respectively, while that of
low-power sources (BL Lac Objects) had the peaks shifted to
greater energies (UV/X-rays and TeV, respectively) (Fossati et al.,
1998). This was explained as different cooling of relativistic
electrons due to different environment, rich of photons or not
(physical blazar sequence, Ghisellini et al., 1998). In addition,
since no other jetted AGN with smaller masses were known, it
was thought that the generation of a relativistic jet required a
minimum black hole mass (Laor, 2000; Chiaberge and Marconi,
2011).

Truly speaking, the lack of small-mass jetted AGN was a
selection bias. For example, in Miley and Miller (1979) studied
a sample of 34 quasars with z < 0.7: their sample included
also objects with small black hole mass, which resulted to have
compact radio morphology. In Wills and Browne (1986) studied
a sample of 79 quasars with the same redshift range, but selecting
only bright sources (mag < 17): small-mass objects disappeared.
Therefore, jets from small-mass AGN were known at least since
seventies, but they were disregarded, likely because of the poor
instruments sensitivity. The recent technological improvements
resulted in an increase of the cases of powerful jets hosted in
spiral galaxies (hence, small mass of the central black hole) (Keel
et al., 2006; Morganti et al., 2011). Also recent surveys showed
that disk/spiral hosts are not just an exception, but they could
be a significant fraction of jetted AGN (Inskip et al., 2010; Coziol
etal.,, 2017). Particularly, Coziol et al. (2017) confirmed the results
of Miley and Miller (1979): small-mass compact objects have
generally weak, and compact radio jets.

2. HIGH-ENERGY GAMMA RAYS FROM
NARROW-LINE SEYFERT 1 GALAXIES

The turning point occurred in 2009, with the detection of high-
energy y rays from Narrow-Line Seyfert 1 Galaxies (NLS1), thus
providing evidence of powerful relativistic jets from small-mass
AGN (Abdo et al., 2009a,b,c; Foschini et al., 2010) (see also
Foschini, 2012b for a historical review). NLS1s do have small-
mass central black holes (< 108Mg), high accretion luminosity
(close to the Eddington limit), prominent optical emission lines,
but relatively weak jet power, comparable to BL Lac Objects
(Foschini et al., 2015). Kinematics of radio components revealed
superluminal motion (~10c Lister et al., 2016; see also Angelakis
etal,, 2015; Lahteenmaiki et al., 2017 for more information about
radio properties), while infrared colors indicated an enhanced
star formation activity (Caccianiga et al., 2015). The host galaxy
is not yet clearly defined: there is evidence that NLS1 without
jets are hosted by spiral galaxies, but y —ray NLS1 are still poorly
known. However, early observations of a handful of sources point
to disk galaxy hosts!, the result of either a recent merger or a
secular accretion (Zhou et al., 2007; Antén et al., 2008; Hamilton
and Foschini, 2012; Ledn Tavares et al., 2014; Kotilainen et al.,
2016; Olguin-Iglesias et al., 2017).

All the observed characteristics of NLSIs suggested that
this class of AGN could be the low-mass tail of the quasars
distribution (Abdo et al., 2009a; Foschini et al., 2015). Indeed,
as proved by Berton et al. (2016), the NLS1s luminosity function
matches that of FSRQs. The parent population of jetted NLS1s
could be that of Compact Steep Spectrum (CSS) HErG (Berton
et al,, 2016, in press). This fits well with the idea that NLS1s are
quasars at the early stage of their evolution or rejuvenated by a
recent merger (Mathur, 2000).

I'Two opposite interpretation were proposed for FBQS J1644+2619, a spiral barred
host (Olguin-Iglesias et al., 2017), and an elliptical galaxy (D’Ammando et al.,
2017). However, the former observation seems to be more reliable, because done
with a much better seeing than the latter.
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However, I would like to underline that it is not a matter
of NLSIs only, but of small-mass AGN. Recent surveys with
Fermi/LAT (Shaw et al., 2012; Foschini et al., 2016) and the
Sloan Digital Sky Survey (Best and Heckman, 2012) indicated
that jetted AGN with small-mass black holes are not restricted
to NLS1s-type AGN. The exact observational classification is not
the point, but what is important is the relatively small mass of the
central spacetime singularity. This confirms once again that the
mass threshold to generate the relativistic jet in AGN was just an
observational bias.

3. THE UNIFICATION OF RELATIVISTIC
JETS

Removing the mass-threshold bias has the important
consequence of the unification of relativistic jets from AGN
and from Galactic X-ray binaries (XRBs) (Foschini, 2012a,
2014). In a jet power vs. disk luminosity graph (see Figure 7.4
of Foschini, 2017), NLS1s populate the previously missing
branch of small-mass highly-accreting compact objects, the
analogous of accreting neutron stars for the XRBs sample (see
also Paliya et al., 2016 for a larger sample of AGN). By applying
the scaling relationships elaborated by Heinz and Sunyaev
(2003), it is possible to merge the AGN and XRBs populations.
A residual dispersion of about three orders of magnitudes
remain (see Foschini, 2012a, 2014): measurements errors could
account for about one order of magnitude, while the remaining
two could likely to be due to the spin of the compact object
(Heinz and Sunyaev, 2003; Moscibrodzka et al., 2016), whose
measure is still missing or largely unreliable (see also Foschini,
2017).

4. IMPLICATIONS OF THE UNIFICATION

Having proved the Heinz and Sunyaev’s scaling theory (Heinz
and Sunyaev, 2003), the jet power vs. disk luminosity graph could
be used also to understand and to visualize some implications
of the unification of relativistic jets (Figure 1). Each population
has two branches, depending on the main factor driving the
changes in the jet power. The dashed blue rectangle in Figure 1A
summarizes the blazar sequence (Fossati et al., 1998; Ghisellini
etal., 1998): the black hole masses of blazars are within about one,
maximum two, orders of magnitudes, and, therefore, the main
changes in the jet power are driven by the electron cooling in
different environments. The red rectangle in Figure 1A refers to
similar environments (FSRQs and NLS1s), but largely different
masses (> 108Mq vs. < 108Mg, respectively), which in turn
implies that the main change in the jet power is due to the
mass of the central black hole (Heinz and Sunyaev, 2003).
The relatively small-mass black hole (< 108Mg) is necessary
to explain the weak jet power of NLS1s, which is comparable
with BL Lac Objects (Foschini et al., 2015): as the environment
of NLS1s is rich of photons like FSRQs, a large black hole
mass would mean that relativistic electrons of the jet do no
cool efficiently with so many photons, thus contradicting a
basic physical law. Indeed, BL Lac Objects have weak jet and

large masses (> 108Mg), but their environment is photon-
starving (see also Foschini, 2017). The NLS1s branch (red
rectangle) also prove that the observational blazar sequence
(the dashed blue rectangle only Fossati et al., 1998) was due
to a bright-source selection bias, although the physical blazar
sequence (Ghisellini et al., 1998) remains valid, as it simply
refers to how relativistic electrons cool depending on photon
availability.

When comparing the AGN with XRBs samples, one can note
that the blazar sequence corresponds somehow to the stellar-
mass black hole states, but on different time scales. Galactic black
holes evolve on human time scales: it is possible to observe a
state change of a black hole along months/years of observations.
A quasar requires some billion of years to swallow most of the
available interstellar gas and to become a BL Lac Object (Bottcher
and Dermer, 2002; Cavaliere and D’Elia, 2002; Maraschi and
Tavecchio, 2003). This opens another implication, namely the
cosmological evolution (Figure 1B). The blazar evolutionary
sequence (Cavaliere and D’Elia, 2002; Bottcher and Dermer,
2002; Maraschi and Tavecchio, 2003) suggested that quasar are
young AGN, which become BL Lac Objects as they grow. This
scenario has to be updated now by adding also NLS1s, which
are thought to be a low-redshift analogous of the early quasars
(Mathur, 2000; Berton et al., in press). Therefore, one could
think at the sequence NLS1s — FSRQs — BL Lac Objects,
going from small-mass highly-accreting to large-mass poorly-
accreting black holes, as different stages of the cosmological
evolution of the same type of source (young — adult — old,
Figure 1B). This view implies that BL Lac Objects have the
largest masses, being (perhaps) the final stage of the cosmic
lifetime, at odds with the results of some surveys (Ghisellini
et al, 2010). Again, if one removes the bright sources selection
bias, it is possible to find that indeed BL Lacs/LErGs do
have masses larger than FSRQs/HErGs (Best and Heckman,
2012).

On the other side of the evolution, it is worth noting the
presence of strong star formation in NLSIs, with infrared
properties similar to UltraLuminous InfraRed Galaxies (ULIRGs)
(Caccianiga et al., 2015). This points also to some link to the very
birth of a quasar and its jet, which in turn could be an essential
angular momentum relief valve to enhance the accretion (Jolley
and Kuncic, 2008). ULIRGs as early quasar stage were already
studied by Sanders et al. (1988a,b) and it is interesting to note
the presence in his sample of both the NLS1 and the quasar
prototypes (I Zw 1, and 3C 273, respectively).

It is also worth noting the application of the same sequence to
the XRBs population, which implies a transition from accreting
neutron stars to stellar-mass black holes (Belczynski et al., 2012;
Zdziarski et al., 2013; Neustroev et al., 2014).

5. CONCLUSION: A RENEWED UNIFIED
SCHEME

The Urry and Padovani’s scheme (Urry and Padovani, 1995)
updated with the addition of NLS1s and their parent population
of CSS/HErG is shown in Figure 2A. However, this generates
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FIGURE 1 | Implications of the unification of relativistic jets. The AGN sample includes FSRQs (red circles), BL Lac Objects (blue squares or arrows for upper limits in
disk luminosity), and NLS1s (orange stars). The XRB sample includes different states of some stellar-mass black holes (yellow triangles) and accreting neutron stars
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some problem in terminology. The words blazar and radio
galaxy indicate a certain type of cosmic source characterized
by a high black hole mass and hosted by an elliptical galaxy.
The easy addition of NLSIs and CSS to the above scheme
risks to hide important information, as outlined in the previous
section (different black hole mass, different host, ...). This is not
a negligible detail: remind the misleading research directions
caused by the bright sources selection bias, such as the threshold
in the jet generation and the observed blazar sequence. Martin
Gaskell wrote: “When you attach different classification to things,
it is all too easy to get convinced that they are different things.”
(cited in D’Onofrio et al., 2012). On the opposite, if you attach the
same name to different things, it is all too easy to get convinced
that they are the same thing. Therefore, on one side, we need to
unify jetted AGN, but, on the other side, we need to keep some
information about the roots of this unification to understand
the physical processes driving the observational characteristics.
The jets of AGN and XRBs are similar, but their power depends
on the mass of the compact object, its spin, and its accretion
(environment). It is important to note that Figures 1A,B were
built by using the jet power corrected for beaming. Indeed, it
places on the same plane both beamed AGN and XRBs, which
are not so beamed, as it is quite difficult for a Galactic jet
to point toward the Earth, being both on the same equatorial

Galactic plane?. The addition of HErG/LErG/CSS sources would
not change the two-branches structure for each population.
Therefore, it should be possible to drop also the distinction
beamed/unbeamed. From a physical point of view, the two most
important factors in scaling the jet power are the mass of the
compact object and the nearby environment (for the electron
cooling), which in turn depends on the accretion. As already
stated, the spin determines a larger dispersion only (Heinz and
Sunyaev, 2003; Moscibrodzka et al., 2016). Therefore, a more
physical-based unification could be set up by dividing the sources
depending on the mass and on the cooling only (Figure 2B). The
dividing mass is ~108 Mg not because of historical reasons, but
because no BL Lac Object with small mass is known. Indeed,
I have left a question mark on the LMSC (Low Mass Slow
Cooling) cell. Current BL Lacs should be the latest stage of the
cosmological evolution of jetted AGN, and, therefore, a small-
mass BL Lac would mean that there was no evolution. Did such
AGN have no matter enough for accretion? As there are other
small-mass AGN, which are not necessarily NLS1-type (Best
and Heckman, 2012; Shaw et al., 2012; Foschini et al., 2016),
it would be interesting to understand if some of them have

2Galactic compact objects with jets are named microquasars, but there is no such
thing as a microblazar, i.e., a Galactic jet pointed toward the Earth.

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

40

July 2017 | Volume 4 | Article 6


http://www.frontiersin.org/Astronomy_and_Space_Sciences
http://www.frontiersin.org
http://www.frontiersin.org/Astronomy_and_Space_Sciences/archive

Foschini

Blazars

a photon-starving environment. Perhaps, one intriguing case
could be PKS 2004—447 (z = 0.24) that showed observational
characteristics somehow different from the other jetted NLSIs
(Abdo et al., 2009¢; Kreikenbohm et al., 2016; Schulz et al., 2016).
There was also some disagreement on its classification as NLS1s,
on the basis of the weakness of the Fell multiplets (Gallo et al.,
2006; Komossa et al., 2006). It is interesting to point out that it is
the only NLS1 (orange star) in the region of BL Lac Objects (blue
squares or arrows) in Figures 1A,B.

The same terminology adapts well also to the XRB population:
in this case, the dividing mass should be ~3Mg, which is the
minimum for a Galactic black hole. Also in this case, the LMSC
cell remains with a question mark, but the question is more
intriguing, because of shorter time scales. Could it be filled by
pulsars? Similar questions on AGN evolution apply here.
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The Fermi Gamma-ray Observatory discovered about a thousand extragalactic sources
emitting energy from 100 MeV to 100 GeV. The majority of these sources belong to the
class of blazars characterized by a quasi-featureless optical spectrum (BL Lac Objects).
This hampers the determination of their redshift and therefore hinders the characterization
of this class of objects. To investigate the nature of these sources and to determine their
redshift, we are carrying out an extensive campaign using the 10 m Gran Telescopio
Canarias to obtain high S/N ratio optical spectra. These observations allow us to confirm
the blazar nature of the targets, to find new redshifts or to set stringent limits on the
redshift based on the minimum equivalent width of specific absorption features that
can be measured in the spectrum and are expected from their host galaxy, assuming
it is a massive elliptical galaxy. These results are of importance for the multi-frequencies
emission models of the blazars, to test their extreme physics, to shed light on their cosmic
evolution and abundance in the far Universe. These gamma emitters are also of great
importance for the characterization of the extragalactic background light through the
absorption by the IR-optical background photons.

Keywords: blazars, BL Lac objects, optical spectroscopy, redshift, y-ray astronomy

1. INTRODUCTION

A blazar is a jetted active galactic nucleus (AGN) with the relativistic jet that points along the line
of sight of the observer. These kind of objects are bright emitters at all frequencies (from radio to
TeV regime), are characterized by high variability at all frequencies and large polarization, and are
often dominated by the y-ray emission especially during the outbursts.

Their spectral energy distribution (SED) shows the typical doubled-humped structure with two
broad peaks: the first bump is located at low energies, typically in the infrared to X-ray region, and
is interpreted as due to synchrotron emission produced by electrons of the jet spiraling along the
lines of force of the magnetic field, instead the second peak is placed at higher frequency, between
the X-ray and the MeV-TeV energies, and as suggested in most leptonic models, can be due to
Compton scattering of the same electrons (e.g., Maraschi et al., 1992; Dermer and Schlickeiser,
1993; Ghisellini and Tavecchio, 2009).

Blazars are commonly classified in two categories, BL Lac Objects (BLLs) and the Flat Spectrum
Radio Quasars (FSRQs), and this classification depends on the strength of their broad emission
lines respect to the continuum. A more physical distinction is based on to the comparison between
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the luminosity of the broad line region (BLR) and the Eddington
luminosity (e.g., Ghisellini et al., 2017): FSRQs have radially
efficient accretion disk, while the BL Lac objects are not able to
photoionise gas of the BLR, causing the absence of features in
the majority of their optical spectra. This classification needs
to know the mass of the accreting black hole and the redshift
of the source, which for broad emission line AGNs can be
determined by spectroscopy, while for the BLLs is arduous
due to the faintness or absence of the emission/absorption
lines, showing a completely featureless optical spectra
(Falomo et al., 2014).

The advent of the Fermi y-ray observatory, starting
observations in 2008 (Atwood et al., 2009), with its systematic
scanning of the entire sky every 3 h at the high energy band
(HE; > 20 MeV), has revolutionized the blazar studies, previously
performed with radio and X-ray surveys. The extragalactic y-
ray sky is dominated by blazars (Acero et al., 2015) and in
the third AGN Fermi/LAT catalogue (Ackermann et al.,, 2015,
3LAC), 1738 blazars are reported, compared with the 3033 y-
ray detected sources:662 are classified as BLL, 491 as FSRQ,
while the remaining blazars are as of uncertain type. It is worth
to note that a growing sub-sample of the GeV blazars are also
emitters at the TeV energies (VHE; E > 100 GeV), detected by the
Cherenkov telescopes as MAGIC, VERITAS and the HESS arrays,
that can sample energies down to 30-50 GeV. The majority
of them are BLLs (in the TeVcat! there are 60 BLLs against 6
FSRQs), implying that the BLL class dominates the extragalactic
TeV sky.

Although BLLs are the most numerous extragalactic class
in the HE and VHE bands, for a large fraction of them the
redshift is still unknown or highly uncertain, because contrarily
to most AGNs, the BLLs are characterized by featureless (or
quasi) featureless spectra. On the basis of the recent statistics,
it was proposed that on average BLLs have lower redshift and
smaller high energy y-ray luminosity than FSRQs (Ghisellini
et al., 2017). However, this could be due to a bias since the
number of robustly detected high redshift BLLs is significantly
limited due to the difficulty to measure their distance. Hence the
determination of the blazar redshift is crucial to calculate their
luminosity, to build and characterize realistic emission models
and to allow us a sound comparison of the multi-frequency SEDs
between the two blazar classes (see the blazar sequence, Fossati
et al., 1998; Ghisellini et al., 2017).

The estimation of the BLL redshifts is also essential to
determine the properties of the extragalactic background light
(EBL). The BLL y-rays of high energy can interact with the EBL
infrared-optical photons and produce pairs e~ /e, resulting in an
absorption in the GeV-TeV BLL spectrum starting at frequencies
and with optical depth that depend on the redshift of the y-
ray source and is more pronounced in the 0.5 < z < 2 interval
(Franceschini et al., 2008). At higher z the absorption due to pair
production moves to Fermi energies, completely extinguishing
the source in the VHE regime. Although a significant number of
FSRQ detections, up to z > 4 already exist (Ackermann et al.,
2017), at the TeV energies, due to their Compton inverse peak

'http://tevcat.uchicago.edu/

position, only a small fraction of them are detected. Therefore
the identification of high redshift BLLs at these energies is
particularly challenging in order to study the earliest EBL
components due to the first-light sources (Population IIT stars,
galaxies or quasars) in the universe (e.g., Franceschini and
Rodighiero, 2017).

These considerations motivated us to carry out an extensive
campaign at the 10.4 m Gran Telescopio Canarias aimed to
obtain high signal-to-noise ratio (SNR) optical spectra and to
estimate the redshift of BLLs. The results of this project are
shown in Landoni et al. (2015) for S20954+-65, Paiano et al.
(2016) for the TeV BLL S20109+22, Falomo et al. (2017) for
the blazar B0218+357, Paiano et al. (2017b) for a sample of
15 TeV BLL and 7 TeV candidates with unknown or uncertain
redshift and in Paiano et al. (2017a) focused on 10 BLLs detected
by Fermi satellite suggested to be at relatively high redshift by
previous works. Moreover, till now, we observed 40 unassociated
y-ray objects detected by Fermi and candidate to be blazars
(Paiano et al., submitted), 20 BLLs optically selected among the
SDSS blazars (Landoni et al., submitted) and 10 hard Fermi
sources.

2. SAMPLE, DATA REDUCTION AND
ANALYSIS

This spectroscopic program involved a conspicuous sample of
BLLs, for a total of ~100 objects and for which the selection
followed different criteria (see details in Paiano et al., 2017a,b).
All of these objects were also selected to have unknown or
uncertain redshift for which conflicting estimates are published
in the literature, mainly due to spectra with low S/N.

The observations were gathered at the GTC using the
medium resolution spectrograph OSIRIS (Cepa et al., 2003),
configured with the grisms R1000B and R1000R and covering
the spectral range 4100-10000 A. Details about the observational
strategy, the data reduction and analysis procedure are reported
in Paiano et al. (2017a,b), where all spectra, corrected for
atmospheric extinction and flux calibrated, are reported. They are
also reported in the website http://www.oapd.inaf.it/zbllac/. On
average, the S/N ranges from 100 to 200 at 4500 and 8000 A, to a
peak of 300 at ~6000 A.

3. RESULTS

Our spectra allow us to confirm the blazar nature of the observed
targets and, on the basis on the spectroscopic properties, they
exhibit four characteristic features: (1) weak emission lines
typical of low density gas; (2) spectral lines of stars from the host
galaxy; (3) intervening absorption systems due to cold gas; and
(4) a pure featureless continuum. While the first three types can
co-exist and from them a redshift can be derived when emission
and/or absorption lines are identified, in the latter case, thank to
high SNR achieved, we can set a stringent redshift lower limit on
the basis of the minimum Equivalent Width (EW) of absorption
lines expected from the starlight emission of the blazar host
galaxy.
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e Spectra with emission lines characteristic of low-density gas

Although the BLL optical spectra are mainly characterized by a
featureless continuum, very weak emission lines can be seen, with
an intrinsic luminosity lower than those observed in quasars.
Owing to the weakness of these lines, their detectability depends
on the state of the source, with faint state of the source that favors
the detection of intrinsic emission lines, and on the quality of the
observations, especially in terms of S/N ratio.

In particular from our spectra, we detect weak emission lines
due to [O II] (5007 A) in the spectrum of 1ES1215+303,
W-Comae, MS1221.84+2452 and PKS1424+-240, and the [O
I1] (3727 A) emission in 1ES0033+595, 1ES1215+303, and
PKS14244-240. For the first time, we are able to determine
the spectroscopic redshift of z = 0.467 and z = 0.6047 for
1ES0033+595 and PKS1424+240 respectively (in Figure 1 the
spectrum of PKS14244-240, one of the farthest TeV BLLs).

e Spectra with absorption lines due to the stellar population
of the host galaxy

BLLs are located in the nuclei of giant/massive elliptical galaxies
with a prominent spheroidal component and with average
luminosity in the R band of Mg ~ 23 (Falomo et al., 2014, and

references therein). Their stellar population is composed by old
stars and therefore the main observable absorption lines are Ca II
(3934, 3967 A) , G-band (4304 A), Hp (4861 A), Mg 1 (5175 A)
and Na I (5875 A). These absorption features can be detected
over the non-thermal component and this depends on the signal-
to-noise ratio and the spectral resolution of the spectrum, and
finally on the relative power of the non-thermal nucleus and
the host galaxy. In very few cases, high quality spectroscopy
with adequate high spatial resolution can probe star formation
of the host galaxy and allow us to detect narrow emission lines
from it.

In our sample, we were able to detect host galaxy absorption
lines for W Comae (z = 0.102), MS 1221.8+2452 (z = 0.218),
3FGL J0505.5+0416 (z 0.423), and 3FGL J0814.542943
(z=10.703, see Figure 2).

e Spectra with intervening absorption lines

As for the high redshift quasars, gas along the BLL direction can
produce systems of absorption at redshifts lower than the target
redshift. Given that BLLs show quasi featureless continuous
spectrum, they are ideal sources for studying absorptions from
these intervening systems (Landoni et al., 2012, and references
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therein). The redshift of the intervening systems yields a lower
limit to the BLL redshift, while an upper limit can be set from the
expected distribution of the absorbers (Zhu and Ménard, 2013).

For six of our targets, 3FGL J0008.0+4713, BZB J12434-3627,
and 3FGL J1450.9+5200 with an uncertain redshift in
literature, and BZB J1540+8155, 3FGL J1107.54-0222, and BZB
J23234-4210 with unknown redshift, we detected intervening
absorption systems that allow us to set spectroscopic redshift
lower limits. In Figure 3 two examples of spectra of our sample
that exhibit Ly, forest, C IV (1548 A) and Mg II (2800 A)
absorption systems.

o Featureless spectra

In spite of the high quality of the optical spectra for 18 observed
targets the spectrum appears very featureless. This occurs when

the emission from the underlying nebulosity of the host galaxy is
over-shined by the non-thermal continuum.

As example, Figure 4 shows the featureless spectra of two TeV
BLLs RGB J0136+4-391 and 3C 66A. For the latter, a previous
redshift of 0.444 was proposed in literature (Miller et al., 1978)
and reported in the NED. On the basis of our high S/N ratio and
featureless spectrum, we cannot support this value and thus the
redshift of 3C 66A is still unknown and the emission models of
the source assuming the wrong redshift should be revised.

In the case of no detection of spectral lines, following the
scheme outlined in Appendix A of Paiano et al. (2017b), we
can set redshift lower limit using the minimum Equivalent
Width method, based on the assumption that the BL Lac objects
are hosted in massive elliptical galaxies and that hence the
detection of their stellar absorption features depends on the
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SNR of their optical spectra, on the spectral resolution, and
on the flux ratio between the nucleus and the host galaxy.
The redshift lower limit found for 18 objects with featureless
spectra are summarized in Table 3 of Paiano et al. (2017b) and
Paiano et al. (2017a).

4. CONCLUSION

We secured high quality and S/N spectra for 32 y-ray BL Lac
objects, selected for being TeV sources, TeV candidates or high
redshift Fermi objects, with unknown redshift or with conflicting
redshift values in literature. We determined the redshift for
8 objects and spectroscopic redshift lower limit for 6 sources,
including three of the farthest BLLs detected in the GeV and
TeV regime, but for the remaining sources, in spite of the very
high S/N and of the improvement of spectral resolution, their
spectrum is featureless.

Although these observations represent the state of the art
of the observing facilities (telescopes with large aperture and
modern instrumentation) and the capabilities to perform the
spectroscopy of BLLs, the redshift determination of this class of
objects remains still rather arduous. For this reason, the detection
of the spectral features in their spectra requires observations
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Blazars are radio loud quasars whose jet points toward the observer. The observed
emission is mostly non-thermal, dominated by the jet emission, and in some cases
extends up to the very high energy gamma rays (VHE; E > 100 GeV). To date, more than
60 blazars have been detected at VHE mainly with ground-based imaging atmospheric
Cherenkov telescopes (IACTs) such as MAGIC, H.E.S.S., and VERITAS. Energetic
photons from a blazar may interact with the diffuse optical and IR background (the
extragalactic background light, EBL) leaving an imprint on the blazar energy spectrum.
This effect can be used to constrain the EBL, with basic assumptions on the intrinsic
energy spectrum. Current generation of IACTs is providing valuable measurements of the
EBL density and energy spectrum from optical to infrared frequencies. In this contribution,
we present the latest results obtained with the data taken with the MAGIC telescopes:
using 32 spectra from 12 blazars, the scale factor of the optical density predicted by the
EBL model from Dominguez et al. (2011) is constrained to be 0.95 (+0.11, —0.12)gta¢
(+0.16, —0.07)sys, where a value of 1 means the perfect match with the model.

Keywords: Active Galactic Nuclei (AGN), blazars, Extragalactic Background Light (EBL), relativistic jets, MAGIC
telescopes, gamma rays

1. THE EXTRAGALACTIC BACKGROUND LIGHT AND ITS
IMPRINT IN BLAZAR SPECTRA

The optical-infrared diffuse background that permeates the Universe is also referred as the
Extragalactic Background Light (EBL). The EBL consists of light emitted by stars directly (optical)
and, in part, absorbed by dust in their host galaxies and re-emitted at longer wavelengths (IR) since
the birth of the first stars.

A collection of current measurements of the EBL is described in Cooray (2016), a recent and
detailed review on EBL measurements and applications. Direct measurements of the EBL are
complex due to strong foreground radiations from our Galaxy, but mainly from our own Solar
System. Solid lower limits on the EBL density are provided by galaxy counts. Different models
which take into account the evolution of galaxies have been proposed to explain and predict this
optical and IR background (e.g., Franceschini et al., 2008; Dominguez et al., 2011; Gilmore et al.,
2012). They differ from the degree of complexity and approach, but all converge on a similar
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spectral shape and intensity for the EBL. Yet, some differences
persist in the cosmic evolution of the background.

A limited number of extragalactic sources (approximately 60)
is known to emit electromagnetic radiation up to the so-called
very high energies (VHE, E > 100 GeV). The large majority
of these sources are blazars, active galaxies displaying a jet of
ultra-relativistic particles almost aligned to the line of sight.
Main engine of the activity is an accreting, supermassive black
hole. Blazars emitting at VHE offer a unique opportunity to
test EBL models. Gamma rays with energies of hundreds of
GeV and above may be, in fact, absorbed due to the interaction
with EBL photons via electron-positron pair creation (Salamon
and Stecker, 1998). The absorption is not only a distance
dependent effect but also an energy dependent effect. Due to
the energy dependence of the pair production, we have an

TABLE 1 | List of 12 blazars observed with the MAGIC telescopes and used in
this study, sorted from the lowest to the highest redshifts.

Source name Source type Redshift Observation time [h]
Markarian 421 HBL 0.03 43.8
(15 spectra)

1ES 1959+650 HBL 0.048 4.8
OT 546 HBL 0.055 6.4
BL Lacertae IBL 0.069 1.0
1ES 0229+200 HBL 0.14 105.2
1ES 1011+496 HBL 0.212 11.8
PKS 1510-089 FSRQ 0.361 5.0
(2 spectra)

PKS 12224216 FSRQ 0.432 0.5
PG 15534113 HBL 0.43-0.58 66.4
(5 spectra)

PKS 14244240 HBL 0.604 491
(2 spectra)

PKS 1441425 FSRQ 0.939 20.1
QSO B0218+-35 FSRQ 0.944 2.1

imprint of the EBL in the observed spectrum from a blazar. This
imprint on the blazar spectra may be used to constrain the EBL
itself, under some assumptions on the shape of the intrinsic
spectra.

The study presented in this paper aims at testing the state-of-
the-art EBL models by means of a sample of 32 blazar spectra
spanning a redshift from 0.03 to 0.944 collected with the MAGIC
telescopes.

2. THE MAGIC TELESCOPES

MAGIC (Major Atmospheric Gamma Imaging Cherenkov) is
a system of two Imaging Atmospheric Cherenkov Telescopes
(IACTs) designed to observe VHE gamma rays from 50 GeV up
to tens of TeV (Aleksic et al., 2016a). It is located in the Canary
island of La Palma, at ~2,200 m above the sea level. Since 2004,
MAGIC has been used to observe and detect a significant signal
from tens of blazars located in the Northern hemisphere. For a
recent review, see Sitarek (2017).

MAGIC achieved his best performances after 2012, when the
last major upgrade of the system took place. The current integral
sensitivity above 220 GeV is (0.66 £ 0.03)% of the Crab Nebula
flux in 50h of observations, when assuming point-like sources
with Crab Nebula-like spectrum. The angular resolution at those
energies, defined as the sigma of a 2-dimensional Gaussian
distribution, is <0.07 degree. The energy resolution is 16% and
is defined as the standard deviation obtained from a Gaussian
fit to the distribution of (Eest - Etrue)/Etrue, where Eest is the
reconstructed energy and Etrue is the true energy simulated with
Monte Carlo data. More details on the data analysis and the
MAGIC performance can be found in Aleksi¢ et al. (2016b).

3. METHODS

The purpose of this study is to use the largest available dataset
collected with the MAGIC telescopes and set new limits on the
EBL energy density. In particular, we adopt the method proposed

o . 700
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in Abramowski et al. (2013) which consists in estimating a
scale factor for the EBL energy density, and can be outlined as
follows:

1. Assume a particular EBL spectral shape and its evolution over

redshift. For this work we have considered the model from
Dominguez et al. (2011);

. Assume an instrinsic shape that could describe the blazar
spectrum before any interaction with the EBL. To this
purpose, we have taken into account the following shapes: log-
parabola, power-law with exponential cut-off, log-parabola
with exponential cut-off, and power-law with sub/super
exponential cut-off;

. In order to estimate the most likely EBL scale factor, we have
then adopted the poissonian maximum likelihood approach.
We have compared the measured number of events in bins
of estimated energy with the expected number of events
estimated by assuming a particular instrinsic spectrum folded
with the MAGIC instrument response function and corrected
for the EBL absorption effect (dF/dE pserved = dF/dEintrinsic:
e~ @7(E2)) Free parameters are the EBL scale factor (alpha)
and the intrinsic spectral parameters. The cosmic-ray
background rates vs. estimated energy are treated as nuisance
parameters.

4. The previous step has been iteratively repeated in order to
scan the EBL scale factor and the different instrinsic spectral
shapes. In each step the fit probability has been used to decide
among the 4 spectral shape options and the best fit x2 was
estimated. The scale g for which the x2 reaches its minimum
( anm) is the value which best fits the data, and the condition
Ax? = 1 relative to the minimum indicates the 1 o statistical
uncertainty range.

4. DATASET

To perform this study, we have used 32 spectra from 12
sources, summarized in Table 1. The use, in some cases, of
multiple spectra from the same source is due to the variability
of the observed spectrum. The sources considered belong to
two different blazar classes (second column, from TeVCat!): flat
spectrum radio quasars (FSRQs) and high frequency peaked BL
Lac objects (HBL). They span a redshift range from 0.03 to 0.944,
third column. The observation time of MAGIC is reported in the
last column of the Table.

Uhttp://tevcat2.uchicago.edu
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5. RESULTS

The results of our study are displayed in Figure 1. On the left
panel the total x2, which is the linear combination of the best x>
values from the individual spectra, from the maximum likelihood
fit procedure applied to each spectrum is reported. The minimum
X2 corresponds to a scale factor g = 0.95f8:£.

The right panel of Figure 1 displays the corresponding Test
Statistics (TS = x2(0) — x?2) of the total and for each individual
spectrum curves as a function of the EBL scale relative to the
Dominguez model.

Figure 2 shows a compilation of EBL data and models, plus
the results of our analysis. This figure also shows the model
proposed by Dominguez et al. (2011) whose spectral intensity
is multiplied by our scale factor ap = 0.951‘8:3. It is in good
agreement with recent EBL measurements (Abramowski et al.,

2013; Sitarek, 2017).

5.1. Systematic Uncertainties

In order to evaluate the systematic uncertainties affecting our
estimate, we have allowed for a maximum average deviation of
=+ 15% between data and Monte Carlo simulations of the gamma-
ray showers and the detector in terms of deviation in the light
throughput (atmosphere and telescopes), and tested its effect
on the EBL estimate. Moreover, we have also considered the
effect introduced by the different assumptions of the intrinsic
spectral function. Our result is the best-fit EBL scale, op =
095«:8:1;)smt(tgi%g)sy&

6. CONCLUSIONS

Observations of blazars with the MAGIC telescopes have been
used to estimate new constraints on the EBL energy density. The
strategy adopted is based on the maximum-likelihood fit to 32
VHE spectra taken with the MAGIC telescopes, in analogy with
similar studies carried out using the High Energy Stereoscopic
System, H.E.S.S. (Abramowski et al., 2013), and Fermi-Large Area
Telescope (LAT) data (Ackermann et al, 2012). The method
consists in estimating the most likely EBL scale factor, once an
evolving EBL spectral shape, and an intrinsic blazar spectrum are
assumed.
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In recent years, the old paradigm according to which only high-mass black holes can
launch powerful relativistic jets in active galactic nuclei (AGN) has begun to crumble.
The discovery of y-rays coming from narrow-line Seyfert 1 galaxies (NLS1s), usually
considered young and growing AGN harboring a central black hole with mass typically
lower than 108 Mg, indicated that also these low-mass AGN can produce powerful
relativistic jets. The search for parent population of y-ray emitting NLS1s revealed their
connection with compact steep-spectrum sources (CSS). In this proceeding we present
a review of the current knowledge of these sources, we present the new important case
of 3C 286, classified here for the fist time as NLS1, and we finally provide a tentative
orientation based unification of NLS1s and CSS sources.

Keywords: Active Galactic Nuclei (AGN), narrow-line Seyfert 1 galaxies, compact steep-spectrum sources,
relativistic jets, unification models

1. OVERVIEW

Relativistic jets are usually thought to be a product of accretion onto a central supermassive
black hole (SMBH) (e.g., Blandford and Znajek, 1977; Blandford and Payne, 1982). In active
galactic nuclei (AGN), the interplay between the accretion disk and the SMBH is likely to produce
powerful and collimated bipolar outflows. According to the unified model of jetted-AGN (Urry and
Padovani, 1995), the two classes of blazars, BL Lacertae objects (BL Lacs) and flat-spectrum radio
quasars (FSRQs), are double-lobed radio galaxies, with Fanaroft-Riley (FR) morphological types I
and II, respectively, in which the line of sight falls inside the relativistic jet aperture cone. In recent
years, this scenario has been slightly revised in a more physical way. BL Lacs and FSRQs indeed
seem to reflect two different accretion modes. While BL Lacs have an inefficient accretion onto their
central SMBH and alow density environment, FSRQs have instead a strong disk accreting efficiently
and a photon- and matter-rich environment (Best and Heckman, 2012). This dichotomy led to the
distinction between high-excitation radio galaxies and low-excitation radio galaxies (HERGs and
LERGsS, respectively) classified according, for example, to the [O III]/Ha flux ratio (Laing et al.,
1994), and corresponding, respectively, to FSRQ and BL Lac objects when observed at small angles
(although exceptions are known, Giommi et al., 2012, see also the review by Foschini, 2017).
Another important aspect of jetted-AGN is that for many years they were thought to be
produced only by the most massive black holes harbored in giant passive elliptical galaxies (Laor,
2000; Bottcher and Dermer, 2002; Marscher, 2009). However, the discovery of gamma-ray emission
coming from the AGN class known as narrow-line Seyfert 1 galaxies (NLS1s) proved this paradigm

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 54

July 2017 | Volume 4 | Article 8


http://www.frontiersin.org/Astronomy_and_Space_Sciences
http://www.frontiersin.org/Astronomy_and_Space_Sciences/editorialboard
http://www.frontiersin.org/Astronomy_and_Space_Sciences/editorialboard
http://www.frontiersin.org/Astronomy_and_Space_Sciences/editorialboard
http://www.frontiersin.org/Astronomy_and_Space_Sciences/editorialboard
https://doi.org/10.3389/fspas.2017.00008
http://crossmark.crossref.org/dialog/?doi=10.3389/fspas.2017.00008&domain=pdf&date_stamp=2017-07-25
http://www.frontiersin.org/Astronomy_and_Space_Sciences
http://www.frontiersin.org
http://www.frontiersin.org/Astronomy_and_Space_Sciences/archive
https://creativecommons.org/licenses/by/4.0/
mailto:marco.berton@unipd.it
https://doi.org/10.3389/fspas.2017.00008
http://journal.frontiersin.org/article/10.3389/fspas.2017.00008/abstract
http://loop.frontiersin.org/people/434547/overview
http://loop.frontiersin.org/people/427854/overview

Berton et al.

Young AGN Unification

to be wrong (Abdo et al., 2009a,b; Foschini et al., 2015). Low
mass AGN, indeed, are also able to launch relativistic jets, whose
power is lower because of the well-known scaling of the black
hole mass (Heinz and Sunyaev, 2003; Foschini, 2011). This result
was confirmed by the identification of low-mass sources among
flat-spectrum radio quasars (FSRQs, Ghisellini, 2016), and by the
discovery of relativistic jets associated with spiral galaxies (e.g.,
Keel et al., 2006; Mao et al., 2015).

NLS1s are the most prominent class of low-mass AGN.
Classified according to the FWHM(Hp) < 2,000 km s~! and the
ratio between [O IIIJ/HB < 3, they are unobscured AGN with
relatively low black hole mass (< 108 M) and high Eddington
ratio, which accounts for the narrowness of the permitted lines
and other observational properties (for a review, see Komossa,
2008). A well-known interpretation for these peculiar features is
that NLS1s are young AGN still growing and evolving (Mathur,
2000), or sources rejuvenated by a recent merger (Mathur et al.,
2012). While a large fraction of NLSIs is radio-quiet, some
of them are radio-loud and, as previously mentioned, harbor
powerful relativistic jets (Yuan et al., 2008). These radio-loud
NLS1s (RLNLS1s) are characterized by a strong and very fast
variability consistent with the low-mass scenario, and particularly
evident in those with a flat radio spectrum (Foschini et al.,
2015).

Another class of radio-loud AGN is known as compact steep-
spectrum sources (CSS, see the review by O’Dea, 1998). The
radio morphology of these objects is typically characterized by
fully developed radio lobes and by a small linear size, with jets
confined within the host galaxy. Many authors interpret these
properties as signs of young age (Fanti et al.,, 1995): different
estimates of this parameter indeed revealed that they could be
radio sources younger than 10° years (Owsianik and Conway,
1998; Murgia et al., 1999). CSS sources might eventually evolve
to giant double-lobed radio galaxies, or simply switch off because
of disk instabilities, going through multiple activity phases
during their lifetime (e.g., Czerny et al., 2009; Orienti, 2015).
As regular radio galaxies, CSS sources can also be divided in
HERGs and LERGs according to their optical spectrum (Kunert-
Bajraszewska and Labiano, 2010; Kunert-Bajraszewska et al.,
2010).

2. CSS SOURCES AND NLS1S

A possible link between NLS1s and CSS was first suggested
by Oshlack et al. (2001), who remarked how the RLNLS1 PKS
2004-447 radio morphology was consistent with that of a CSS
source. In the following years, many authors reached the same
conclusion (Gallo et al., 2006; Komossa et al., 2006; Yuan et al.,
2008; Caccianiga et al., 2014; Schulz et al., 2015). In particular
Gu et al. (2015) carried out a VLBA survey on 14 NLS1s at
5 GHz, finding that essentially all RLNLS1s with a steep radio
spectrum have a compact morphology, just like CSS. Caccianiga
et al. (2017), focusing on the steep-spectrum RLNLS1 SDSS
J143244.91+301435.3, found a spectral turnover at low frequency
and a small linear size, confirming that this object can be classified
as CSS as well.

Beside the morphological similarities, there are other hints
that point toward a unification between CSS sources and
RLNLSIs. This was investigated under three different points
of view in Berton et al. (2016a), using two complete samples
of CSS/HERGs and flat-spectrum RLNLS1s (F-NLS1s) limited
to z = 0.6. A first indication of similarity between these two
samples was provided by the V/V,,,, test, which revealed that
both of them are consistent with no evolution up to their redshift
limit. Moreover, the 1.4 GHz luminosity function (LF) of both
samples was derived. Following Urry and Padovani (1995), the
effect of relativistic beaming was applied to the observed LF of
CSS/HERG to predict the expected shape of the LF of the sources
observed along the jet direction. The resulting LF was in good
agreement with the observed LF of F-NLS1 thus indicating that
at least some CSS/HERGs might be RLNLS1s observed at large
angles.

Finally, a comparison between the black hole mass
distributions of both samples unveiled again a very good
agreement. We repeated here the analysis on the black hole
mass distributions on a larger sample of 60 NLS1s. In Figure 1
we show the distribution of the CSS/HERGs sample by Berton
et al. (2016a), compared to all of the masses derived for flat- and
steep-spectrum RLNLSI1s in Foschini et al. (2015) (42 objects)
and Berton et al. (2015) (17 sources), and to that of 3C 286 (see
Section 3). It is immediately evident from the plot that 3C 286
is located in the same region as NLSIs. To test the similarity
of the distributions, we applied the Kolmogorov-Smirnov test
(K-S). The null hypothesis is that the two distributions are
originated by the same population. As a rejection threshold,
we used a p-value lower than 0.10. Considering CSS/HERGs,
the null hypothesis cannot be rejected when comparing them
to both flat- and steep-spectrum RLNLS1s, with p-values 0.82
and 0.39, respectively. Testing RLNLSI1s as a whole, the p-value
is 0.68, again too high to reject the null hypothesis. The mass
distribution of CSS/HERGs is therefore statistically consistent
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FIGURE 1 | Black hole mass vs. Eddington ratio distribution. Flat-spectrum
RLNLS1s are indicated by green triangles, the red circles indicate CSS/HERG
sources, the black squares indicate steep-spectrum RLNLS1s, and the
orange star represents 3C 286.
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with that of RLNLSIs, in agreement with the previously shown
results.

3. 3C 286

We present here another interesting case of CSS/HERG, that of
3C 286 (z = 0.85). This object is a well-known CSS classified for
the first time by Peacock and Wall (1982). It is often used as a
calibrator at centimeter wavelengths for both total flux and linear
polarization. It shows both the turnover in the radio spectrum
around 300 MHz, a spectral index between 1.4 and 50 GHz of
a = —0.61. It also exhibits the compact morphology typical of
CSS: while it remains unresolved at kpc scales, a core-jet structure
is visible on pc scale. The jet inclination has been estimated of
48° with respect to the line of sight (e.g., see An et al., 2017, and
references therein).

The first optical spectrum of this radio source was obtained
by Schmidt (1962), who did not recognize the strongly redshifted
Mg IT A2798 line. Since its redshift determination (Burbidge and
Burbidge, 1969), a significant improvement has been made in
optical with the SDSS-BOSS survey (Dawson et al., 2013), which
obtained a new spectrum extended up to 10000A. The H line,
now visible, has a FWHM of (1811+169) km s~!, a ratio [O
III]/Hp 0f 1.03£0.05, and Fe I multiplets are clearly visible in the
spectrum (see Figure 2). The corresponding uncertainties were
calculated with a Monte Carlo method described by Berton et al.
(2016b). These parameters clearly indicate that 3C 286 can be
classified as NLSI.

We derived its black hole mass following the method
described by Foschini et al. (2015). After correcting for redshift,
we subtracted the continuum emission by fitting it with a power

5200

5400

Flux (x10717 erg s~ cm=24-1)

i

48’50 49’00
Wavelength (4)

4800 4950 5000

FIGURE 2 | Section of the optical spectrum of 3C 286, obtained from the
SDSS-BOSS survey. Top panel: black solid line is the region between 4,000
and 5,500 A restframe continuum subtracted, the red dashed line represents
the Fe Il template, while the blue solid line is the spectrum after the iron
subtraction. Bottom panel: black solid line indicates the Hp region, the three
Gaussians used to reproduce the line profile are indicated by the green, blue
and purple solid line, and the red dashed line represents their sum.

law, plus the Fe IT multiplets using an online software (Kovacevi¢
et al., 2010; Shapovalova et al., 2012)! as shown in top panel of
Figure 2. We then fitted HB profile using three Gaussians, one
to reproduce the narrow component and two to reproduce the
broad component (see bottom panel of Figure 1). The narrow
component flux was fixed to be 1/10 of [O III] A5007 (Véron-
Cetty et al.,, 2001) and its FWHM to be the same as [O II] A3727
(~600 km s~1). After subtracting the HB narrow component, we
derived the second-order moment of the broad component o asa
proxy for velocity (Peterson et al., 2004), we obtained the broad-
line region (BLR) radius by means of HB luminosity. Under the
hypothesis of virialized system, the black hole mass is 1.5x 108
Mg and the Eddington ratio, defined as the ratio between the
bolometric luminosity and the Eddington luminosity of the black
hole, is 0.37. Both of these values are consistent with those derived
for other radio-loud NLS1s (Foschini et al., 2015, see Figure 1).

Interestingly, this object is a y -ray emitter, identified in the 3rd
Fermi catalog with the source 3FGL J1330.5+3023 (Ackermann
et al,, 2015)2. 3C 286 is therefore the third y-ray detected steep-
spectrum RLNLSI after RX J2314.9+2243 (Komossa et al., 2015)
and B3 1441+476 (Liao et al., 2015). This is a very interesting
result, since the number of misaligned NLS1s detected in y-rays
appears to be significantly higher than in other AGN classes.
Indeed, only ~10 radiogalaxies are known to be y-ray emitters
(Rieger, 2016), and their corresponding beamed population of
FSRQs and BL Lacs is made of 1144 sources. Conversely, among
NLSIs, currently three misaligned y-ray sources are known,
out of nine oriented objects. The physical interpretation of this
phenomenon is not clear yet, but interaction between the jet and
the interstellar medium inside the host galaxy could in principle
produce the observed y-ray emission (Migliori et al., 2014).

The classification of this source has another important
implication on NLS1s nature. Some authors (e.g., Decarli et al,,
2008) suggested that NLS1s are not objects with a low-mass
black hole and a high accretion rate. If their BLR had a disk-like
shape, when observed pole-on the permitted lines would appear
as narrow because of the lack of Doppler broadening. NLS1
would be just low-inclination sources rather AGN with a low-
mass central SMBH. The large observing angle (48°) estimated
by An etal. (2017) for 3C 286 seems to contradict this hypothesis,
at least for this particular object and other RLNLS1s sharing the
same property (e.g., Mrk 783, Congiu et al., 2017).

4. YOUNG JETTED-AGN UNIFICATION

As previously mentioned, CSS sources are usually considered
as young radiogalaxies still growing (Fanti et al., 1995). The
previous results seem to point out that these objects can often
be jetted-NLS1s observed at large angles. Of course, this does
not mean that all CSS sources are misaligned NLS1s, because
some objects probably have a larger black hole mass. The opposite
instead might be true, since many of the jetted-NLS1 observed at
large angles studied so far appear as CSS/HERGs. An important
conclusion can be inferred from this result. If CSS/HERGs are

Uhttp://servo.aob.rs/Fell_AGN/,
Zhttp://www.asdc.asi.it/fermi3fgl/.
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young sources, and RLNLS1s are CSS sources, they should be
young objects as well. This result, just like the high inclination
of 3C 286, is in contrast with the vision of NLS1s as a pole-on
view of a type 1 AGN.

According to the unified model of radio-loud AGN (Urry and
Padovani, 1995), the parent population of FSRQs are FR II radio
galaxies, that is when an FR II is observed along its relativistic
jet, it appears as a FSRQ. In a similar way, FR I radio galaxies
constitute the parent population of BL Lacs. This interpretation
might not be completely appropriate, since there are FR I sources
that can be associated with FSRQs, and FR II which appear as BL
Lacs. Recently it was suggested that a more accurate unification is
between FSRQs and all the FR radio galaxies optically classified as
HERG (FRyggre), while BL Lacs should be associated to FR with
a LERG-type optical spectrum (FRpgrg, Giommi et al., 2012).
This revised unification is more physics-based, since it accounts
for the different accretion mechanisms (strong disk for FSRQs,
weak disk for BL Lacs, Best and Heckman, 2012). CSS/HERGsS,
in this picture, are the young stage of FRygrg objects. Therefore,
if flat-spectrum RLNLSI1s are beamed CSS/HERGs, and FSRQs
are beamed FRygrg, F-NLS1s could be the young stage of FSRQs
(Foschini et al., 2015; Berton et al., 2016a, see Figure 3).

This is in agreeement with the finding that flat-spectrum
RLNLS1s are the low-mass tail of FSRQs (Foschini et al,
2015; Paliya et al, 2016). Indeed, the jet power scales with
the black hole mass (Heinz and Sunyaev, 2003; Foschini,
2011) and, as expected, the jet power of RLNLS1s is lower
than that observed in FSRQs. Once rescaled for the central
mass, though, the normalized power is essentially the same,
indicating that the launching mechanism is the same (Foschini
et al, 2015). Finally, as shown in Berton et al. (2016a),
the radio luminosity function of flat-spectrum RLNLSIs
suggests that they might be the low-luminosity tail of FSRQs,
indicating again an evolutionary link between these two
classes.

All these results can be summarized in the scheme of Figure 3.
A young jetted-AGN with a strong accretion disk and a photon-
rich environment in the central engine surroundings, when
observed along its relativistic jets, can appear as a flat-spectrum
RLNLS]1, characterized by a low black hole mass and a low jet
luminosity and power. When the inclination angle increases,
the object appears first as a steep-spectrum RLNLSI, with an
extended radio emission and a relatively small linear size, that
can be classified as a CSS/HERG. Finally, when the line of
sight intercepts the molecular torus surrounding the nucleus, the
object appears as a type 2 AGN in optical and as a CSS in radio.
For older jetted-AGN, instead, the usual unified model holds,
with FRygre (type 1 or 2 quasars in optical, according to the
inclination) as parent population of FSRQs.

Such a scheme is probably true only in a statistical sense.
Objects like 3C 286 are still fairly rare, and might represent an
exception. Moreover, it is unlikely that all type 1 (unobscured)
young AGN fit the NLS1 classification. Several other non-NLS1
unobscured AGN with a low-mass black hole exist and were
found among y-ray emitting sources (e.g., Shaw et al., 2012;
Ghisellini, 2016). These objects do not appear as NLSIs even
when observed at larger angles and in fact, as expected, not all

Type 2
CSS/HERG —_—

F.%e ¢ OD

4 & High BH mas'
YOUNG s N Hliggh Juminosity
Low BH mass 4 » igh i wer
L‘::w \uminosity High jet PO
Low jet power

FIGURE 3 | Unification scheme of jetted-AGN with high accretion rate with
respect to the Eddington limit and a high-density photon-rich environment. On
the left side, young and smaller sources (NLS1s and CSS sources), compared
to older and larger objects (FSRQs and FRyeRrg)-

type 1 CSS/HERGs can be classified as NLS1s. However, despite
these notable exceptions, the scheme of Figure 3 seems to be
consistent with several observations.

This orientation-based unification could be confirmed by
means of RLNLS1s and CSS/HERGs host galaxy observations.
NLS1s usually have a late-type host galaxy (Crenshaw et al,
2003), and some RLNLSIs indeed seem to share the same
property (Anton et al., 2008; Caccianiga et al., 2015; Kotilainen
et al., 2016; Olguin-Iglesias et al., 2017). CSS sources in general
are believed to be instead hosted by early-type hosts (e.g., Best
et al., 2005). However, some studies pointed out that their host
galaxy can be a spiral as well (Morganti et al., 2011), and that
HERGs and LERGs can live in different morphological types,
with HERGs showing more late-type hosts (Best and Heckman,
2012). Further observations are needed to better investigate this
crucial aspect of young AGN.

5. SUMMARY

In this proceeding we presented a review of the current
knowledge about young jetted-AGN, showing as well new results
strictly connected to this topic and a tentative orientation-
based unification model of these sources. We provided a new
classification for the well-known CSS source 3C 286 which,
thanks to new observations in the near-infrared, can be now
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classified as a NLS1 galaxy. This result confirms that RLNLS1s
can often appear, in radio, as CSS sources. Moreover, we
confirmed that the black hole mass distribution of CSS/HERGs is
very similar to that of RLNLS1s. Along with other results already
published in the literature, these findings seem to strengthen
the scheme according to which flat-spectrum RLNLSIs are
CSS/HERGs observed along their relativistic jet, that can appear
as a steep-spectrum RLNLS1 when observed at intermediate
angles, and as a type 2 radio galaxy when obscured. RLNLS1s and
CSS/HERGs then might represent the young and growing stage
of FSRQs and FRygp radio galaxies, respectively, and constitute
a part of the young AGN population. New observations on
larger samples, particularly aimed at determining the host galaxy
morphology, are needed to provide a final confirmation to this
unification model.
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We here report an identification of SDSSJ090152.04+4624342.6 as a new
“overlapping-trough” iron low-ionization broad absorption line quasar at redshift of
z ~ 2.1. No strong variation of the broad absorption lines can be revealed through the
two spectra taken by the Sloan Digital Sky Survey with a time interval of ~6 yr. Further
optical and infrared spectroscopic study on this object is suggested.

Keywords: quasars, broad absorption lines, spectroscopy, line identification, variability

1. INTRODUCTION

Broad absorption line (BAL) quasars are the objects whose spectra show gas absorptions with a
blueshfited outflow velocity from 2,000 km s~ up to 0.1c (Weymann et al., 1991). Although the
detailed physics of the outflow is still an open issue (e.g., Fabian, 2012), the outflow is believed
to play an important role in the coevolution of the supermassive blackhole (SMBH) and its host
galaxy, which is firmly established in local AGNs (see Heckman and Best, 2014 for a review) by
either expelling circumnuclear gas (e.g., Kormendy and Ho, 2013; Woo et al., 2017) or triggering
star formation through gas compressing (e.g., Zubovas et al., 2013; Ishibashi and Fabian, 2014).

Previous studies, especially the ones based on the Sloan Digital Sky Survey (SDSS, York et al.,
2000), indicate that at low and intermediate redshift the fraction of BAL quasars is about 20-40%
(e.g., Hewett and Foltz, 2003; Reichard et al., 2003; Trump et al., 2006; Dai et al., 2008; Knigge et al.,
2008; Scaringi et al., 2009; Urrutia et al., 2009), depending on the selection method. About 90%
of the BAL quasars are characterized by only high-ionized broad absorptions lines (HiBALs, e.g.,
CIV, SilV, NV, OVI). The low-ionized absorption lines, such as MgII and AlIII, are identified in
the so-called LoBAL quasars with a fraction of ~10%. Among the LoBAL quasars, a small subset
(~ 1% of BAL quasars) of objects are classified as FeLoBAL quasars according to their Fell and/or
Felll absorption lines (Hazard et al., 1987; Hall et al., 2002; Brunner et al., 2003; Gibson et al., 2009;
Zhang et al., 2010; Yi et al., 2017).

Although the physical origin of BAL quasars is originally ascribed to the orientation effect (e.g.,
Weymann et al., 1991; Goodrich and Miller, 1995; Gallagher et al., 2007), the higher reddening in
BAL quasars than in non-BAL quasars motivate a lot of studies to try to understand if BAL quasars
are young AGNs, in which the FeLoBAL quasars with the highest reddening and column density are
possible transitional quasars from a dust-obscured AGN to a unobscured one. Mudd et al. (2017)
recently identified the first post-starburst FeLoBAL quasar DES QSO J0330-28 at a redshift of 0.65.

In this paper, we report an identification of SDSSJ090152.04+624342.6 as a new unusual
FeLoBAL quasar with “overlapping-trough” (OFeLoBAL quasars) at z ~ 2.1.
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FIGURE 1 | The spectra taken from SDSS DR13 and that from SDSS DR7. Both spectra are shown in observer frame. The bottom black curve shows the differential
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2. SPECTROSCOPIC IDENTIFICATION

2.1. History of SDSS J090152.04+624342.6
SDSSJ090152.04+624342.6 was serendipitously extracted from
the Sloan Digital Sky Survey (SDSS, York et al., 2000) Data
Release 7 spectroscopic catalog, when we examined the spectrum
of the “unknown” objects one by one by eye. The object was
then classified as a quasar at z = 2.09 in the 7th SDSS Quasar
Catalog (Schneider et al., 2010; Shen et al., 2011) by identifying
the broad emission line at the red end as MgIIA2800. With a
new spectroscopic observation, the redshift was recently (and
improperly) updated to z = 6.389420 £ 0.000594 by the pipelines
of SDSS Data Release 13! through an identification of the peak as
Lya emission line. Figure 1 shows the observer-frame spectrum
of SDSS DR13 and that of DR7. In fact, by assuming a redshift of
z ~ 6, the object shows abnormally significant emission blueward
of the Lyman limit at observer frame wavelength of ~6,500A (see
the typical spectra of the high-redshift quasars at z ~ 6 in Fan
et al., 2006, Wu et al., 2015, Wang et al., 2017, Yang et al,, 2017
and references therein).

2.2. Data Reduction

The spectral analysis is performed as follows by the IRAF
packages?. The 1-Dimensional spectra of the object taken from
SDSS DR13 is corrected for the Galactic extinction basing upon
the V-band extinction taken from Schlafly and Finkbeiner (2011).
An Ry 3.1 extinction law (Cardelli et al., 1989) of the
MilkyWay is adopted in the correction.

2.3. Identification of a New OFeLoBAL

Quasar
Both spectra of the object taken from SDSS show an abrupt
drops in flux at around the observer frame wavelength of

1http:/ /www.sdss.org/dr13/data_access/bulk/

2IRAF is distributed by the National Optical Astronomy Observatory, which is
operated by the Association of Universities for Research in Astronomy, Inc., under
cooperative agreement with the National Science Foundation.

.~ 8,000A and many “features” blueward of the drop,
which closely resemble the spectra of the unusual OFeLoBAL
quasars discovered in previous studies, such as SDSS J0300+-0048
(z 0.89), SDSSJ1154+0300 (z 1.458), Mark 231,
FIRST 1556+3517 and FBQS 140843054 (e.g., Smith et al,
1995; Becker et al., 1997, 2000; White et al., 2000; Hall
et al., 2002). In the OFeLoBAL quasars, the abrupt drops are
caused by a blueshifted absorptions due to MgIIA12796,2803
and MgIA2852, and almost no continuum windows can
be identified blueward of the MgIl emission because of
the overlapping troughs mainly due to the Fell and Felll
absorptions.

Figure 2 shows the rest-frame spectrum of the object, along
with our identification of both emission and absorption features.
By ascribing the peak at the red end of spectrum as an emission
from the MgIIAA2796,2803 doublets, the systematic redshift of
the object is inferred to be z = 2.09 which is consistent with
the previous claims in SDSS DR7 quasar catalog (e.g., Schneider
et al., 2010; Shen et al.,, 2011; Wu et al.,, 2012). In fact, this
redshift allows us to accurately predict the wavelength of not only
the broad emission redward of the MgII emission, but also the
CIVA1549 and possible NeVA1240 emission features, although
the CIIIJA1909 emission commonly appearing in the quasar’s
spectra is hard to be identified in this object. The two bumps
redward of the MgII emission are identified to be a blend of the
Helx2945+FelIA2950 (UV60 and UV78) complex and a blend of
the optical Fell complex at around 3,2004 (i.e., Opt7 and Opt6).

The spectrum blueward of the MgII emission is dominated
by multiple overlapping troughs with a redshift of ~1.98.
Again, the redshift accurately predicts the wavelength of the
absorptions blueward of the MgII emission. The onset of the
troughs is a strong MgIA2857 absorption followed by damped
MglIAA2796,2803 absorptions. An evident residual flux at
high-velocity end of the MgII trough enables us to argue a
presence of FelIA2750 (UV62 and UV63) absorptions, which is
followed by the absorption features of Fell UV1 and UV2. With
the redshift of ~1.98, the troughs at middle of the spectrum
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absorption features are labeled at bottom and top of the figure, respectively.
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FIGURE 2 | The SDSS DR13 rest-frame spectrum of the object based on the redshift of the absorption features of z = 1.98. The long dashed lines from top to
bottom marks the predicted wavelengths of the identified emission features, and the short dashed lines the wavelengths of the absorptions. The emission and

are identified as the absorptions due to MgI+ZnII+CrlI+Fell
UV48, AllTIAA1854,1862 and AlIIA1671, which are all common
in the spectra of FeLoBAL quasars. Finally, two troughs due
to SilIA1527 (UV2) and SilVAA1394,1402 absorptions can be
identified at the predicted wavelengths at the blue end of the
spectrum.

3. NON-VARIATION OF THE NEW
OFELOBAL QUASAR

Significant  variation of BALs, including a complete
disappearance, with a time scale of 1-10 year in the quasar rest-
frame have been reported in the previous studies (e.g., Hall et al.,
2011; Zhang et al,, 2011, 2015; Filiz Ak et al., 2012, 2013; Vivek
et al., 2012, 2014; Joshi et al., 2014). The significant variation
can be explained by a variation of either the ionizing power
(e.g., Trevese et al., 2013) or the covering factor due to a cloud
transiting the line-of-sight (e.g., Hall et al., 2011). By comparing
the variability of OFeLoBAL and non-OFeLoBAL quasars, Zhang
et al. (2015) claimed a prevalence of strong BAL variation in
the OFeLoBAL quasars rather than in the non-OFeLoBAL ones,
which allows the authors to argue that the troughs in OFeLoBAL
quasars are resulted from dense outflow gas closer to the central
SMBH.

SDSSJ090152.04+624342.6 has been observed twice by SDSS
with a time interval of ~6 yr, which corresponds to a rest-
frame time of ~2 yr. The two spectra are compared in Figure 1,
along with a difference spectrum. The difference spectrum is
obtained by a direct subtraction of the two spectra at the different
epochs, since they are matched very well redward of the MgII line
emission. One can see from the figure that no significant variation
can be identified in the object through a comparison of the two
SDSS spectroscopic observations. The invariant of the spectra
of the object suggests a rest-frame life time of its BAL structure
being no shorter than 2 yr. The knife-edge model in Capellupo

et al. (2013) gives a simple relation of the crossing velocity v of
the absorber of Ucross = AAD/At, where AA is the fraction of the
continuum region crossed by the absorber, and D the diameter of
the continuum region. With the typical values of AA = 0.1 and
D = 103pc (e.g., Capellupo et al., 2013; McGraw et al., 2015), the
invariant of the BAL structure of the object within a rest-frame
time of 2 yr suggests a crossing velocity Ucross < 5 X 10°km s71.

4. CONCLUSION AND FUTURE STUDY

SDSSJ090152.04+624342.6 is identified as a new OFeLoBAL
quasar at z ~ 2.1. The spectra taken by SDSS at two
epochs with a time interval of 6 yr do not show significant
variation of its BAL. Further infrared spectroscopic observation
is necessary for confirming the redshift determination, studying
the host galaxy stellar population and estimating BH viral
mass through Balmer emission lines. Based on the redshift
of z ~ 2.1, the HB line which is traditionally used for
BH mass estimation, is redshifted to 1.5uwm at observer
frame. And also, further optical spectroscopic and photometric
monitor is useful for revealing significant BAL variation in the
object.
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Low-ionization nuclear emission-line regions (LINERs) are specially interesting objects
since not only they represent the most numerous local Active Galactic Nuclei population,
but they could be the link between normal and active galaxies as suggested by their low
X-ray luminosities. The origin of LINER nuclei being still controversial, our works, through
a multiwavelength approach, have contributed, firstly, to confirm that a large number of
nuclear LINERs in the local universe are AGN powered. Secondly, from the study of X-ray
spectral variability, we found that long term variations are very common, and they are
mostly related to hard energies (2—10keV). These variations might be due to changes in
the absorber and/or intrinsic variations of the source. Thirdly, Mid-infrared (MIR) imaging
also indicates that LINERs are the low luminosity end of AGN toward lower luminosities,
and MIR spectroscopy shows that the average spectrum of AGN-dominated LINERs with
X-ray luminosities Lx(2-10 keV) > 10*! erg/s is similar to the average mid-IR spectrum
of AGN-dominated Seyfert 2s; for fainter LINERS, their spectral shape suggests that
the dusty-torus may disappear. Fourth, the extended Ha emission of LINERs at HST
resolution indicates that they follow remarkably well the Narrow Line Region morphology
and the luminosity-size relation obtained for Seyfert and QSOs; HST Ha morphology may
suggest the presence of outflows, which could contribute to the line broadening, with
the resulting consequences on the percentage of LINERs where the Broad Line Region
is detected. This issue is being revisited by our group with a high spectral resolution
set of optical data for nearby type-1 LINERs. Finally, concerning systematic studies on
the role of star formation in LINERs, which are scarce, our contribution deals with the
study of a sample of the most luminous, highest star formation rate LINERs in the local
Universe (at z from 0.04 to 0.11), together with its comparison with both lower-redshift
LINERs and luminous LINERs previously detected at z ~ 0.3. Most of our sources have
Lagn ~ Lsr, suggesting co-evolution of black hole and stellar mass. The AGN luminosity
of local LINERs generally is related to the position they occupy on the main-sequence
traced by Star Forming galaxies.

Keywords: active galactic nuclei, ionization, morphology, star formation, galaxies
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AGN LINERs

1. INTRODUCTION

LINERs (Low Ionization Nuclear Emission Line Regions) were
initially classified among Active Galactic Nuclei (AGN) since
their emission line ratios could not be explained as produced
by star forming processes (Heckman, 1980); they show optical
spectra dominated by emission lines from low ionization species
[(OI), (NII), (SII)] and faint high-ionization emission lines.
The quantification of these properties is given by the position
they occupy in diagnostic diagrams using optical (Veilleux and
Osterbrock, 1987; Kewley et al., 2006) or Mid-infrared emission
line ratios (Sturm et al., 2005, 2006; Bendo et al., 2006; Dale
et al., 2006; Rupke et al., 2007; Smith et al., 2007). AGN were
widely recognized as sources photo-ionized by a power-law
continuum (Halpern and Steiner, 1983). Nevertheless, already
pioneering works showed that the spectra of LINERs could also
be explained by shock ionization models (Dopita and Sutherland,
1995; Franceschini et al., 2005) and photoionization by post-AGB
stars, specially in the case of weak LINERs in ellipticals (Binette
etal., 1994). Some LINER nuclei show broad permitted emission
lines (type-1 LINERs, about 25% of all local LINERs, see Ho
2002) that, if confirmed as being produced by the Broad Line
Region (BLR), would unambiguously connect type-1 LINERs to
the AGN family. In the case of type-2 LINERs, the debate is
still open, with the interpretation of all type-2 LINERs as low-
luminosity AGN beeing still controversial, since the contribution
from evolved (post-AGB) stars, low mass X-ray binaries or diffuse
thermal plasma may have an important role (see Ho et al. 1997a
for a full discussion on the topic; see also Eracleous et al. 2002;
Stasinska et al. 2008; McKernan et al. 2010).

Already in Heckman’s seminal work, LINERs were found to
have lower luminosities that Seyfert nuclei and were generally
identified in early-type hosts, a result which is irrespective of the
interaction class, in the sense of finding the same morphologies in
isolated and interacting LINER galaxies (Marquez and Masegosa,
2010; Mdérquez et al, 2010). LINERs are frequently found
among nearby galaxies. For instance, around 40% of the galaxies
in the Palomar Spectroscopic Survey (Ho et al, 1997a, and
references therein) fall in this category. In the recent work
by Leslie et al. (2016), 6.5% of the 202708 galaxies in their
sample are classified as LINERs. Evidence is also compelling
on LINERs probaly hosting heavily obscured (Compton-thick)
AGN (Gonzélez-Martin et al., 2009a, and references therein)
which may imply that they may be even more numerous than
previously deduced from optical selections. Therefore, their study
seems relevant for understanding the demography of nearby
AGN. AGN LINERs are found to be located at the faintest
end of the fundamental correlation between star formation rate
and accretion, representing very inefficient accreting systems
(Satyapal et al. 2004; Dudik et al. 2005; Satyapal et al. 2005;
Ho 2008; but see Netzer 2009). Ho (2009) places them in a
sequence of decreasing Ly,/Lggy which goes from Seyferts to
LINERs, and transition objects, down to passive absorption-line
systems. Understanding LINERs would therefore be important
for a better understanding of low-efficiency accretion processes
and their connection with higher power AGN activity. Provided
that the mass of the central supermassive black hole and the mass

of the hosting galaxy bulge are correlated and that there exists
the expected connection between AGN with galaxy formation
and evolutionary processes (e.g., Leslie et al. 2016), the study
of LINERs is relevant for inferring their role as eventual end-
products in the evolution of galaxies (see for instance Wang et al.
2008).

Together with the host contamination, the presence of
eventual extinction and circumnuclear star formation hamper
the detection and characterization of such faint sources, still
today. After more than 30 years of research, it is clear that the
nature of the ionizing source in LINERs have to be studied
through a multi-wavelength approach (review by Ho, 2008 and
references therein).

This paper is focused on the contributions from our group
on the multi-wavelength research on LINERs that we started
more than a decade ago, and that mainly refer to (i) the study
of the X-ray properties and variability of LINERSs, (ii) the analysis
of their mid-infrared Spitzer spectroscopy, (iii) the morphology
of the ionized galaxies in the nuclear regions with high spatial
resolution HST imaging, (iv) the study of optical emission lines
in local type-1 LINERs and (v) the determination of the star
formation properties of LINERs at low redshifts (from 0.04 to
0.11). Before going deeper into the details, we want to emphasize
that we use the available information to minimize in our samples
the contamination from those LINERs that could not belong to
the AGN family, as explained in the following section.

2. AGN LINERS

Previous works have shown that LINER-like spectra can also
arise in a galactic disc (see for example Gonzalez-Martin et al.
2009b). In fact the contribution from fast shocks in extra-nuclear
spectra, the so-called Low Ionization Emission Region (LIER),
can produce the observed optical line ratios (Dopita et al., 1997)
as can ejecta from starburst driven winds (Armus et al., 1990)
or even a diffuse ionized plasma (Collins and Rand, 2001). An
example for the LINER galaxy NGC5966 is given in Figure 1.

The challenge is to determine which sources with a LIER-like
spectrum actually harbor a LINER powered by an AGN. To make
this determination, a number of diagnostics exist at different
wavelengths (Baldwin et al., 1981; Veilleux and Osterbrock, 1987;
Sturm et al., 2005, 2006; Bendo et al., 2006; Dale et al., 2006;
Kewley et al., 2006; Rupke et al., 2007; Smith et al., 2007). In
addition to the traditional diagrams by Baldwin et al. (1981) BPT,
the use of the WHAN diagnostics (which use the width of Ha,
WHe, vs. [N II]/Ha) by Cid Fernandes et al. (2011) has been
recently added to discriminate between weak AGN and retired
galaxies where the process of forming stars has stopped and hot
low-mass evolved stars are the ionizing source. Even if a great
proportion of galaxies belonging to the initial LINER class are
reclassified as retired galaxies, all LINERs with WHa > 3 A are
considered as weak AGN (see Figures 1, 6 in Cid Fernandes et al.,
2011).

The detection of broad permitted lines (type-1 LINERS) is
another indication of an AGN, as they are the detection of point
like sources with AGN-like spectral properties at X-ray, UV
and radio frequencies, and which are more secure indicators in
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spectroscopic data. The black solid curve is the theoretical maximum starburst model (Kewley et al., 2001). The black-dashed curves represent the Seyfert-LINER
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the case of such sources showing variability. All the available
indicators above have been used when selecting our sample
galaxies in order to secure their AGN nature.

2.1. X-ray Properties and Variability

X-ray data offer the most reliable probe of the high energy
spectrum for luminosity AGN. Additionally, the X-ray domain
provides many AGN signatures, and therefore studies at X-rays
frequencies become one of the most important for determining
the AGN nature of LINERs. The advent of Chandra and XMM-
Newton resulted in much progress on the field. Different studies
carried out in the last decade show that an AGN is present
in at least 50% of LINERs (Ho et al., 2001; Satyapal et al.,
2004, 2005; Dudik et al., 2005), unless the AGN contribution
to the 0.5-10keV luminosity may be 60% (Flohic et al,
2006). Bolometric luminosities, Ly,;, can be estimated from X-
ray luminosities, Ly, by considering an universal bolometric
correction for LINERs, Ly, ~ Lx. The derived Eddington ratios
would imply that LINERs are the faintest end of the correlation
between star formation rates and mass accretion, hosting very
inefficient accretion processes (Eracleous et al., 2002; Dudik et al.,
2005; Flohic et al., 2006; Ho, 2009).

Our first effort in this field was focused on the analysis of the
X-ray properties of 51 LINERs with Chandra data (Gonzalez-
Martin et al., 2006). We found that their X-ray morphologies,
spectra, and color-color diagrams together imply that a high
percentage of LINER galaxies may host an AGN (Gonzalez-
Martin et al., 2006). We then updated our sample, including all
LINERs from the catalog by Carrillo et al. (1999) with useful
observations from Chandra and/or XMM-Newton; the resulting
sample was the largest of LINERs (82 galaxies) with such data
to date (Gonzalez-Martin et al., 2009b,a). We first considered
as AGN-candidates as those with a nuclear point-like source at
the hard X-ray energy range (4.5-8.0 keV); at least ~60% of
the studied LINERs were class as AGN-candidate (see Figure 2).
HST optical images and literature data on emission lines, radio
compactness, and stellar population results were compiled, and

their study allowed us to conclude that an AGN might be present
in 90% of the sample. The spectral analysis at X-rays indicates
that best fits involve a composite model: (1) an absorbed primary
power-law continuum and (2) a soft component below 2 keV
described by an absorbed, scattered and/or thermal component
(Gonzalez-Martin et al., 2009b). According to the most common
tracers for Compton-thickness, i.e., the X-ray spectral index
(Maiolino et al., 1998; Cappi et al., 2006), the Fx(2-10 keV) /
F([OIII]) ratio (Panessa et al., 2006, and references therein), and
the equivalent width of FeKo emission line (Matt, 1997; Bassani
etal., 1999), about 50% of the studied LINERs showed evidence of
being Compton-thick, a property more commonly found among
LINERs than among Seyferts (Gonzalez-Martin et al.,, 2009a,
and references therein). Compared to Seyfert galaxies, LINERS
have larger black hole masses and lower Eddington ratios,
consistent with LINERs preferring early-type hosts. However
note that, once X-ray luminosities were corrected for Compton-
thickness, LINERs appeared to have lower X-ray luminosities and
Eddington ratios, but somewhat overlapping the range of type-2
Seyferts, as further confirmed by Hernandez-Garcia et al. (2016)
(see Figure 3).

In addition to a number of studies devoted to individual
sources, the variability of LINERs as a family was studied at X-
rays (Ptak and Griffiths, 1998; Pian et al., 2010) (see also Younes
et al. 2011, 2012 but only for type 1 LINERs) and at UV (Maoz
et al., 2005). Other works have considered LINERs but within
the group of low luminosity AGN, where some Seyferts are also
considered (Gonzilez-Martin and Vaughan, 2012; Young et al,,
2012, for example).

Starting with the finding of X-ray variability in the type-2
LINER NGC 4102 (Gonzalez-Martin et al., 2011), and with the
aim of contributing to the study of variability in LINERs in an
homogeneous way, we extended our analysis to a sample of 17
AGN-LINERs with multi-epoch XMM-Newton and/or Chandra
observations, to study both long and short-term variations.
Variability is detected on timescales from days to years in 50%
of the targets, but no short-term variations are detected. Flux
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FIGURE 2 | This figure summarizes the results of the classification of the 82 LINERS in our sample based on X-ray imaging, where AGN-candidates were defined as
those with a nuclear point-like source at the hard X-ray energy range (4.5-8.0 keV). An example of an AGN candidate is given in the left (NGC 4594) and for an
non-AGN candidate in the right (CGCG 162-010). In both columns we represent: Top: 0.6-8.0 keV band without smoothing. Center-left: 0.6-0.9 keV band.
Center-center: 1.6-2.0 keV band. Center-right: 4.5-8.0" keV band. Bottom left: 6.0-7.0 keV band. Center-bottom: 2MASS image in Ks band. Bottom-right:
sharp-divided HST optical image in the filter F814 W of the region marked as a rectangle in the top image. The sharp-dividing technique consists on dividing the
original image by a smoothed version, and is aimed at better showing the internal structure (Marquez et al., 2003). The initial percentage of 60% AGN-candidates
when only using X-ray imaging rises to 90% when the information at other wavelengths is considered (Gonzalez-Martin et al., 2009b).

variations are generally due to changes in the normalization of
the power-law component at hard energies (Herndndez-Garcia
etal, 2013, 2014, 2016).

When LINERs are compared to Seyfert 2 galaxies, we find
that changes are mostly related to variations in the nuclear
continuum, with variations in the absorbers and at soft energies
in a few cases in both families. Compton-thick sources do not
show variability, most probably because the AGN is not accessible
in the 0.5-10 keV energy band. We find that the X-ray variations
may occur similarly in the two families, LINERs and Seyfert 2s, in
the sense that they are related to the nuclear continuum, although
they might have different accretion mechanisms. Variability at
UV wavelengths is detected in LINERs but not in Seyfert 2s,
suggesting that some LINERs may have an unobstructed view
of the inner disk where the UV, sometimes variable, emission
may take place. This result appears to be compatible with the
disappearance of the torus and/or the broad-line region in at least
some LINERs (Herndndez-Garcia et al., 2016).

2.2. Mid Infrared Spectroscopy

At Mid Infrared (MIR) frequencies, among arguments to
reinforce for the existence of a non-thermal component in
LINERs are the overall shape of the continuum and the detection
and line ratios of emission lines. As shown by Lawrence
et al. (1997), LINERs are dominated by the stellar host in the

range 1-5 pm but a strong excess is observed in the range
between 10 and 20 wm, which may indicate the presence
of less hot dust than in Seyferts. The unique study done so
far at MIR frequencies by Sturm et al. (2005) has shown
that two different LINER populations exist: infrared-bright and
infrared-faint LINERs. The LINER emission in the former often
show spatially extended (non-AGN) LINER emission and show
MIR Spectral Energy Distributions (SED) typical of starburst
galaxies. Emission in infrared-faint LINERs mostly arise from
compact nuclear regions, and their MIR SEDs are much bluer.
Fine-structure emission lines from highly excited gas, such as
[OIV], suggesting the presence of an AGN, is detected in both
populations.

Our study of LINERs in the MIR, low spectral-resolution
Spitzer data, complemented with QSOs, Seyferts 1 and 2 and
starburst galaxies, allows us to conclude that the spectrum of
faint LINERs (those with Ly < 10%! erg/s) is different from the
average spectra of any of the other optical classes (see Figure 4).
We suggest that their dominant emission might be a combination
of an elliptical galaxy host, a starburst, a jet, and/or Advection-
dominated Accretion Flow emission (Gonzalez-Martin et al.,
2015). Concerning the analysis of the existing correlation
between the emissions at MIR and X-rays in AGN (Gandhi et al,,
2010; Asmus et al., 2014), our analysis of the galaxy NGC 835
(Gonzélez-Martin et al., 2016) has pointed out that the knots
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seen at X-rays are mostly located in the inner side of this MIR
emission, which may suggest that outflows are present in the
circumnuclear region.

Several authors have claimed that less luminous
AGN are not capable of sustaining a dusty torus structure
(Elitzur and Shlosman 2006, also reviewed by Heckman and
Best 2014 and references therein). In order to study the gradual
re-sizing and disappearance of the torus, we examined MIR
Spitzer/IRS spectra of a sample of ~ local AGN of different
luminosities, from low-luminosity AGN and powerful Seyferts.
A decomposition method was applied to decontaminate the
torus component from other contributors (Herndn-Caballero
etal., 2015); the nuclear fluxes provided by high spatial resolution
MIR (or X-ray images and the Asmus’ relation) were used to
anchor the torus component. Starburst objects were included
to ensure secure decomposition of the Spitzer/IRS spectra.
Five groups were defined according to the torus contribution
to the 5-15 pum range (Cyorys) and Lyy, with a progressively
higher Cypys and an increase of Ly, from Group 1 (no torus
contribution, log(Ly,;) ~ 41) up to Group 5 (Csorys ~ 80% and
log(Lyo) ~ 44). The fit of clumply models to the average spectra
of each group indicated that, in Group 1, the torus is no longer
present, supporting that the torus disappears at low luminosities.
For Groups 3, 4, and 5, higher outer radii of the torus were
found for higher luminosities, consistent with a re-sizing of the
torus according to AGN luminosity (Gonzilez-Martin et al.,
2017).

2.3. HST Ha Imaging
To get additional clues on the nature of LINERs in the absence of
high resolution X-ray data, indirect information can be obtained
from correlations between X-ray properties at lower resolution
and optical/NIR properties at higher resolution. In particular,
the study of the properties of the ionized gas and its relation
to those at X-rays may be enlightening. The Ho morphology of
LINERs has been shown to consist on a point source embedded
in an extended structure; this structure is sometimes clumpy and
filamentary, and with clear indications of nuclear obscuration
in some particular cases (similarly to what is found in low
luminosity Seyferts) (Pogge et al., 2000; Chiaberge et al., 2005;
Dai and Wang, 2008). Walsh et al. (2008) use STIS spectroscopy
to demonstrate that the energy source at scales of tens of parsecs
of 13 LINERs is consistent with photo-ionization by a central
nuclear source, but outflows dominate their NLR kinematics.
We made use of the high spatial resolution provided by HST
Ho imaging for 32 LINERs (Masegosa et al.,, 2011), with the
aim of characterizing the ionized gas in the nuclear regions. An
unresolved nuclear component can be identified in 84% of the
sources. Extended emission with equivalent sizes ranging from
a few tens to hundreds of parsecs is also seen, with morphologies
that can be grouped into three classes: nuclear outflow candidates
(42%, see an example in Figure5), core-halo morphologies
(25%) and nuclear spiral disks (14%). The equivalent radius
of the He emission and the (2-10 keV) X-ray luminosities
show a size-luminosity relation. Both the morphologies of the
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ionized gas and the relation between size and luminosity are
completely equivalent to those found in low luminosity Seyferts,
what indicated a common origin for the NLR of LINERs and
Seyferts. We suggested for the first time a relation between the
morphologies of the ionized gas and the soft X-rays in LINERs
(Masegosa et al., 2011) similar to what was obtained for Seyferts
(Schmitt and Kinney, 1996).

2.4. The BLR in LINERs 1.9 Revisited

Spectropolarimetric observations at the Keck 10 m telescope of
14 LINERs have shown that the BLR is detected in polarized
light in only three of them (Ho, 2008). But models based on a
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FIGURE 4 | Best fit to clumpy models (dot-dashed light-blue line) for the
average spectra of Seyfert 1s (a), Seyfert 2s (b), bright LINERs (c), and faint
LINERs (those with Ly < 1041 erg/s). (d), From Figure 9 in Gonzalez-Martin

et al. A&A 578, A74, 2015, reproduced with permission © ESO.

clumpy torus, suggest that the BLR cannot survive for bolometric
luminosities Ly < 10*2ergs™!, in clear contradiction with the
existence of type-1 LINER nuclei in general, and with the
particular 22 cases in the Palomar Spectroscopic survey by Ho
etal. (1997b). The properties of the BLR in these objects are hence
far from being well understood.

Except for individual discoveries of type 1 LINERs (Storchi-
Bergmann et al,, 1993; Bower et al, 1996; Ho et al,, 1997b;
Eracleous and Halpern, 2001; Martinez et al., 2008), the only
systematic work is Ho et al. (2003). They use an homogeneous
detection method on a magnitude limited spectroscopic
catalogue, so theirs is the best defined sample of type 1 LINERs.
Unfortunately, their spectra quite often lack the required
S/N for a precise measurement of the width of the broad Ha
component. This could in principle be circumvented by using
STIS-HST spectra, available for 14 out the 22 type 1 LINERs
(Shields et al., 2007; Walsh et al., 2008; Balmaverde and Capetti,
2014). Nevertheless, as our analysis of the HST Ho imaging
demonstrated, most objects show a morphology indicating
the presence of outflows (Masegosa et al., 2011), which could
contribute to the line broadening and consequently result in a
wrong estimation of the BLR line width. Measuring the width
of the low ionization line [01]6300!, which is not covered by the
STIS-HST spectra (Balmaverde and Capetti, 2015; Constantin
etal.,, 2015; Balmaverde et al., 2016), may help constrain whether
outflows are relevant and estimate their contribution to the
width of Hor.

We have observed, with the TWIN spectrograph attached
to the 3.5 m telescope in Calar Alto, the 22 type 1 LINER
galaxies in Ho’s sample. The spectra covering the regions around
both Ha and Hp, with 0.54 A/pixel spectral resolution, have
S/N ~ 50 for the former. Our aim was to analyze whether the
presence of outflows may have an impact on the line-widths
and therefore on the identification of type 1 LINERs. A careful
subtraction of the underlying stellar component was performed,
using both Starlight (Cid Fernandes et al., 2005) and Ppfx

1A single, unblended line, contrary to [NII] and [SII].
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FIGURE 6 | Top: Stellar population subtracted spectrum of NGC 3718 (black),
together with the final model with single Gaussian components for the narrow
lines and an additional very broad component for He. Middle: Narrow line
fitting in green and very broad Ha in magenta. Bottom: Residual spectrum.

(Cappellari and Emsellem, 2004). The resulting narrow emission
lines [SII] and [OI] were fitted by means of Gaussian single or
double components, both providing in general different results
for the line-widths. The line-widths and shifts of [NII] lines and
Ha are fixed either to those from [SII] to [OI]; the best fit is
determined from that with the smallest residuals. An additional
broad component, indicative of a BLR, is also required only in
eight cases (see for instance Figure 6). We find that outflows may
explain the broad lines found in a number of these LINERs. A full
discussion with these results and the comparison with those from
previous works will be provided elsewhere (Marquez et al., 2017,
in preparation).

3. MOST LUMINOUS LINERS AT
REDSHIFTS FROM 0.04 TO 0.11

The best studied nearby LINERs are found in the nuclei of
galaxies with little or no evidence of active star formation (SF).
They are usually hosted by massive early-type galaxies (rarely
spirals), with massive Super Massive Black Holes, old stellar
populations and small amounts of gas and dust (e.g., Kauffmann
et al. 2003; Cid Fernandes et al. 2004; Ho 2008; Leslie et al.
2016). Recently, a population of LINERs has been detected at
z~0.3 (Tommasin et al., 2012), showing higher SF and AGN
luminosities than those typical of nearby LINERs (Ho et al,
1997a).

L + g
i + : 1
L A ]
1.0_ Y | +1 _
= ]
> i ]
S 05f .
s i ]
~ r ]
&£ 00 ]
L v
wool b
D gl h
g 05f ] ]
l s * % ‘ ]
10k logLagn: g...'.ﬁ.-' ]
[ ¢ 435-44 " . P ]
e 44-445 g 1
1.5 @ 445-45 5
R SR U S S CA T W W NS S S T SRR

9.5 10.0 10.5 11.0 11.5

Log M* (Mo)

FIGURE 7 | The relationship between SFR and total stellar mass. SFRs were
measured either with Herschel/PACS FIR data (big green filled circles), with
IRAS data (big dark blue filled circles), or through Dn4000 index from optical
spectroscopic data (big red filled circles). The solid black line shows the Main
Sequence for SF at z = 0.07 (Whitaker et al., 2012), and the dashed lines its
typical width. Together with our MLLINERs, the entire sample of luminous
LINERSs (black dots), and the most luminous LINERs at z ~ 0.3 from Tommasin
et al. (2012) (black crosses) are included. The dotted polygon represents the
typical location of 60% of all LINERs at low redshifts (Leslie et al., 2016). AGN
luminosity bins are represented with symbols of different sizes. Reproduced
with permission from Figure 12. M. Povic et al. Star formation and AGN activity
in the most luminous LINERSs in the local universe. MNRAS (2016) 462 (3):
2878-2903. Published by Oxford University Press on behalf of The Royal
Astronomical Society. Available online at: https://academic.oup.com/mnras/
article/462/3/2878/25898507searchresult=1. This figure is not covered by the
Open-Access licence of this publication. For permissions contact
Journals.permissions@OUP.com.

Aimed at searching for similar objects at lower redshifts, we
have studied a sample of 42 of these most luminous LINERs in
terms of both AGN and Star Formation luminosities (log(Lgn)
> 44.3 and log(Lsr) > 44.3, hereafter MLLINERSs) but in the
local universe, at z = 0.04-0.11, through the analysis of our
own spectroscopic data (long-slit spectroscopy with the TWIN
and ALFOSC spectrographs attached to the 3.5m telescope in
Calar Alto and the NOT in La Palma, respectively) and FIR
data (Herschel and IRAS). We find that local MLLINERs show
considerable differences in comparison to other low-redshift
LINERs, in terms of higher extinctions, higher star-formation
rates and AGN luminosities. They are hosted by galaxies of
all morphological types, including 25% of peculiar galaxies
(with clear asymmetries, substructures and/or distortions). Our
MLLINERs are located on the main sequence (MS) of star-
forming galaxies (see Figure?7), again in contrast to nearby
LINERSs that usually lye below the MS (Leslie et al., 2016).

MLLINERs have the same stellar masses (M,), star forming
rates and Lygy than those previously detected at z ~ 0.3
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(Tommasin et al., 2012); hence we confirm the existence of such
luminous LINERSs in the local universe, and therefore discard an
eventual evolutionary scenario with higher luminosity objects for
higher redshifts. The median stellar mass of these MLLINERSs
corresponds to 6-7 x 10! M® which was found in previous
work to correspond to the peak of relative growth rate of stellar
populations and therefore for the highest SFRs. Other LINERs
although showing similar AGN luminosities have lower SFR.
We find that most of MLLINERs have Lagn ~ Lgsr suggesting
co-evolution of black hole and stellar mass. The fraction of z =
0.04-0.11 LINERs located on the MS is 2, 3, 11, and 37% in the
bins of log(Lagn) of (43-43.5), (43.5-44), (44-44.5), and (44.5-
45), respectively (see Figure 7). Thus, we can safely conclude
that the fraction of local LINERs on the main sequence of star-
forming galaxies is related to their AGN luminosity. All these
results are published in Povi¢ et al. (2016).

4. CONCLUSIONS

The main conclusions of our contributions to the study of LINER
AGN can be summarized as follows:

e From 60% to 90% of the studied LINERs in our initial sample
of 82 objects with X-ray data can be considered as genuine
AGN. The percentage of Compton-thick nuclei may be higher
in LINERs than in Seyferts. Variability in X-rays is a common
property in LINERs, with timescales from days to years. X-ray
variations may occur similarly in LINERs and Seyfert 2s, i.e.,
they are related to the nuclear continuum, although they might
have different accretion mechanisms, which may be related
to the expected disappearance of the torus at low bolometric
luminosities.

e Bright LINERs are similar to Seyfert 2s concerning MIR
spectroscopic properties, whereas faint LINERs form a
separate family. A refined decomposition of MIR spectra
indicates that the torus contribution is negligible for Lgor <
104! ergs.

e The high spatial resolution HST imaging indicates that most
LINERs show a broad-cone or core-halo He morphology,
which may indicate the presence of outflows, specially in the
former case.

e The study of new optical spectroscopic data around Ho
of LINERs previously classified as type 1, allow a careful
subtraction of the stellar component and the fitting to the
resulting emission line spectra. Single/double Gaussian fitting
results in the need of very broad He components only in 8
out of the 22 observed objects. The presence of such very
broad lines being indicative of the detection of the BLR, the
percentage of type 1 LINERs might be much smaller (~ 8%)
than previously estimated (25%).
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The TeV diffuse emission from the Galactic plane is produced by multi TeV electrons and
nuclei interacting with radiation fields and ambient gas, respectively. Measurements of
the TeV diffuse emission help constrain CR origin and transport properties. We present
a preliminary analysis of HAWC diffuse emission data from the inner Galaxy. The HAWC
measurements will be used to constrain particle transport properties close to the Galaxy
center correlating the HAWC maps with predictions of the DRAGON code.

Keywords: high energy astrophysics, inner galaxy, gamma rays, diffuse emission, cosmic rays, interstellar medium

1. INTRODUCTION

Cosmic rays (CRs) are the highly energetic nuclei and protons which carry, at least close to the
Solar System, an energy density of about 1 eV/cm?>. This is comparable to the Galactic magnetic
fields, energy density of the radiation fields, and turbulent motions of the interstellar gas. Thus
CRs are an energetically important component of the interstellar medium (ISM). They play an
important role in the dynamical balance of our Galaxy, and have an important effect on interstellar
chemistry through the heating and ionization of the ISM, particularly in its denser regions. Being
charged particles, CRs are also strongly coupled to the magnetic fields by Lorentz forces and by
strong scattering off field irregularities (MHD waves).

CRs up to at least 10'° eV are believed to be accelerated through diffusive shock acceleration
(DSA) in young supernova remnants (SNRs). In the shells of SNRs suprathermal particles would
be injected into the acceleration process at the shock propagating into the ISM where collisionless
processes transfer to them the kinetic energy of the magnetohydrodynamic shocks Krymskii (1977);
Axford (1981); Blandford and Eichler (1987); Bell and Lucek (2001); Malkov (2001). The SNR
paradigm for the CR origin is based upon energetic considerations. At least one supernovae
explosion event is expected in every 30 years, and considering that, the non thermal energy release
at each supernovae event should be 10 ergs, (which is almost ten percent of total energy release at
each SN explosion event), in order to explain the energy density of cosmic ray (which is about
1 ev/cm®) Ginzburg and Syrovatskii (1964) in the Galaxy. This is in good agreement with the
typical amount of energy predicted to be created during the acceleration of relativistic particles
in supernovae remnant shocks within a DSA scenario Voelk and Biermann (1988); Drury et al.
(1989).

Cosmic rays runaway the acceleration sites and finally propagate into the galactic magnetic field,
so it is impossible to observe cosmic rays from the candidate injection sites directly.

The information on the cosmic ray spectra at the acceleration sites cannot be traced
back, because of the unknown propagation mechanisms of cosmic ray spectra. Secondary
CR data suggest that cosmic ray protons and nuclei diffuse in the magnetic fields for
times of the order of Teeqpe = 1.4 X 107(E/ 10GeV) 06 years, E being the particle
energy, before escaping the Galaxy. During this time the particles accelerated by individual
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sources diffuse into the Galaxy, mix together, get isotropized by
the galactic magnetic fields and contribute to the bulk of Galactic
cosmic rays known as cosmic ray background or cosmic ray sea,
the information on the CR source and CR energy distribution at
the source is lost.

However, while cosmic rays scape injection sources and
diffuse in the Galaxy, they interact inelastically with ambient
molecules and atoms of the interstellar gas and create gamma
rays by decay of neutral pions. Electrons produce gamma-rays
through inverse Compton scattering and also by bremsstrahlung
processes. In contrast to CRs, the gamma rays produced by these
accelerated particles, are neutral and travel in straight lines from
the site where they were produced to the detector. The gamma ray
energy flux from the different directions on the sky provides thus
direct information about the parental cosmic ray flux in different
locations in the Galaxy. This emission, extending from GeV to
hundreds of TeV, is thus the most powerful tool to probe the
origin and propagation mechanisms of CRs in the Galaxy and
to investigate the extreme astrophysical environments in which
these particles are accelerated.

Observational evidences show that the cosmic ray energy
density varies strongly in different locations of the Galaxy, in
particularly in leactive regions of the Galaxy, such as the MCs
(Molecular clouds) close to young and middle aged SNRs and
in active star forming regions. These regions, where the CR
spectrum is also expected to be harder than the background CR
spectrum, are the candidate sites for CR acceleration, which we
will investigate deeply in our analysis.

2. HAWC

HAWC (High Altitude Water-Cherenkov) Telescope is well-
designed to study cosmic rays and TeV gamma rays between 100
GeV and 100 TeV by observing the air-shower particles created
by the primary particles in the high atmosphere which get in the
detector. HAWC is placed on the side of the Sierra Negra volcano
near Puebla, Mexico at an altitude of 4,100 meters.

Thanks to its wide field-of-view, with an instantaneous
field of view which covers fifteen percent of the sky, within
each 24 h period, HAWC observes two-third of the sky.
Applying the HAWC observatory, we are performing a high-
sensitivity synoptic survey of the gamma rays from the Northern
Hemisphere. The detector contains 300 similar water Cherenkov
detectors (WCDs) with 7.32 m diameter, 5 m high. Each tank
comprises 190,000 L of purified water. Four skyward facing
photomultiplier tubes (PMTs) are mounted at the base of each
tank, a 10” Hamamatsu PMT located at the center and three 8”
Hamamatsu PMTs which are located halfway between the tank
center and rim. A trigger is produced when a big enough number
of PMTs record a hit in a 150 Nanosecond time interval (see
Figure 1).

Parameters of the air shower, such as, the direction, the size,
and some gamma/hadron separation variables (for each triggered
event), are calculated from the recorded hit times and amplitudes,
using a shower model developed through the study of Monte
Carlo simulations and calibrated using observations of the Crab
Nebula.

%@ Mapping the Northern Sky in High-Energy Gamma Rays
HAWC com

ind night, providing
forthe observation
ma rays.

s nside the shower produce
Cherenkov radiation that s detected
by the PMTs.

cosmicray shower

W Sy
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“hot”spots concentrate
around the core

“hot*spots are more
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FIGURE 1 | The HAWC Observatory is a next-generation gamma-ray detector
placed at an altitude of 4,100 m on the slope of the dormant volcano Pico de
Orizaba in Mexico’.

HAWC is an ideal tool to study Galactic gamma-ray sources.
In the following we will review the HAWC map of the sky at 10s
TeV after collecting one year of data.

3. DATA AND ANALYSIS

The analysis presented here is based on a dataset which contains
275 = 1 source transits of the inner Galaxy taken between August
2, 2013, and July 9, 2014, While the HAWC array was partially
constructed. Since the sensitivity of HAWC is related to the
source declination, for the sources which transit via the detector
vertex, the best sensitivity is gained. For the analysis presented
here a zenith angle cut of 45° and declination between —26° and
+64° is applied. The background rejection, energy and angular
resolution of the detected gamma rays are associated with the
shower size detected in the array, So the data are categorized into
10 bins corresponding to the ratio i of PMTs triggered out of the
sum of the active PMTs.

In order to detach the cosmic-ray background from the
gamma-ray signal, we apply cuts to three parameters (the fraction
of the chi-square and reduced chi-square of the fit and a
topological cut according to the compactness of the charge
distribution) in each h bin Abeysekara et al. (2015a):

4. SKY MAPS AND MAXIMUM
LIKELIHOOD METHOD

The air shower simulation program CORSIKA Heck (1998) and
the detector simulation package GEANT4 Agostinelli et al. (2003)
generate the detector response file which describes the PSF (Point
Source Function) and energy distribution as a function of source
declination and fraction of hit & bins. In order to simulate

'The High-Altitude Water Cherenkov Observatory (HAWC). HAWC

Collaboration. Available online at: http://www.hawc-observatory.org/
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flux from the gamma ray, we use a simulation model which turns
the detector response to source of gamma rays.

Constructing a source model determined by spectrum and
position of the source is the preliminary step of the maximum
likelihood fit. The source spectrum in the following analysis is
assumed to obey a power law:

dN I E\-T
dg ~ "° ( Eo )
where T' is the spectral index. It has been assumed here a fixed
index of 2.3 because of the limited sensitivity in this data set. The
index of 2.3 is indicative of observed values for known Galactic
objects, and I is the differential flux normalization, E is the pivot
energy which is picked where the differential flux normalization
is least dependent on the spectral index. Right ascension (R.A.) «
and Declination (Dec.) § are used to describe the source position.
The region of interest (ROI) which is applied for a likelihood
fit should contain most photons from a given source so it must be
wider than the angular resolution of the detector, and because of
the high possibility of source confusion in the Galactic plane data,
it is not usually easy to find an ROI which contains only photons
from one single source.
Thus, the source model likely should contain more than one
source, and in this case, the expected count is:

(1)

i =Bi+ ) Vik (2)
k

where y; and B;; are the expected number of gamma rays and
the background events respectively, in the jth pixel of ith & bin,
correlated to the kth source. The event entwine with detector
response.

since the detected event counts distribution obeys Poisson
distribution in each pixel, one can assumes the probability of
measuring N number of events given an expected count A of the
source model be:

N

N!

-
P(N; 1) =

; 3)

The product the likelihood in each 4 bin and of each pixel (in an
ROI) is the likelihood in the source model (given parameter set
0 = (Ol, 3, IO))

N fbins ROI
£(6,N)=[]]]P0Ny: 2y,

L

(4)

Where Nj; is detected and 4;; is expected event counts in the jth
pixel of the ith h bin. The logarithm of the likelihood is applied
for ease of calculation:

fbins ROI

(0, N)= Z Z(Nlj)»ij — Aij)- (5)
i

Using the MINUIT package Brun and Rademakers (1997), The
log likelihood became maximized with respect to the parameter
set # in the source model. Since Nj; is not dependent of the
parameters in the source model, it is discarded from Equation (5).

In order to determine how many sources are required to
properly model an ROI a likelihood ratio test is performed.

In choose the preferred model over the background-only
model first we calculate the log likelihood of the background-only
model In £y . Afterward we compute the log likelihood In £; of
the one-source model. The test statistic (TS) defined by:

TS = =2(InL; — InLo) (6)
the test statistics is applied to compare the advantage of the fit
between the two models. In order to to compare between two
models with N and N+1 sources, similar method of likelihood
ratio test is used, in an iterative process; one source with three
free parameters (@, 8, Iy ) is added to the model step by step with
the amplitude and position of the current sources free to change
in respect to the new source. Finally the TS and differential flux of
each source are calculated by fitting one source and considering
other sources as a part of the background while parameters are
fixed(differential fluxes and positions).

Figures 2-4 present the significance map of the inner Galaxy
region investigated here. The map is made by moving a supposed
point like source through each pixel, presenting a maximum
likelihood fit of differential flux normalization with the fixed
spectral index at 2.3. As it is shown in Figure 2.

There are multiple > o hot spots in the studied region. The
area is divided into five region of interests. The method explained
above is used to simultaneously account for the flux contributions
of neighboring sources in each of divided region.

5. DRAGON

DRAGON is a code to solve the equation of CR transport in the
Galaxy, it is implemented to simulate all the related processes
relevant to Galactic CR propagation, in particular: diffusion,
re-acceleration,cooling convection, (due to bremsstrahlung,
synchrotron, Coulomb, inverse-Compton, and ionization),
catastrophic losses (annihilation), and spallation). The code
numerically solves the interstellar CR transport equation,
including inhomogeneous and anisotropic diffusion emission.
Evoli et al. (2008).

After solving the equation, the code provides the cosmic ray
spectra in all regions of the Galaxy. With such information the
code derives the gamma ray spectra. The DRAGON predicted
gamma ray spectra from the Galactic plane will be compared to
the observed spectra, measured by HAWC. In this way the CR
transport propagation will be fine-tuned.

6. FORTHCOMING RESEARCH AND
CONCLUSIONS

We showed a preliminary analysis of gamma-ray diffuse
emission from the inner galaxy using data from HAWC
detector. This analysis will serve to calibrate the dragon
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FIGURE 2 | Significance map.

pre-trial significance
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FIGURE 3 | A model with eleven sources Black circles demonstrate the five regions of interest (ROI).

-3 -2 -1
pre-trial significance

FIGURE 4 | Residual significance map.

code. We will use the results to constrain particle transport
properties in that region using the Dragon code in order to
understand whether particle transport there proceeds through
isotropic diffusion, anisotropic diffusion or maybe through
advection.
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1. INTRODUCTION

Variability studies of active galactic nuclei (AGNs) typically use either power spectral density (PSD)
and structure function (SF) analyses or direct modeling of light curves with the damped random
walk (DRW) and the continuous autoregressive moving average (CARMA) models. A fair fraction
of research publications on the subject are flawed, and simply report incorrect results, because they
lack a deep understanding of where these methods originate from and what their limitations are.
For example, SF analyses typically lack or use a wrong noise subtraction procedure, leading to flat
SFs. DRW, on the other hand, can only be used if the experiment length is sufficient, at least ten
times the signal decorrelation time scale 7, and if the data show the power-law SF slope of y = 0.5.

2. STRUCTURE FUNCTIONS

The structure function (SF) analysis is a model-independent technique of converting an active
galactic nucleus (AGN) light curve into a different space, the variability amplitude-timescale space.
The basic approach behind the SF analysis is as follows. Data points y; in an AGN light curve are,
in the simplest case, a sum of the variable signal s; (with the variance 052) and the observational
noise n; (with the variance 02), so y; = s; + n;. SF originates from simple mathematical properties
of the covariance of the light curve (index i) with a shifted copy of itself (index j) by the timelag
At = t; — tj, via (MacLeod et al., 2010; Koztowski, 2016b)

SF(A1)? =2 (052 — cov(si,sj)) + 203, (1)
where SF(At) is typically measured from data as

Nat pairs

1
SF(At)? = ——— (vi — ). ()
Nat pairs ; NI

In order to measure the true AGN variability, so in fact cov(s;, s;) in Equation (1), one needs to
subtract the full noise term (20,%) from the SF in Equation (2). This is either rarely done in recent
works or done incorrectly, as commonly only a fraction of the noise term (2) is subtracted. This
leads to flat power-law SF slopes of y = 0.1-0.4 at short timescales At (SF(At) o« AtY) (e.g.,
Vanden Berk et al., 2004; de Vries et al., 2005), but when correctly measured, the SF slope in optical
is significantly steeper y = 0.55 £ 0.08, based on ~9,200 SDSS AGN from Stripe 82 (Koztowski,
2016b) and y =~ 0.45 in mid-IR (Koztowski et al., 2010a, 2016). An equally important variability

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 82

September 2017 | Volume 4 | Article 14


http://www.frontiersin.org/Astronomy_and_Space_Sciences
http://www.frontiersin.org/Astronomy_and_Space_Sciences/editorialboard
http://www.frontiersin.org/Astronomy_and_Space_Sciences/editorialboard
http://www.frontiersin.org/Astronomy_and_Space_Sciences/editorialboard
http://www.frontiersin.org/Astronomy_and_Space_Sciences/editorialboard
https://doi.org/10.3389/fspas.2017.00014
http://crossmark.crossref.org/dialog/?doi=10.3389/fspas.2017.00014&domain=pdf&date_stamp=2017-09-21
http://www.frontiersin.org/Astronomy_and_Space_Sciences
http://www.frontiersin.org
http://www.frontiersin.org/Astronomy_and_Space_Sciences/archive
https://creativecommons.org/licenses/by/4.0/
mailto:simkoz@astrouw.edu.pl
https://doi.org/10.3389/fspas.2017.00014
http://journal.frontiersin.org/article/10.3389/fspas.2017.00014/full
http://loop.frontiersin.org/people/465731/overview

Koztowski

Optical Variability of Active Galactic Nuclei

observable to the SF slope is the decorrelation timescale 7, a
timescale at which the SF changes slope from the red noise (y =
0.5) to the white noise (y = 0.0). It seems to be about one
year rest-frame, again based on ~9,200 SDSS AGN from Stripe
82 (Kozlowski, 2016b). I recently proposed a new method of the
measurement of the unbiased decorrelation timescale t from SFs
(Koztowski, 2017a). Another SF observable is the AGN variability
amplitude measured at 1 year (rest-frame) with the value of
0.20 = 0.06 mag in optical bands, while the asymptotic variability
amplitude at long timescales (At > 7, so At >> 1 year rest-frame)
is 0.2540.06 mag (Koztowski, 2016b). The SF amplitude at 1 year
may be affected, while the asymptotic variability amplitude is not,
by the bias due to the unknown underlying stochastic process for
short datasets (Koztowski, 2017a).

3. THE DAMPED RANDOM WALK

AGN light curves can be modeled and interpolated using the
damped random walk (DRW) stochastic process. DRW modeling
(Kelly et al., 2009; Koztowski et al., 2010b; MacLeod et al., 2010)
by definition assumes an exponential covariance matrix of the
signal of the form

5 il
cov(sy,sj) =o,e” T , (3)

that again by definition produces a fixed SF power-law slope
of y = 0.5 at timelags At = t; — t; shorter than the signal
decorrelation timescale v (Koztowski, 2016b). If the variability
signal is due to a different stochastic process, where the SF slope is
shallower/steeper than y = 0.5, DRW will obtain a reasonable fit,
however, it will report biased measurements (Koztowski, 2016a).
As of now, there is no statistical correction available to this
problem, however, using the information on the SE/PSD slope
one can modify the DRW model covariance matrix (Equation 3)
and model the light curves with the modified DRW model to
obtain correct parameters. DRW should be used to model an
AGN light curve if one is convinced that the SF slope for a light

REFERENCES

Allevato, V., Paolillo, M., Papadakis, I, and Pinto, C. (2013). Measuring X-ray
variability in faint/sparsely sampled active galactic nuclei. Astrophys. J. 771:9.
doi: 10.1088/0004-637X/771/1/9

de Vries, W. H., Becker, R. H., White, R. L., and Loomis, C. (2005). Structure
function analysis of long-term quasar variability. Astron. J. 129, 615-629.
doi: 10.1086/427393

Kelly, B. C., Bechtold, J., and Siemiginowska, A. (2009). Are the variations in
quasar optical flux driven by thermal fluctuations? Astrophys. J. 698, 895-910.
doi: 10.1088/0004-637X/698/1/895

Kozlowski, S. (2016a). A degeneracy in DRW modelling of AGN light curves. Mon.
Not. R. Astron. Soc. 459, 2787-2789. doi: 10.1093/mnras/stw819

Kozlowski, S. (2016b). Revisiting stochastic variability of AGNs with
structure functions. Astrophys. J. 826:118. doi: 10.3847/0004-637X/
826/2/118

Koztowski, S. (2017a). A method to measure the unbiased decorrelation timescale
of the AGN variable signal from structure functions. Astrophys. J. 835:250.
doi: 10.3847/1538-4357/aa56c0

curve is y = 0.5 (or equivalently the PSD slope is —2). There
is another issue with DRW: if the light curve is shorter than
107 (~10 years rest-frame), it will simply report meaningless
variability parameters (Koztowski, 2017b). DRW is the simplest
of the CARMA models [i.e., DRW = CARMAC(1,0)], therefore
the whole CARMA model family is plausibly affected by biases or
problems reported above.

4. CONCLUSIONS

Constraining the SE PSD, and DRW (or more generally
the Gaussian processes) parameters typically require long and
well-sampled AGN light curves. Such tight constraints may
soon be available from the OGLE Sky Survey (Udalski et al.,
2015), that has been monitoring the sky for 25 years, and
in particular from its 20-year-long monitoring of nearly 1,000
AGNs (each with ~1,000 epochs), discovered mostly by the
Magellanic Quasars Survey (Kozlowski et al., 2013). Similarly
to the results from the SDSS Stripe 82, preliminary results
from OGLE point to the mean SF slope y = 0.5. For
sparsely sampled or short light curves some corrections to
improve biases in PSD/SF/excess variance measurements are
available (Vaughan et al., 2003; Allevato et al., 2013), although
in a statistical (ensemble) sense, rather than for individual
objects.
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The evolution of extragalactic radio sources has been a fundamental problem in the study
of active galactic nuclei for many years. A standard evolutionary model has been created
based on observations of a wide range of radio sources. In the general scenario of the
evolution, the younger and smaller Gigahertz-Peaked Spectrum (GPS) and Compact
Steep Spectrum (CSS) sources become large-scale FRI and FRII objects. However, a
growing number of observations of low power radio sources suggests that the model
cannot explain all their properties and there are still some aspects of the evolutionary
path that remain unclear. There are indications, that some sources may be short-lived
objects on timescales of 10%-10° years. Those objects represent a new population of
active galaxies. Here, we present the discovery of several radio transient sources on
timescales of 5-20 yrs, largely associated with renewed AGN (Active Galactic Nucleus)
activity. These changing-look AGNs possibly represent behavior typical for many active
galaxies.

Keywords: galaxies, active-galaxies, evolution, quasars, recurrent-activity

1. INTRODUCTION

The radio emission of extragalactic sources is usually explained by the existence of strong jets
emitting non-thermal synchrotron radiation. However, AGNs with powerful jets represent only
a small fraction of the entire population (Kellerman et al., 1989). The vast majority of sources are
much less powerful in radio domain or even defined as radio-quiet. But even then they still emit
radio waves at very small fluxes, compared to radio-loud AGNs. The relatively small amount of
radio emission in some AGNs may be due the presence of less powerful jets (Ulvestad et al., 2005).
This in turn connects the phenomena with the accretion process which can be radiatively inefficient
in low radio luminosity AGNs (Merloni et al., 2003; Best and Heckman, 2012).

In the general scenario of the evolution of powerful radio-loud AGNs (Fanti et al., 1995),
the younger and smaller Gigahertz-Peaked Spectrum (GPS) and Compact Steep Spectrum (CSS)
sources become high luminosity large-scale FRII objects (Fanaroff and Riley, 1974; Figure 1). It
seems reasonable to suspect that the compact AGNs with lower radio luminosity could be the
progenitors of less luminous FRIIs and FRIs. However, the growing number of observations of
low power radio sources and results of their analysis indicates that in their case the evolution
can be more complicated or even halted at parsec scale. In order for the radio source to become
a large-scale FRII or FRI object, the active phase needs to last longer than 10*-10° years. The
shorter active phase, which is probably caused by the low accretion rate, will result in poorly
developed, sometimes disrupted, compact radio morphology. Some AGNs may undergo numerous
short phases during their lifetime (Reynolds and Begelman, 1997; Czerny et al., 2009; Kunert-
Bajraszewska et al., 2010). In this sense a “young” GPS or CSS source means ongoing episode of the
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FIGURE 1 | Radio power vs. linear size evolutionary scheme for radio-loud AGN (Kunert-Bajraszewska, 2016, Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with permission). Squares represent CSS sources (Laing et al., 1983; Fanti et al., 2001; Marecki et al., 2003). Diamonds indicate GPS objects (Labiano
et al., 2007). Stars indicate FRI and FRIl objects (Laing et al., 1983). Red triangles represent low luminosity compact (LLC) sources previously studied by
(Kunert-Bajraszewska et al., 2010, 2014; Kunert-Bajraszewska and Labiano, 2014). The gray arrow indicates the main evolutionary trend of radio-loud AGNs. The
oval indicates the boundaries of the area in which the new radio transient sources are located and where, as we expect, the whole population of short-lived objects
can be found.

accretion disk outburst. This indicates the temporary existence  jet activity occurring once every 40,000 years in these galaxies.

of many weak CSS and GPS sources with compact or slightly =~ The whole CNSS consist of five epochs of observations over the

resolved radio morphologies (core-jet) similar to that observed  entire ~270 deg2 of Stripe 82 and they will be published soon.

in radio-quiet objects (Giroletti and Panessa, 2009; Sadler et al.,  The results from an initial pilot survey of a ~50 deg? of Stripe 82

2014). They are called short-lived radio objects on timescales  has been already published by Mooley et al. (2016).

10%-10° years. Interestingly, the enhancement and cessation of

the accretion process is one of the postulated explanation for

the origin of changing-look behavior in the so-called “changing 2. NEW RADIO TRANSIENTS

look AGNSs” (Elitzur et al., 2014; Schawinski et al., 2015). Such

objects are rare and their first discoveries were made based = The CNSS is a dedicated radio transient survey carried out

on the X-ray variability. However, Koay et al. (2016) recently = with the Jansky VLA between December 2012 and May 2015. It

reported the changing-look behavior in radio domain in one of ~ was designed for systematically exploring the radio sky for slow

such sources. This, in our opinion, links the discussion about the  transient phenomena on timescales between one day and several

changing-look AGNs with the subject of short term radio activity.  years. Observations of the 270 deg” of the SDSS Stripe 82 region
To this day, only a handful of radio-loud short-lived AGN  were carried out over 5 epochs at 3 GHz and with a uniform rms

candidates have been found and studied (Kunert-Bajraszewska  noise of 80 ]y per epoch. The CNSS survey has facilitated an

et al., 2010, 2014). However, the analysis of the radio, optical ~ unbiased study of short-lived sources for the first time.

and X-ray proper- ties of a sample of low-luminosity compact In this survey, 50 radio transients were discovered, among

(LLC) radio sources carried out by our group over the last few  which are AGN, candidates of tidal disruption events and stellar

years (Figure 1) suggests that a much larger population of such  explosions, flare stars, and active binary star systems (Mooley

radio sources exist, and need to be explored. The first unbiased et al., 2016). Although the majority of radio flaring phenomena in

study of these sources has been recently carried out with the ~ AGN are due to shocks propagating down the jets (e.g., Marscher

Jansky VLA. The multi-year Caltech-NRAO Stripe 82 Survey  and Gear, 1985), properties of some AGNs discovered as radio

(CNSS), revealed twelve transient sources on timescales of 5-20  transients are distinct from this flaring population.

yrs, largely associated with renewed AGN activity. The rates of This distinct population comprises AGNs that were not

such AGN possibly imply episodes of enhanced accretion and  detected in radio in any previous survey of Stripe 82. They

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 86 November 2017 | Volume 4 | Article 38


https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Wotowska et al.

Changing-Look AGNs or Short-Lived Radio Sources?

VTC031833+00 4376.000 MHz
0 2 4
\
sl T
T T T T 6
- 8 Nov 2016 E
10k 12 Jun 2015 ]
[ ] 41—
5| P ©°F ]
L e = " 2l
S| 1 3
E 2} : g o
e % e
s 2
5 1} ° iiﬁb g 3
o
= L ® ®
|— 4 f—
T 05} <§s .
R _ o
- T -8 | =
0'1 1 I 1 L L I L L 1
-10=_| | | | | | | | H
1 2 5 10 20 F) 6 20 2 4 6 )
MilliArc seconds
Frequency [GHz] Grey scale flux range= -0.121 5.111 MilliJY/BEAM
Cont peak flux = 5.1109E-03 JY/BEAM
Levs = 2.640E-05 * (3, 5, 8, 16, 32, 64, 128)
FIGURE 2 | The 1-20 GHz VLA spectrum and 4.5 GHz VLBA image of VTC031833+00. The sensitivity limit of the FIRST survey (1.4 GHz, mean epoch 1999.2) is
shown as a red arrow on the spectrum plot.

have been radio-quiet sources so far. After the outburst, the
new radio sources are characterised by convex radio spectra
peaking at a few GHz, which is typical for young AGNs-
GPS sources. From our set of optical observations, we have
determined the spectral types of these objects to be the second
kind. In the type-II objects the central nucleus is obscured
by a molecular-dusty torus, which means that the direction
of view is close to the plane of the disk. This significantly
reduces the possibility of the Doppler enhancing of the jet
flux fluctuations which can mimic the birth of new jet
activity.

One such AGN, the type II quasar VTC233002-00 at redshift
z = 1.65 has been recently reported by Mooley et al. (2016).
VTC233002-00 was detected at ~5.5 m]Jy at 3 GHz in the CNSS,
while the 30 upper limit at 1.4 GHz is 0.4 mJy (mean epoch
1999.2). The order-of-magnitude increase in flux density could
be indicative of an enhanced accretion phenomenon leading to
the production of a new jet. A comparison between the radio and
optical flux densities indicates that this is a radio loud quasar.
However, the value of the radio-loudness parameter (logR)
calculated before and after the outburst changed from logR < 1
to logR 2.1, respectively. This indicates that VTC233002-
00 has changed its status (look) from radio-quiet to radio-loud

source!.

'We adopted radio-loudness definition from Kimball et al. (2011): logR =
(Mpadio — Mj)/ — 2.5, where M, is a K-corrected radio absolute magnitude and
M; is a Galactic reddening corrected and K-corrected i-band absolute magnitude.
Source is considered to be radio-loud if logR > 1.

Finally, 12 such objects have been identified and we have
undertaken a multi-frequency follow up campaign for those
transient objects. New radio and X-ray observations and their
analysis will be published soon. The latest preliminary results
of our follow up VLA and VLBA observations of another
of these objects are presented in Figure2. VTC031833+00
has been discovered in 2015 in the CNSS survey and the
Jansky VLA observations at 1-20 GHz carried by us in 2016
confirmed it is a GPS source peaking at 5GHz with a flux
density of 5.1 m]y. The peak seems to slightly move towards
lower frequency, when comparing the spectrum from June
2015 and the 2016 spectrum. That process could be due to
propagating of the jet and its interaction with the circum-
nuclear material in the host galaxy. The 4.5 GHz VLBA image
of VTCO031833+00 shows slightly resolved radio structure,
with a flux density of 5.1 m]y, consistent with published
VLA results. This radio morphology is similar to those of
the radio-quiet AGNs probably indicative of weak jets that
are not able to develop large-scale structure (Ulvestad et al,
2005).

3. SUMMARY

Our sample represents a special class of radio-loud AGNs
that harbor jets switched on within the past few decades.
These are, thus, the youngest radio sources that can provide
information about the accretion state of supermassive black
holes shortly after the onset of the jet formation. Furthermore,
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studies of interactions between the young radio source and
interstellar medium can provide information about the energy
that is deposited into the ISM by the expanding radio source.
This is important to our understanding of the feedback
process. Taking this into account, we have undertaken a multi-
frequency follow up campaign for the discovered transient
objects. The detailed studies of their morphology and the
jet evolution as well as the discussion about the postulated
short term activity of AGNs will be published in forthcoming
papers.

REFERENCES

Best, P. N., and Heckman, T. M. (2012). On the fundamental dichotomy in the local
radio-AGN population: accretion, evolution and host galaxy properties. Month.
Notices R. Astron. Soc. 421, 1569-1582. doi: 10.1111/j.1365-2966.2012.20414.x

Czerny, B., Siemiginowska, A., Janiuk, A., Nikiel-Wroczynski, B., and Stawarz, L.
(2009). Accretion disk model of short-timescale intermittent activity in young
radio Sources. Astrophys. J. 698, 840-851. doi: 10.1088/0004-637X/698/1/840

Elitzur, M., Ho, L. C., and Trump, J. R. (2014). Evolution of broad-line emission
from active galactic nuclei. Month. Notices R. Astron. Soc. 438, 3340-3351.
doi: 10.1093/mnras/stt2445

Fanaroff, B. L., and Riley, J. M. (1974). The morphology of extragalactic radio
sources of high and low luminosity. Month. Notices R. Astron. Soc. 167,
31P-36P. doi: 10.1093/mnras/167.1.31P

Fanti, C., Fanti, R., Dallacasa, D., Schilizzi, R. T., Spencer, R. E., and Stanghellini,
C. (1995). Are compact steep-spectrum sources young? Astron. Astrophys. 302,
317-326.

Fanti, C., Pozzi, F., Dallacasa, D., Fanti, R., Gregorini, L., Stanghellini, C., et al.
(2001). Multi-frequency VLA observations of a new sample of CSS/GPS radio
sources. Astron. Astrophys. 369, 380-420. doi: 10.1051/0004-6361:20010051

Giroletti, M., and Panessa, F. (2009). The faintest seyfert radio cores revealed by
VLBI. Astrophys. J. Lett. 706, L260-L264. doi: 10.1088/0004-637X/706/2/L260

Kellerman, K. I, Sramek, R., Schmidt, M., Shaffer, D. B., and Green, R. (1989).
VLA Observations of objects in the palomar bright quasar survey. Astron. J. 98,
1195-1207.

Kimball, A. E., Ivezi¢, Z., Wiita, P. J., and Schneider, D. P. (2011). Correlations
of quasar optical spectra with radio morphology. Astron. J. 141:182.
doi: 10.1088/0004-6256/141/6/182

Koay, J. Y., Vestergaard, M., Bignall, H. E., Reynolds, C., and Peterson, B. M.
(2016). Parsec-scale radio morphology and variability of a changing-look
AGN: the case of Mrk 590. Month. Notices R. Astron. Soc. 460, 304-316.
doi: 10.1093/mnras/stw975

Kunert-Bajraszewska, M. (2016). Dichotomy in the population of young
AGN: optical, radio, and X-ray properties. Astron. Nachr. 337, 27-30.
doi: 10.1002/asna.201512259

Kunert-Bajraszewska, M., Gawronski, M. P., Labiano, A., and Siemiginowska, A.
(2010). A survey of low-luminosity compact sources and its implication for the
evolution of radio-loud active galactic nuclei - I. Radio data. Month. Notices R.
Astron. Soc. 408, 2261-2278. doi: 10.1111/j.1365-2966.2010.17271.x

Kunert-Bajraszewska, M., and Labiano, A. (2014). A survey of low-luminosity
compact sources and its implication for the evolution of radio-loud active
galactic nuclei - IL. Optical analysis. Month. Notices R. Astron. Soc. 408,
2279-2289. doi: 10.1111/j.1365-2966.2010.17300.x

Kunert-Bajraszewska, M., Labiano, A., Siemiginowska, A., and Guainazzi, M.
(2014). First X-ray observations of low-power compact steep spectrum sources.
Month. Notices R. Astron. Soc. 437, 3063-3071. doi: 10.1093/mnras/stt1978

AUTHOR CONTRIBUTIONS

All  authors participated in acquisition, analysis and
interpretation of data as well as the preparation of the
manuscript.

ACKNOWLEDGMENTS

This is the contribution to the proceedings of the conference
“Quasars at all cosmic epochs,” held in Padua (Italy) in April 2017.

Labiano, A., Barthel, P. D., O’'Dea, C. P.,, de Vries, W. H., Prez, I, and
Baum, S. A. (2007). GPS radio sources: new optical observations and an
updated master list. Astron. Astrophys. 463, 97-104. doi: 10.1051/0004-6361:200
66183

Laing, R. A, Riley, J. M., and Longair, M. S. (1983). Bright radio sources at 178
MHz - Flux densities, optical identifications and the cosmological evolution
of powerful radio galaxies. Month. Notices R. Astron. Soc. 204, 151-187.
doi: 10.1093/mnras/204.1.151

Marecki, A., Spencer, R. E., and Kunert, M. (2003). Location of Weak CSS Sources
on the Evolutionary path of radio-loud AGN. Astron. Soc. Aust. 20, 46-49.
doi: 10.1071/AS02051

Marscher, A. P., and Gear, W. K. (1985). Models for high-frequency radio
outbursts in extragalactic sources, with application to the early 1983
millimeter-to-infrared flare of 3C 273. Astron. J. 298, 114-127. doi: 10.1086/
163592

Merloni, A., Heinz, S., and di Matteo, T. (2003). A Fundamental Plane
of black hole activity. Month. Notices R. Astron. Soc. 345, 1057-1076.
doi: 10.1046/j.1365-2966.2003.07017.x

Mooley, K. P, Hallinan, G., Bourke, S., Horesh, A., Myers, S. T., Frail, D. A,,
et al. (2016). The Caltech-NRAO Stripe 82 Survey (CNSS). I. The pilot radio
transient survey in 50 deg?. Astrophys. J. 818:105. doi: 10.3847/0004-637X/
818/2/105

Reynolds, C. S., and Begelman, M. C. (1997). Intermittant radio galaxies and source
statistics. Astrophys. J. 487, L135-L138.

Sadler, E. M., Ekers, R. D., Mahony, E. K., Mauch, T., and Murphy, T. (2014). The
local radio-galaxy population at 20 GHz. Month. Notices R. Astron. Soc. 438,
796-824. doi: 10.1093/mnras/stt2239

Schawinski, K., Koss, M., Berney, S., and Sartori, L. F. (2015). Active galactic
nuclei flicker: an observational estimate of the duration of black hole
growth phases of 10°yr. Month. Notices R. Astron. Soc. 451, 2517-2523.
doi: 10.1093/mnras/stv1136

Ulvestad, J. S., Antonucci, R. R. J., and Barvainis, R. (2005). VLBA imaging of
central engines in radio-quiet quasars. Astrophys. J. 621, 123-129. doi: 10.1086/
427426

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Wolowska, Kunert-Bajraszewska, Mooley and Hallinan. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

November 2017 | Volume 4 | Article 38


https://doi.org/10.1111/j.1365-2966.2012.20414.x
https://doi.org/10.1088/0004-637X/698/1/840
https://doi.org/10.1093/mnras/stt2445
https://doi.org/10.1093/mnras/167.1.31P
https://doi.org/10.1051/0004-6361:20010051
https://doi.org/10.1088/0004-637X/706/2/L260
https://doi.org/10.1088/0004-6256/141/6/182
https://doi.org/10.1093/mnras/stw975
https://doi.org/10.1002/asna.201512259
https://doi.org/10.1111/j.1365-2966.2010.17271.x
https://doi.org/10.1111/j.1365-2966.2010.17300.x
https://doi.org/10.1093/mnras/stt1978
https://doi.org/10.1051/0004-6361:20066183
https://doi.org/10.1093/mnras/204.1.151
https://doi.org/10.1071/AS02051
https://doi.org/10.1086/163592
https://doi.org/10.1046/j.1365-2966.2003.07017.x
https://doi.org/10.3847/0004-637X/818/2/105
https://doi.org/10.1093/mnras/stt2239
https://doi.org/10.1093/mnras/stv1136
https://doi.org/10.1086/427426
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

1' frontiers

in Astronomy and Space Sciences

PERSPECTIVE
published: 11 October 2017
doi: 10.3389/fspas.2017.00021

OPEN ACCESS

Edited by:

Paola Marziani,

Osservatorio Astronomico di Padova
(INAF), Italy

Reviewed by:

Edi Bon,

Belgrade Astronomical Observatory,
Serbia

Isabel Marquez Perez,

Instituto de Astrofisica de Andalucia
(CSIC), Spain

*Correspondence:
Roberto Serafinelli
roberto.serafinelli@roma2.infn.it

Specialty section:

This article was submitted to
Milky Way and Galaxies,

a section of the journal

Frontiers in Astronomy and Space
Sciences

Received: 17 July 2017
Accepted: 26 September 2017
Published: 11 October 2017

Citation:

Serafinelli R, Vagnetti F;, Chiaraluce E
and Middei R (2017) The MEXSAS2
Sample and the Ensemble X-ray
Variability of Quasars.

Front. Astron. Space Sci. 4:21.

doi: 10.3389/fspas.2017.00021

Check for
updates

The MEXSAS2 Sample and the
Ensemble X-ray Variability of Quasars

Roberto Serafinelli’2*, Fausto Vagnetti', Elia Chiaraluce’ and Riccardo Middei®

" Dipartimento di Fisica, Universita di Roma Tor Vergata, Rome, Italy, ? Dipartimento di Fisica, Universita di Roma Sapienza,
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We present the second Multi-Epoch X-ray Serendipitous AGN Sample (MEXSAS?2),
extracted from the 6th release of the XMM Serendipitous Source Catalog (XMMSSC-
DR6), cross-matched with Sloan Digital Sky Survey quasar catalogs DR7Q and
DR12Q. Our sample also includes the available measurements for masses, bolometric
luminosities, and Eddington ratios. Analyses of the ensemble structure function and
spectral variability are presented, together with their dependences on such parameters.
We confirm a decrease of the structure function with the X-ray luminosity, and find a weak
dependence on the black hole mass. We introduce a new spectral variability estimator,
taking errors on both fluxes and spectral indices into account. We confirm an ensemble
softer when brighter trend, with no dependence of such estimator on black hole mass,
Eddington ratio, redshift, X-ray and bolometric luminosity.

Keywords: catalogs, quasars, spectral variability, structure function, X-rays

1. THE MEXSAS2 CATALOG

We present here the MEXSAS2 catalog, obtained from the sixth release of the XMM Newton
Serendipitous Source Catalog (XMMSSC-DR6, Rosen et al., 2016), combined with both SDSS-
DR7Q (Schneider et al., 2010) and SDSS-DR12Q quasar catalogs (Paris et al., 2017). The MEXSAS2
catalog is the updated version of MEXSAS (Multi-Epoch XMM Serendipitous AGN Sample),
published by Vagnetti et al. (2016). It contains 9,735 X-ray observations for 3,366 quasars, which
increases by about 25% the numbers of the previous version (7,837 observations, 2,700 quasars).
It only contains sources with more than one observation, and it is therefore ideal for variability
studies.

We complement the catalog with measurements of black hole masses, bolometric luminosities
and Eddington ratios, which are available for 3,138 quasars (93%) from the catalogs by Shen et al.
(2011) for the sources listed in SDSS-DR7Q, and by Kozlowski (2017) for SDSS-DR12Q. We use
homogeneous criteria to derive the masses and bolometric luminosities from the two catalogs,
adapting their criteria, which are slightly different for the redshift intervals where two different
broad lines and two continuum luminosities are available. In fact, Shen et al. (2011) adopts different
single-epoch virial estimates sharply dividing at redshift z = 0.7 for choosing between HB and
MgII(2,798A) relations, and at z = 1.9 for Mg 11(2,798A) and CIV(1,549A). A similar option is
adopted for computing bolometric luminosities from the continua at 5,100A or 3,000A dividing at
z = 0.7, and at 3,000A or 1,350A dividing at z = 1.9. The criteria adopted by Kozlowski (2017)
are instead to prefer the Mg II black hole mass estimate when available, rather than that from CIV,
which is biased from various effects, and to compute bolometric luminosity as a weighted average
of those derived from two different available continua. However, Koztowski (2017) also find that
the DR7Q line widths (which are derived from detailed fits of spectral components) are generally
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FIGURE 1 | The structure function in bins of X-ray luminosity Ly and black hole mass Mgy (data and continuous lines) with power-law fits (dashed lines). Left panel:
Black, 43 < log Ly < 43.5; blue, 43.5 < log Ly < 44; green, 44 < log Ly < 44.5; yellow, 44.5 < log Ly < 45; red, 45 < log Ly < 45.5. Right panel: Black,
6.5 < log Mgy < 8; blue, 8 < log Mg < 8.5; green, 8.5 < log Mgy < 9; yellow, 9 < log Mgy < 9.5; red, 9.5 < log Mgy < 10.5.
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FIGURE 2 | The ensemble correlation between the variations of the photon
index AT and the variations of the logarithmic flux AlogF are shown. The
dotted line represents By, the dashed line represents fyx, while the bisector
Bpis is shown as a continuous line.

more reliable than the DR12Q ones (which are derived from
principal component analysis), thus they are to be preferred,
when available. To apply the same criteria to the mass and
luminosity data from both DR7Q and DR12Q, we adopt the
following choice: (i) for quasars included only in DR12Q and

not in DR7Q, we take the estimates by Kozlowski (2017) (2178
objects); (ii) for quasars included in both catalogs or only in
DR7Q, and in redshift intervals with only one broad line and
one continuum luminosity available (z < 0.35,09 < z < 1.5,
z 2 2.25), we take the estimates by Shen et al. (2011) (442
objects); (iii) for quasars included in both catalogs or only in
DR7Q, in redshift intervals with two broad lines and continua
(035 <z2<09,1.5 < z < 2.25), we apply the Koztowski (2017)
criteria to the DR7Q data, deriving new estimates (518 objects).

The catalog, including X-ray measurements from XMMSSC
and quasar data from SDSS and from our elaboration, will be
published elsewhere (Vagnetti et al, in preparation). Here we
provide preliminary results of our ensemble analyses of the X-ray
variability.

2. FLUX VARIABILITY AND STRUCTURE
FUNCTION

We compute the structure function according to Vagnetti et al.
(2016), as a r.m.s. difference of the X-ray flux measured at two
epochs differing by ¢ in the rest-frame, and corrected for the
noise contribution,

SE(7) = \/([logfx(t +1) —logfx(O) — 0pces (1)

where o2 . oSF = (02(t)+02(t+7)) is the quadratic contribution
of the photometric noise to the observed variations, o, being the
error on logfy at each given time.

We use mainly EPIC X-ray fluxes in the XMM-Newton band
9 (0.5-4.5 KeV), as in our previous papers (Vagnetti et al., 2011,

2016).
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The SF can be fitted by a power-law SF o< z°. For the whole
sample we find a slope b = 0.11 £ 0.01. The SFs in bins of
X-ray luminosity and black hole mass are shown in Figure 1.
We confirm a strong anti-correlation with X-ray luminosity,
approximately as L)_(O‘Zz, with correlation coefficient r = —0.92
and null probability p(>r) = 0.04, and no dependence on
redshift, similarly to Vagnetti et al. (2016). There is an apparent
decrease of the SF with black hole mass, approximately as Mgfg'ls,
with r = —0.97 and p(>r) = 0.03, but partial correlation analysis
suggests that this is due to the strong correlation of mass with
X-ray luminosity. Limiting the analysis to the luminosity interval
10*erg/s < Ly < 10%erg/s, the mass-luminosity correlation
reduces (r = —0.83, p(>r) = 0.06), and the dependence of the
SF on black hole mass is weaker, o« Mz . We find neither
dependence on bolometric luminosity nor on Eddington ratio.

3. SPECTRAL VARIABILITY

We update the analysis of the spectral variability parameter,
initially introduced by Trevese and Vagnetti (2002) and recently
adapted to the X-ray band by Serafinelli et al. (2017)

AT

A long’ @

ﬁ:

relating variations of the photon index I" with those of the X-ray
flux in a given band.

The spectra of most Seyfert galaxies with Eddington ratios
above 0.01 typically become steeper in their brighter phases
(e.g., Markowitz et al., 2003; Sobolewska and Papadakis, 2009;
Connolly et al., 2016), as well as for many galactic black hole
binary systems (e.g., Remillard and McClintock, 2006; Done et al.,
2007; Dong et al., 2014). This is known as “softer when brighter”

behavior and translates to a negative B value according to
Equation 2. We also found this “softer when brighter” behavior,
obtaining B = —0.69 & 0.03 in our ensemble analysis, for the
previous version of the MEXSAS sample, using fluxes in the soft
X-ray band 0.5-2 keV, and computing variations with respect to
the mean values of each source (Serafinelli et al., 2017).

Since the ensemble correlation between AI' and Alogfx
contains a large scatter, also due to the large measurement
errors for the fainter sources, we fit a linear relation AT o
Alogfx to the MEXSAS2 data set taking the uncertainties in
both variables into account. We run a high number of linear fits
replacing original data with Gaussian distributed values within
the associated error box. Moreover, following Isobe et al. (1990),
we computed both ordinary least squares regressions OLS(Y|X)
of the dependent variable Y on the independent variable X (which
result we call for brevity fBy,), the inverse regression OLS(X|Y)
(Byx), and the bisector:

BayByx — 1 + \/ (1+ ﬂfy)(l + ﬁ}%x)

Buis = 3)

) By + Byx
For the whole sample, we find ensemble values 8, = —0.22 £
0.04 and Bp;; = —1.22 £ 0.05, confirming the “softer when

brighter” behavior for both spectral variability parameters (see
Figure 2).

We then divide our sample in bins of soft X-ray flux, to
show that the resulting S does not change within the errors (see
Figure 3). In fact this was expected, because measurement errors
do affect the estimate of S, but this must reflect an intrinsic
relation between the flux and slope variations which should not
change with an observational parameter like the average flux of
the sources.
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We also divide our sample in bins of black hole mass,
Mpp, and show the result in Figure 3. Both B, and By are
independent of Mpy within the errors, and always compatible
with their overall ensemble values.

We similarly analyse possible dependencies on Eddington
ratio, redshift, X-ray and bolometric luminosities, finding no
evidence of change. This analysis will be reported in an upcoming
paper (Vagnetti et al., in preparation).

4. SUMMARY

- We have updated our X-ray quasar catalog MEXSAS to
MEXSAS2.

- We have confirmed our previous results for the structure
function dependence on X-ray luminosity, and no dependence
on redshift; we find a weak dependence on black hole mass,
and no dependence on bolometric luminosity and Eddington
ratio.
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Alexander N. Burenkov?, Wolfram Kollatschny®, Andjelka Kovacevic',
Sladjana Marceta-Mandic "3, Nemanja Rakic "¢, Giovanni La Mura’ and Piero Rafanelli”

" Department of Astronomy, Faculty of Mathematics, University of Belgrade, Belgrade, Serbia, ? Special Astrophysical
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Nacional de Astrofisica, Optica y Electronica, Puebla, Mexico, ° Institut fuer Astrophysik, Universitaet Goettingen, Géttingen,
Germany, ° Faculty of Science, University of Banjaluka, Banjaluka, Republic of Srpska, Bosnia and Herzegovina, ” Department
of Physics and Astronomy, University of Padova, Padova, Italy

We present the results of the long-term optical monitoring campaign of active galactic
nuclei (AGN) coordinated by the Special Astrophysical Observatory of the Russian
Academy of Science. This campaign has produced a remarkable set of optical spectra,
since we have monitored for several decades different types of broad-line (type 1) AGN,
from a Seyfert 1, double-peaked line, radio loud and radio quiet AGN, to a supermassive
binary black hole candidate. Our analysis of the properties of the broad line region (BLR)
of these objects is based on the variability of the broad emission lines. We hereby give
a comparative review of the variability properties of the broad emission lines and the
BLR of seven different type 1 AGNs, emphasizing some important results, such as the
variability rate, the BLR geometry, and the presence of the intrinsic Baldwin effect. We
are discussing the difference and similarity in the continuum and emission line variability,
focusing on what is the impact of our results to the supermassive black hole mass
determination from the BLR properties.

Keywords: galaxies:active-galaxies, quasar:individual (Arp 102B, 3C 390.3, NGC 5548, NGC 4151, NGC 7469, Ark
564, E1821+643), quasars: supermassive black holes, quasar:emission lines, line:profiles

1. INTRODUCTION

The broad line region (BLR) in active galactic nuclei (AGN) is responsible for the emission of
intensive broad lines, seen in the optical spectra of type 1 AGN. We use these lines to probe the
physics and kinematics of the BLR, aiming to study in more details the central engine and the
supermassive black hole (SMBH) properties. This is because, on one hand the BLR is photoionized
by the central continuum source, and on the other, it is gravitationally bound to the SMBH
(Osterbrock and Ferland, 2006).

One way to do this is by using the variability of the broad emission lines, as they are known to
be strongly variable in flux and profile. From the long-term monitoring campaign of optical broad
emission lines in different type 1 AGN, it is possible to estimate the size of the BLR (reverberation
analysis Lyutyi and Cherepashchuk, 1972; Blandford and McKee, 1982; Gaskell and Sparke, 1986)
and the mass of the SMBH (Gaskell, 1988), and test the photoionization hypothesis by studying the
line and continuum flux correlations (Osterbrock and Ferland, 2006). One particularly interesting
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correlation, first detected in the broad C IV line, is the
Baldwin effect, i.e., the anti-correlation between the emission
line equivalent width and the near-by continuum luminosity
(Baldwin, 1977). There are two different types of Baldwin effect:
(i) global Baldwin effect which shows the above anti-correlation
on single-epoch observations of a large number of AGN; and
(ii) intrinsic Baldwin effect which is the same anti-correlation
detected in an individual variable AGN. It is well known that the
global Baldwin effect is not detected in case of the broad Hp line.
However, when testing this correlation in case of a single object
monitoring data, i.e., the intrinsic Baldwin effect, it has been seen
that the anti-correlation exists even in the case of HB (Pogge and
Peterson, 1992; Rakic¢ et al., 2017).

Here we present some interesting findings of the long-term
(more than a decade) optical monitoring campaign of a sample
of seven type 1 AGN of different spectral types: Seyfert 1 galaxies
(NGC 5548, NGC 4151, NGC 7469), Narrow-line Seyfert 1 galaxy
- NLSy 1 (Ark 564), double-peaked line radio loud (3C 390.3)
and radio quiet (Arp 102B) galaxy, and a luminous quasar
(E1821+643), a supermassive binary black hole candidate. All
spectral data for each objects have been first presented and
analyzed separately in Shapovalova et al. (2001, 2004, 2008,
2010a, 2012, 2013, 2016, 2017). However, since the obtained
spectra are observed, reduced and analyzed in the same manner,
the final result is a uniform set of data, which can be compared
and discussed. Here we continue the discussion given in Ili¢ et al.
(2015), where we first tried to give a comparative review of the
variability properties of type 1 AGN in our sample, only that
now our sample consist of seven objects, including one high-
luminosity local quasar, which makes our sample more diverse.
Here we focus on discussing the possible BLR geometry and the
presence of the intrinsic Baldwin effect. The paper is organized
as follows: in Section 2 we briefly describe the observations, the
obtained data and performed analysis; in Section 3 we present
the results, and in Section 4 we give the discussion and outline
our conclusions.

2. OBSERVATIONS AND DATA ANALYSIS

The long-term monitoring campaign was coordinated by the
Special Astrophysical Observatory of the Russian Academy of
Science (SAO), using their 1-m and 6-m telescopes. Additionally,
the campaign made use of the 2.1-m telescope of Guillermo
Haro Astrophysical Observatory (Mexico), 2.1-m telescope of
the Observatorio Astronomico Nacional at San Pedro Martir
(Mexico), and the 3.5-m and 2.2-m telescopes of Calar Alto
Observatory (Spain). The spectral data have been collected for
several decades (since 1987 until 2015) and have been reduced
and calibrated using the same procedures and methods, thus
producing a homogeneous set of data. The information about
the observations and the description of all procedures for
each object are given in Shapovalova et al. (2001, 2004, 2008,
2010a, 2012, 2013, 2016, 2017). Here we outline some of the
important line parameter measurements. In order to measure
the broad line fluxes and full width half maximum (FWHM), we
needed to subtract the underlying continuum emission, and the

narrow and other near-by satellite lines, for which we performed
the multi-Gaussian fittings (Popovi¢ et al., 2004). In case of
Hp line region, it is important to carefully model the Fe II
multiplet emission, and this was done using a template! described
in details in Kovacevi¢ et al. (2010) and Shapovalova et al.
(2012).

In Table 1 we list the spectral characteristics of the sample,
together with the basic information (see caption of Table 1).
The Rprr comes from the time-lags calculated using the Z-
transformed Discrete Correlation Function (Alexander, 1997),
which was applied on continuum and line flux light-curves.
Depending on the sampling of light curves we used either
observed or simulated light-curves in order to get the most
reliable result (for details see references in column 9, Table 1).
The listed masses are taken from the monitoring results (see
column 8 in Table 1), and for details on how the mass was
calculated see given references (column 9 in Table 1). In case
of NGC 5548 and NGC 4151 the mass was not derived in the
original monitoring campaign, so we calculated in this work their
SMBH masses, using the equation Mgy = f ARBLRVI%WHM /G,
where A Vewnw is the orbital velocity estimated from the width
of the variable part of HB (taken from references given in
Table 1), and f is the virial factor taken to be 5.5 (Onken
et al.,, 2004). The variability parameter Fy, gives the level of
flux variability and is calculated using equation from O’Brien
et al. (1998). For the luminosity at 5100 A we calculated the
luminosity distances with the online calculator of Wright (2006),
taking the same cosmological parameters as in Ili¢ et al. (2015):
Q = 0.286, Qp = 0.714, and Q; = 0, and a Hubble constant,
Hy = 69.6km/s Mpc~!.

3. RESULTS

In this paper we present a sample of 7 type 1 AGN with
different broad line profiles (Table 1, columns 3-4) and different
variability rate (Table1, column 6). Figurel shows the Hf
line flux light curves for all 7 objects, where the line flux
and the errors-bars are shown normalized to the maximal
flux for comparison. In all 7 objects, for which we have
been collecting spectra for more than a decade and in some
cases two decades, the line and continuum flux are varying.
From Tablel and Figurel, we can see that: NGC 4151
and NGC 5548 are strongly variable Seyfert 1.5, NGC 7469
is also a Seyfert 1 but with lower variability in line fluxes
and profiles, Arp 102B and 3C 390.3 have broad double-
peaked lines, Ark 564 is a NLSyl, and E1821+643 is a quasar
with strong red-asymmetry in line profiles, but almost no
variability.

One important prerequisite for the estimates of the radius
of the BLR using the reverberation monitoring data, is the
fact that the BLR is photoionized by the central continuum
source (see e.g., Peterson and Horne, 2006). The simplest
way to test this is by plotting the line luminosity as a
function of the continuum luminosity. In Figure2 we thus

'For Fe II modeling and subtraction see the page of the Serbian Virtual
Observatory, http://servo.aob.rs.

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

94

September 2017 | Volume 4 | Article 12


http://servo.aob.rs
http://www.frontiersin.org/Astronomy_and_Space_Sciences
http://www.frontiersin.org
http://www.frontiersin.org/Astronomy_and_Space_Sciences/archive

lli¢ et al.

Long-Term Monitoring of the BLR in AGN

TABLE 1 | Spectral characteristics of the sample.

Object z AGN Line Profile Shape CTBLR Fvar AL, (5100) Mgy References

period [years] type FWHM [km/s] Hp [id] HpB [10%4 erg/s] Mo]

(1) 2 ()] 4) (5) (6) (7) () (9)

NGC 5548 0.0172 Sy 1.0-1.8  Strong shoulders 49J_r;39 0.33 0.40 £ 0.12 2.1 x10° Shapovalova et al., 2004; Kovacevi¢ et al.,
(1996-2002) 6,300 2014

NGC 4151 0.0083 Sy 1.5-1.8  Absorption,bumps 51'%8 0.42 0.05 + 0.03 1.6 x 108 Shapovalova et al., 2008, 2010b; Raki¢ et al.,
(1996-2006) 6,110 2017

3C390.3 0.0561  Radioloud  Double-peaked 96728 038  090+042 21 x 10°  Shapovalova et al., 2001, 2010a; Jovanovi¢
(1995-2007) 11,900 et al., 2010; Popovi¢ et al., 2011

Ark 564 0.0247  NLSy1 Strong Fell 4:217 0.07 0.36 + 0.04 1.0 x 108 Shapovalova et al., 2012

(1999-2010) 960

Arp 102B 0.0242 LINER Double-peaked 15t$g 0.21 0.11 £ 0.01 1.1 x 108 Shapovalova et al., 2013; Popovic¢ et al., 2014
(1987-2013) 15,900

NGC 7469 0.0163 Sy 1.0 Narrower 21Jj(7) 0.23 0.52 +£0.0.08 1.1 x 107 Shapovalova et al., 2017

(1996-2015) 2,000

E1821+643 0.297 Quasar Red-asymmetry 118f8:(1) 0.07 104.4 £ 19.9 2.6 x 109 Shapovalova et al., 2016; Kovacevi¢ et al.,
(1990-2014) 5,610 2017

The columns are: (1) object name and monitoring period, (2) redshift, (3) AGN type, (4) shape of line profile and FWHM of the mean Hp, (5) BLR radius Rg.r = ctg.r Of HB, (6) variability
parameter Fya of HB, (7) mean continuum luminosity at 51004, (8) the mass of the SMBH Mgy, and (9) references.

show the Hp line luminosity for all 7 objects (shown with
dots) vs. the continuum luminosity at 5100 A. Moreover,
the mean value is also shown (filled circle) with the object
name denoted next to it. The important finding is the fact
that the luminosity of the Hp line is following the same
trend with the continuum luminosity for all objects, from
the low-luminosity Seyfert up to the high-luminosity quasar
(Figure 2).

On the other hand, it was shown that the intrinsic Baldwin
effect is detected in the Balmer lines (Ha and Hp) in 6 objects
from this sample (see the results and discussion in Rakic¢
et al., 2017). Here we show as an example the presence of the
intrinsic Baldwin effect, an anti-correlation between the HS line
equivalent width and the continuum flux? measured at 5100 A)
in case of HB of NGC 4151 (Figure 3), for which this effect is of
high significance (see Rakic¢ et al., 2017).

Figure 4 shows the radius of the broad Hf line emitting-
region as a function of the continuum luminosity at 5100 A
for our sample (Table 1, columns 5 and 7, respectively). Data
are fitted with the scaling relation from Bentz et al. (2006) in
the form of logRpgir = K + alog[)»L,\(SIOO)/IOM], where
a is the slope of the BLR radius-luminosity relationship and
K is the scaling factor. The dashed line is plotted with the
coefficients « = 0.533 and K = 1.527, given by Bentz et al.
(2013), and the solid line is a simple linear best-fitting of the
above equation (not considering the error-bars) through all
7 objects, obtaining the fitting parameters of « = 0.226 and
K = 1.639. The linear regression fit was done using a nonlinear
least-squares Marquardt-Levenberg algorithm available in
gnuplot.

2Since the intrinsic Baldwin effect is detected in a single object, we can use a flux
instead of luminosity.

4. DISCUSSION AND CONCLUSIONS

Here we have analyzed and compared the optical spectra for
seven type 1 AGN which have different variability properties
and characteristics of the broad emission line profiles. This
remarkable set of spectral data has been collected for several
decades (Table 1, column 1) within the SAO RAS long-term
monitoring campaign. Following the comparative study given
in 1Ili¢ et al. (2015), we extend here our sample to 7 objects
and outline the most important results. We repeat again that all
observational data sets were uniformly processed, and in that way
could be compared.

If we compare the normalized light-curves shown in Figure 1,
the strongest variable objects are NGC 5548, NGC 4151, and 3C
390.3 (see also in Table 1 the variability parameter Fy, which
is ~40%), followed by Arp 102B and NGC 7469 (Fyar ~20%).
The least variable objects are the NLSyl Ark 564 and the highly
luminous quasar E1821+4-643, for which the line and continuum
flux are almost constant for decades (for the HB line, Fy,r ~7%).
The case of the quasar E1821+4643 is specially puzzling since
its broad emission lines show a peak shift (of the order ~1,000
km/s) and a strong asymmetry in the red wing, extended up
to ~15,000 km/s (see Shapovalova et al., 2016, and their Figure
15). This object was suggested to be a candidate for a binary
SMBH or a recoiling black hole after the collision of two SMBH
(Robinson et al., 2010), however Shapovalova et al. (2016) found
it difficult to explain the unchanging line-profiles on such a long
time-scales with the binary SMBH hypothesis, suggesting that
the broad-line emitting region may be connected with some
sort of gas-rich clouds that are orbiting around the recoiling
SMBH.

Interestingly, the rate of variability shows no trend with the
SMBH mass (Table 1, column 8), ie., the low variability is
detected in case of AGN with small and large SMBH mass (see
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FIGURE 1 | Light curves of the Hp line flux of all object in the sample (object =
name given in the bottom-left), normalized to the maximal flux for better 2.0
comparison.
1.8 1

Table 1). This may be a result of the small number of objects in
our sample, since it is well known that Seyfert galaxies, which are
low luminosity type 1 AGNs have lower SMBH mass and stronger
variability than quasars, which are high luminosity type 1 AGNs
with much higher SMBH mass and much lower variability.

The luminosity of HB is following the same trend with
the continuum luminosity for all objects, regardless of the
luminosity. This is in support of the prediction that the
photoionization by the central continuum source is mainly
responsible for the heating and line production, which is one of
the assumptions needed when calculating the BLR radius from
reverberation mapping. However, if considering a single object,
the correlation between the line and continuum emission can
be violated, which is seen in the case of NGC 4151 and Ark
564 (see for details Shapovalova et al., 2008, 2012, respectively).
Another correlation that is present and significant is the intrinsic

—13.6 —13.4 —13.2 —13.0

log(Fent)

—14.2 —14.0 —13.8 —12.8

FIGURE 3 | The intrinsic Baldwin effect, i.e., the HB line equivalent width vs.
the continuum flux at 5100 A, in case of Seyfert 1 galaxy NGC 4151.

Baldwin effect in the Hf line. The physical origin of this effect
is still unknown (see Rakic et al., 2017, for discussion), but some
lines of evidence suggest the possibility that an additional optical
continuum component, not related to the ionizing continuum,
can be originated either in the BLR or in nuclear outflows, thus
influencing the slope of the HB - continuum flux relation.
However, what is intriguing is the fact that all presented
objects have different line profiles (Table 1, column 4), indicating
that the geometry of the broad line-emitting region is probably
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s s lines that are not typical for type 1 AGNs and with a very
- large error-bars in estimated time-delays) and E1821+4-643 (a
“ quasar with an outstanding luminosity), the remaining objects
02| 303903 et will apparently closely follow the dependence of Bentz et al.
NGC5548}_;ﬂ E1821643 (2013).
= e We summarize here the main conclusions of this study:
= 7 NGC 7469
° ol Arp : | (i) the rate of variability is not connected with the geometry
S of the BLR and mass of the SMBH (e.g., Arp 102B and
-~ Nec #1 1 Arkc 564 3C390.3), however in case of the SMBH mass this may be
a result of the small number of objects in our sample;
100 | s | (ii) the luminosity of HB is correlated with the continuum
\ \ Bentzetal 20130 ;- - luminosity for all AGN in our sample, and the intrinsic
10%2 10% 10% 10 10% ; : .
AL, (5100 A) ergls] Baldwin eﬁec.t is .pres.en.t, o .
(iii) the photoionization is in general the main line-production
FIGURE 4 | The radius of the broad HB line emitting-region vs. the continuum mechanism, however in some AGN (e.g., NGC 4151) there
luminosity at 5100 A. The dashed line gives the BLR radius-luminosity scaling are some additional mechanism which contribute to the line
relation from Bentz et al. (2013) with Rg g ~ 10833 \whereas the solid line is (Continuum) emission
the fit through seven objects from this study, with Rg g ~ L9226 \We note that . .
L , . . Finally we can conclude that the long-term spectroscopic
the fit is strongly influenced from the one point, the luminous quasar o X . k o
E1821-+643, and without that point the relation is consistent with the Bentz monitoring campaigns are very important for the investigation
et al. (2013) result. of the BLR structure and the SMBH mass estimates.

different. For example, in case of 3C 390.3 it is clear that the
BLR is following the accretion disk geometry (Popovi¢ et al,
2011), whereas in case of the other double-peak line emitter
Arp 102B this is maybe not the case (Popovi¢ et al, 2014).
Also, the Seyfert galaxies NGC 4151 and NGC 5548 could
host a binary SMBH with two separate BLR (Bon et al.,, 2012,
2016; Li et al,, 2016), which puts more uncertainty on their
mass estimates from reverberation mapping. Finally, the quasar
E1821+643 is much below the theoretical radius-luminosity
relation predicted by the photoionization theory (Rprr o< L*),
and very low-variable AGN in the optical lines and continuum,
therefore this SMBH mass estimate is also more uncertain. The
peculiarity of the BLR of this quasar is probably the reason
why the slope of the radius-luminosity scaling relation is much
smaller than Bentz et al. (2006) relation. It is worth noticing
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Here we investigate the connection of broad emission line shapes and continuum light
curve variability time scales of type-1 Active Galactic Nuclei (AGN). We developed a
new model to describe optical broad emission lines as an accretion disk model of a
line profile with additional ring emission. We connect ring radii with orbital time scales
derived from optical light curves, and using Kepler’s third law, we calculate mass of central
supermassive black hole (SMBH). The obtained results for central black hole masses are
in a good agreement with other methods. This indicates that the variability time scales
of AGN may not be stochastic, but rather connected to the orbital time scales which
depend on the central SMBH mass.

Keywords: galaxies, active-galaxies, quasar, supermassive black holes, quasar, emission lines, line, profiles

1. INTRODUCTION

Type-1 Active Galactic Nuclei (AGN) are very powerful and variable emitters. The continuum
emission in radio-quiet AGN is assumed to originate mainly from an accretion disk (AD) around
a central supermassive black hole (SMBH) (Lynden-Bell, 1969; Shakura and Sunyaev, 1973). There
is consensus that the accretion disk can be represented as virialized (rotating) gas in a flattened
distribution following a Keplerian velocity field.

The optical broad emission lines (BELs) are assumed to be produced with photoionization
processes (Netzer, 2013), as they respond to the variations of UV continuum. The accretion disk
itself may be a low-ionization line emitter (see e.g., Chen and Halpern, 1989; Chen et al., 1989;
Eracleous and Halpern, 1994; Popovi¢ et al., 2004; Bon et al., 2006, 2009a,b, 2015; Gavrilovi¢ et al.,
2007; Bon, 2008), if part of the continuum radiation is scattered toward it. The optical broad line
light curves (like for e.g., Ha) are highly correlated with the optical continuum light curves (e.g.,
Kaspi et al., 2000). The time lags between correlated patterns in the continuum and Ho flux are
of the order of days, up to months, defining the size of broad line region (BLR). Reverberation
mapping campaigns are based on this fact, and they measure time lags of correlated light curves
in order to determine the sizes of reverberating region (which are after used for determination of
central BH masses) in AGN (see e.g., Peterson, 1997; Kaspi et al., 2000; Peterson et al., 2002; Denney
et al., 2009). The correlation of light curves might indicate that the signature of the main driver of
the variability could be detected in the shape of the broad emission line profiles. This could give us
the velocity resolved information about processes that drive the variability.
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The shape of Balmer emission lines, particularly Ho and
Hp line profile, in many AGN could be described as similar
to the shape of an AD line profile expected to originate from
flattened distribution of rotating emitting gas. Characteristic
double peaked very broad profile, are usually seen in simulated
emission line profiles (see for e.g., Chen and Halpern, 1989; Chen
et al., 1989; Eracleous and Halpern, 1994; Newman et al., 1997;
Cadez et al., 1998; Popovi¢ et al., 2003, 2004; Bon et al., 2006,
2009a,b; Bon, 2008; Jovanovic et al., 2010) but are observed only
in one percent of AGN (Eracleous and Halpern, 1994; Strateva
et al., 2003; Netzer, 2013). In typical, single peaked BEL profiles,
the AD contributions could be blended by surrounding isotropic
velocity component in the BLR (Popovi¢ et al., 2003, 2004; Bon
et al., 2006, 2009a; Collin et al., 2006; Gavrilovi¢ et al., 2007;
Bon, 2008). In some cases, broad He and Hp line profiles show
a red side more broadened and extended further into the red
part of the spectrum, that could be associated with gravitational
redshift (see e.g., Bon et al., 2015, and references therein). In
case the blue side of a line is more extended, the contribution is
usually assumed to be from the winds or outflows (see Marziani
et al., 1996; Czerny, 2006; Collin et al., 2006; Sulentic et al.,
2007).

Even though long term monitoring campaigns of AGN may
still not be long enough to search for periodic variability
(Bon et al., 2017), there are some highly monitored cases
for which some claims of detecting significant periodicity
have been made (see for example Bon et al, 2012, 2016,
2017; Graham et al, 2015a,b; Bhatta et al., 2016; Charisi
et al.,, 2016). Currently, there are some ongoing campaigns of
extensive monitoring programs (see e.g., Peterson et al., 2002;
Gezari et al.,, 2007; Sergeev et al., 2007; Ili¢ et al., 2017) that
may provide valuable light curves for the future variability
investigations.

Here we explore a possibility that ripples in the observed
broad optical emission line profiles may be in connection with
variability time scales observed in optical continuum light curves.
We present a case study of Arp 102B, using spectra and light
curves from Shapovalova et al. (2013). Our hypothesis is that
the variability patterns in the light curves may be induced by
the orbiting of perturbers “perturbation” (a hot spot, a spiral
arm, a compact body such as a stellar mass object or even
up to intermediate mass black hole) within the accretion disk
(see more i, for e.g., Chakrabarti and Wiita, 1994; Lin and
Papaloizou, 1996; Newman et al., 1997; Gezari et al., 2007;
Flohic and Eracleous, 2008; Jovanovi¢ et al., 2010; McKernan
et al, 2012). Using the AD model with additional emitting
rings (separated with gaps), developed specially for this purpose,
we match the synthetic broad emission line profiles to the
observed Hu line, in order to measure the ring radii. We connect
variability time scales, with radii, and calculate the central BH
mass.

The paper is organized as follows: first, we present the
method (section 2) of measuring the radii that could be paired
with variability time scales from light curves. For that purpose
we developed a model of an AD emission with additional
enhanced thin rings (section 2.1). We used data (spectra
and light curves) available in Shapovalova et al. (2013). We

match the AD model to the observed Ha broad emission
line and measure the ring radii that we connect to optical
variability time scales. We analyze optical light curves, find
variability time scales that we match with measure ring radii,
and calculate the mass of the SMBH as a test of our hypothesis
(section 3). We discuss possible mechanisms in section 4. In
the last section 5, we point out the main conclusions of our
investigation.

2. METHOD

Light curves of an optical continuum and broad emission line
flux are highly correlated (Kaspi et al., 2000). This may indicate
the same origin of their variability source. Therefore, one could
expect that the source of variability could leave a trace in the
shapes of their broad line profile shape. Analysis of variation time
scales may give us valuable information about why they vary the
way they do, while the line profiles could provide us with the
information about the kinematic parameters of the variability
drive (like the radii where the source of variation is located).

In order to investigate the variability time scales of optical
continuum light curves, we use standard methods like Lomb-
Scargle (Lomb, 1976; Scargle, 1982), and sine function fitting, that
we use here to determine variability time scales. Here we assume
that the variability time scales corresponds to the orbital time
scales within the region of AD where the optical light could be
originating from (see e.g., Bon et al., 2012, 2016). Ripples in the
broad emission line profiles could be produced by the effects of
the same phenomena that drives the variability (Eracleous and
Halpern, 1994; McKernan et al., 2013). If we detect them, we
would then be able to determine some dynamical properties (see
for e.g., Newman et al., 1997; Gezari et al., 2007). In case we could
identify more then one variability time scale period in the light
curves that could be linked to the radius of an emitting ring in
the broad emission line profile, then for each ring-radius pair
we should expect to obtain the same mass (or at least very close
value) of the central SMBH using Kepler’s laws.

In order to test these assumptions, as a first step we model
synthetic line emission of an orbiting gas in the flat, disk like gas
distribution, assuming that photo ionization process produces
the emission line from that region, that we could approximate
with the accretion disk emission model (Chen and Halpern, 1989;
Chen et al., 1989; Eracleous and Halpern, 1994; Cadez et al., 1998;
Jovanovi¢ and Popovi¢, 2008; Jovanovic¢ et al., 2010; Bon et al.,
2015).

By matching the AD model to the Hy broad emission line
profile, we determine the inclination, inner and outer radii and
additional ring radii. The inner radius is defined by matching the
far red and blue wings of the observed line profile to the red wing
of AD model line shape. The red wing part is most sensitive to
the and gravitational redshift effect (see e.g., Bon et al., 2015), and
therefore the extension of the red side of the line wing determines
how close to the BH the gas is emitting the optical Balmer lines.
We note that we determine the inner radius of an AD of the Ho
broad line from the fit of the model, and that the inner radius in
gravitational units is usually 2 100, much larger than the inner
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radius derived from X-ray lines (like Fe Ky ), usually close to the
innermost stable circular orbit, 1 to 6 gravitational radii (for AD
size of the optical emission lines, see for e.g., Chen and Halpern,
1989; Chen et al., 1989; Eracleous and Halpern, 1994; Popovi¢
et al., 2004; Bon et al., 2006, 2009a,b, 2015; Gavrilovi¢ et al.,
2007; Bon, 2008). The part of the disk that contributes to the
thermal continuum emission is the one of highest temperature,
also close to the the innermost stable circular orbit (Lynden-Bell,
1969; Shakura and Sunyaev, 1973). This region is expected to be
much closer to the black hole than the AD region suitable for the
optical emission line emission. From the fit of the model to the
observed broad line we determine inner and outer radius of the
AD and each ring as well as the inclination and emissivity law
that is common parameter for the complete model.

Simulated profiles of AD emission usually have characteristic
two peaks in the core of the line, are broadened due to virial
motion and made asymmetric by relativistic effects. The two
peaks are usually blended by the isotropic emission component
in the core of the line profile, originated further away from the
AD, which is observed in majority of AGN spectra (Popovic et al.,
2003, 2004; Popovic et al., 2008; Bon et al., 2006, 2009a; Bon,
2008). Only in a very small number (less then 1%) of objects the
two peaks are clearly recognized (see e.g., Strateva et al., 2003).

Small bump-like features can be found on the BEL
profiles. They cannot be immediately modeled by smooth AD
profiles.

2.1. Model of AD With Additional Ring
Emission or AD With Ring Gaps

The AD model is an idealization of emission with assumption of
an homogeneous AD. This may not be the case, and therefore the
AD profile may not sufficient to describe all features in observed
profiles like e.g., small bumps on the wings which are often
present.

Assuming that the time scale of perturbed disk (cooling
time, shock wave progression, or anything that produced
additional emission from that ring) is significantly longer
then the orbital time scale, then we could approximate that
the time scale of variations measured in optical light curves
correspond to the orbiting of some features within the AD
at radii that could be associated to narrow rings that we
located in AD by matching the observed emission lines with
synthetic modeled profiles. Their radii are measured in units
of gravitational radii Rg, since from the AD model we cannot
obtain the information about the central mass. By connecting
each variability time scale to some radii in the AD, with an
assumption that the shorter variability time scale corresponds
to a closer ring, while the outer radii correspond to a longer
variability time scale, we could be able to calculate the mass of
the central SMBH! using the Kepler’s third law for a circular
orbit:

r3 2w GME3/?
T “)

P=2r

This is similar as in the case of planetary system where all orbiting objects radii
and periods correspond to the same mass of the central body.

where r = &(rg) is the ring radius in gravitational
radii and P is the circular orbital period of the orbiting
region at such radii (as prposed in  Newman et al,
1997; Gezari et al., 2007). We note here that regardless of
the formula, our method is different then the method of
Newman et al. (1997). These authors used monitoring spectra
to determine the radius of a hot spot, which they then
connected to the orbiting period. Here we use single epoch
spectra and variability time scales measured from photometric
data.

We use different AD model than in previous papers (Chen
and Halpern, 1989; Chen et al., 1989; Antonucci et al., 1996;
Newman et al., 1997; Gezari et al., 2007), even though we obtain
similar values of parameters for the inclinations and the inner and
outer radius. Here we use the relativistic ray tracing AD model?
We propose that the origin of the variability patterns, could be
traced to the ripples in the shape of broad line profiles. Making a
connection of variability time scales and radii, Equation (1) can
be used to determine dynamical properties of AGN.

We construct our model assuming the emission of an AD
and each ring contributions to the line profiles with the same
inclination and emissivity law as in the parent AD, which
is preserved in ring models. The code includes both special
relativistic and general relativistic effects on radiation from the
accretion disk around SMBH (see e.g., Jovanovi¢, 2012). This AD
model is based on ray-tracing method in the Kerr metric (Fanton
et al, 1997; Cadez et al., 1998), for different values of inner and
outer radii and inclinations of rings in AD. The emissivity index
was kept to be close as possible to the value ¢ = —2, assuming
the emissivity law to be ~ 11, as expected for the case of photo-
ionization mechanism. The model is then constructed using a
previous match of the AD profile to the emission line, as a starting
point. The scaled contributions of the ring profiles are added
to the AD profile until bumpy features in observed spectra are
described with the synthetic spectrum. Beside the fact that the
shape of the line is fitted more realistic then with a simple AD
model, we are also obtaining a valuable information about the
radii in the disk plane where the emission is emitted from.

We considered our model as analogy to AD in which the
emission is not continuous from R,,i; t0 Ry, but instead is
restricted to emission emission annuli. The physical justification
of disk gaps can reside on the removal of the gas disk in systems
in which the the emission is not contributing to the emission line
shape due to obscuration by dust in the outscirt of BLR (Bon et al.,
2016) or by voids produced due to accreting secondary object
within the AD plane (Lin and Papaloizou, 1996; Lin, 1997), or
in case where gas was originally counterrotating with respect to
the black hole spin (Vorobyov et al., 2016), or by an accreting
object in the disk plane (Artymowicz et al., 1993). In this case, the
disk profile is modeled by the addition of several emission annuli
(assuming the same AD model and one inclination value). The

2We tested several different AD models (Fanton et al., 1997; Cade? et al., 1998;
Jovanovi¢ and Popovi¢, 2008; Jovanovié, 2012; Bon et al., 2015) for a line fit, and
find that obtained inclinations were practically the same regardless of the model
used and also if we adopt more complex model, assuming the additional rings with
the same AD parameters (inclination and emissivity law).
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analysis of the line profile is otherwise analogous to the excess
ring emission model.

3. RESULTS

In order to test this our model interpretation of the BEL profiles,
we performed a case study of Arp 102B because it is well-
known for its broad emission lines with double peaked shape that
was already proposed to correspond to the AD emission profile
(Chen and Halpern, 1989; Chen et al., 1989; Sulentic et al., 1990;
Eracleous and Halpern, 1994; Antonucci et al., 1996; Newman
etal., 1997; Sergeev et al., 2000; Gezari et al., 2007; Jovanovi¢ et al.,
2010; Popovi¢ et al., 2014).

Using the line profile matching to the model, we measure the
ring radii that we connect to the variability time scales.

Assuming that the orbital time scale is the only match to
time scale of variability patterns seen in these light curves, we
combine measured radii £ and variability scale periods, and
derive mass assuming circular Keplerian orbit of this variable
region positioned within the AD.

We measured & radii with an AD model in units of
gravitational radii (Rg) from the broad emission line profiles. If
two or more significant periods were detected, assuming a low cut
taken to be at 400 days period (in order to avoid effects of Earth’s
orbital period of 1 year), then we try to pair the to the parts of
an AD which could be perturbed, like inner and outer radius of a
ring or a main part of AD, where the interaction with different
state medium could be expected*. We test the assumption by
calculating the mass of the central BH following Equation (1),
with expectation that the obtained results for masses, for each

31t is important to stress that emission lines do respond to continuum changes on
a timescale that is 7 < P (months vs. 10 years), but this should not invalidate our
argument right because the reverberation response 7 is much smaller than P, which
is the orbital period at radius &.

4We note that the expected orbital periods in optical part of the AD for typical
AGN of M ~ 10® Mg should be about 1 year (see for e.g., Gaskell, 2008), but this
should not be a problem since also longer periods are detected.

pair of variability time scale and the ring radius, should be equal,
or at least to be of similar values.

The example of the model (Figure 1) matched to the observed
spectrum of the object Arp 102B is presented in Figure 2.
The inclination is 32 degrees, and the AD is truncated in the
following rings: 370-1050, 1430-1540, and 3500-3800 Rg, with
the emissivity parameter ¢ = —2.1 over the whole model. We
note that the result is very similar to other fits of this object
(Chen and Halpern, 1989; Chen et al., 1989; Newman et al,
1997), who obtained the same inclination while the complete disk
was assumed to correspond to main part of AD in our model,
with Rinn =350 Rg, and Rout =1000 Rg’. The measurement of
variability time scales of light curves is shown in the Figure 3. We
find the longer time scale to be about 14 years period (intrinsically
5250 days, after correction for the systematic redshift), while
the shorter time scale is taken from earlier variability analysis
(Newman et al., 1997; Sergeev et al., 2000; Shapovalova et al.,
2013), where the variability time scale was found to be of about
700 days (in the interval 650-750 days, here taken as 680 after
scaling for the redshift).

We assume that the variability is produced sharp edges of gaps
and emitting rings. By matching the inner radius of AD to the
corresponding variability time scale (370 Rg with 680 days), and
1500 Rg with 5255 days variability time scale), we obtain the mass
of about 2.7 -103 MO (as an average of these two values: 2.68
-10% and 2.71 -108 M®). This value is very close to the value of
with 2.1 -10% M® in Newman et al. (1997, obtained from the
orbiting hotspot assumption) and not so different from 3.5 -108
MO suggested in Sergeev et al. (2000, obtained with the model of
thousands randum orbiting clouds, mached to the radial velocity
maps of broad line variability), and about two times higher then
the mass value of 1.1 -108 M® as suggested in Shapovalova et al.
(2013).

SWe note that at about the same radius was obtained as outer radius of AD in
previous disk models (Chen and Halpern, 1989; Chen et al., 1989; Newman et al.,
1997).

Frontiers in Astronomy and Space Sciences | www.frontiersin.org

June 2018 | Volume 5 | Article 19


https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles

Bon et al.

Variability Time Scales and BLR in AGN

12 |
1 -
| |
m [
5 ost o
> |
g
S o6}
el
x
>
r 04r¢f
02
ot M . L e NES
-15000 -10000 -5000 0 5000 10000 15000
Wavelenght
FIGURE 2 | An example of AD + rings model matching the observed broad
Ha emission line profiles. Here is presented the case of Arp 102B.

The virial product r$v,2/G can then be obtained from the
20 day lag of line flux to continuum Shapovalova et al. (2013),
and following the formula form Collin et al. (2006) for radial
velocity dispersion in case of rectangular shape® line profile §v,
= 14500 / 3.46 ~ 4,190 km s~!. The virial factor f can then be
estimated by computing r8v,2/G/M, BH,p = 1/f, where Mpp p is
the black hole mass computed from the P following Equation
1. Using these values we derive 1/f = 7.36 - 107 /(2.7 - 108) ~
0.287. The 1/f should be equal to ratio of virial product and the
mass’ obtained from the period by definition, and f depends on
inclination as f ~ (sin(i)) 2, resulting the inclination of 32°,
which is consistent with the value from the AD model fitted to
the Ha broad emission line (with our model and earlier fits as
well). Therefore, not only that the model gives the consistent
mass with the three different period-radii pairs, but also the
retrieved inclination from the virial product gives a consistent
value of inclination as the AD model fit to the Ho broad emission
line.

Admittedly, our model follow from a very strong assumption:
the use of variability time scale P (derived from the continuum
variation) for estimating the black hole mass and the use of
& derived from the profile ring should be consistent. The
assumption may not be correct in principle, since the P obtained
from the continuum may not refer to the same £ of the profile
rings. It requires in-situ emission at the £ deduced from the
ring.

4. POSSIBLE INTERPRETATIONS

Here we do not consider any details about what produces the
hot ring regions or the dips in the AD, and we are fully aware

®line FWHM /o =2 X +/3 = 3.46.

7f = ((sin(i))>*+(H/R)*)~! as suggested in Netzer (2013), were H/R represents
the contribution of isotropic velocity component as a ratio between the width
of a disk and the radius of AD. Assuming H/R ~ 0 the formula transforms into

f= (sin(i)) 2.

that the measured periods are significant above the white noise
levels, but may not appear significant compared to the red noise
AR curves (Vaughan and Uttley, 2006; Vaughan et al., 2016).
We were mainly interested in measuring time scales of orbital
periods assuming that the variability patterns (Marziani et al,,
2017a,b) in the light curves could be induced by the orbital
time scales. Some interpretations of possible periodicities are
discussed in many works (Chakrabarti and Wiita, 1994; Eracleous
and Halpern, 1994; Newman et al., 1997; Gezari et al., 2007;
Popovi¢, 2012; Graham et al., 2015a,b; Bon et al., 2016, 2017;
Charisi et al., 2016; Li et al., 2016; Liu et al., 2016). Assuming
circular orbits in the disk as we did here, we suggest that
possible source of optical variability should be located in the
AD, amplifying emission at that radius. We are aware that at
such radii, the standard models of thermal emission of AD
(Shakura and Sunyaev, 1973) shows that the temperature of the
disk is relatively low, under 1,000 K (according to the standard
disk model, Shakura and Sunyaev, 1973), which is not sufficient
enough for the photo ionization mechanism to produce optical
broad emission lines, or to significantly contribute to the optical
continuum flux, without additional emission mechanism, like
shocks (Chakrabarti and Wiita, 1994; Eracleous and Halpern,
1994; Gezari et al, 2007), hot spot (Newman et al, 1997;
Flohic and Eracleous, 2008; Jovanovi¢ et al., 2010), secondary
orbiting object on a circular orbit around the central SMBH
with additional accretion mechanism that is sufficient to produce
significant contribution to the continuum and the line emission
(see e.g., Lin and Papaloizou, 1996; Lin, 1997; McKernan et al,,
2014, where they show a fast forming of intermediate mass
BH’s in AD with circular orbits arround the cetral SMBH). It is
expected that in such cases the voids or gaps would be formed (see
for e.g., McKernan et al.,, 2012, 2013, 2014) in the AD (similar
to the planet formation in the stellar disks), with piling up of
matter at the outer border of the gap ring (see, McKernan et al,,
2013, and the references therein), that may represent the region
that could be associated with the ring emission that we modeled
here.

5. CONCLUSIONS

We simulated an AD emission profiles with additional ring
regions and compared them with the observed profiles of the
broad Ho emission lines. We measured variability time scales
from available optical light curves. We pair each ring profile
with the variability time scale. Using Kepler’s third law, we then
calculate central SMBH masses.

Our results show that:

1) The model of an AD with additional emitting rings or by
a sequence of emission annuli separated by gaps could well
describe the observed Ho emission line profiles in the case of
Arp 102B.

2) Masses calculated from each pair of variability time scale and
narrow ring with enhanced emission, result with very similar
values providing support for the model and initial hypothesis,
indicating that the features fitted in the line profiles are
probably emitted in an AD (virial velocity field).
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FIGURE 3 | Long term variability analysis of Arp 102B light curve after trend removal correction fitted with the sine function with the period of about 14 years.

3) We also test our model prediction from the fact that the virial
factor depends on the inclination. Since, from the ratio of
VP and the mass obtained with our model using Keplerian
velocity, we obtain practically identical value of inclination as
from the AD fit to the line profile. Therefore this gives another
justification of our model.

This result may indicate that the variability time scales of AGN
may be connected to the orbiting time scales which depend on
the central SMBH mass.

In near future, we plan to extend the sample (Bon et al. 2018,
in preparation), selecting more AGN with long term monitoring
data.
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We present a multifrequency analysis of the variability in the flat-spectrum radio quasar
3C 279 from 2008 to 2014. Our multiwavelength datasets range from 1 mm to
gamma-rays, with additional optical polarimetry. Cross-correlation analysis shows a
significant correlation between the UV continuum emission, the optical and NIR bands,
at a delay consistent with zero, implying co-spatial emission regions. We also find a
correlation between the UV continuum and the 1 mm data, which implies that the
dominant process in producing the UV continuum is synchrotron emission. Based on the
behavior of the gamma-ray light curve with respect to other bands, we identified three
different activity periods. During period A we find a significant correlation at zero delay
between the UV continuum and the gamma-rays, implying co-spatial emission regions
which points toward synchrotron self-Compton as dominant gamma-ray emission
mechanism. During period C we find a delay between the UV continuum and the
gamma-rays, as well as a correlation at zero delay between X-rays and gamma-rays,
both results implying that external inverse Compton is the dominant gamma-ray emission
mechanism. During period B there are multiple flares in the bands from 1 mm to UV,
however, none of these show a counterpart in the gamma-rays band. We propose that
this is caused by an increase in the gamma-ray opacity due to electron-positron pair
production.

Keywords: multiwavelength, blazar, 3C 279, gamma-rays, emission mechanism, FSRQ

1. CONTEXT

Blazars are one class of jetted active galactic nuclei, with small viewing angle, thus the relativistic
jet points almost directly to our line of sight (Urry and Padovani, 1995). Blazars are known for
their for their variability at all frequencies with a dominant component of non-thermal emission.
They can be classified as Flat Spectrum Radio Quasars (FSRQ) or BL Lac type, depending on the
visible features in their optical spectrum. 3C 279 is an FSRQ at z = 0.536, and was among the first
quasars discovered to emit gamma-rays via observations by the Compton Gamma-Ray Observatory
(Hartman et al., 1992). In this proceeding, we present the preliminary results of a multiwavelength
variability study on the source 3C 279.
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FIGURE 1 | Left: Light Curves for 3C 279 during Period A. Right: Light Curves for 3C 279 during Period C. These are the two different epochs where we found
different delays between the UV continuum and the gamma-rays. This difference in the delay suggests a change in the dominant gamma-ray emission mechanism.
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2. OBSERVATIONS

Our multiwavelength datasets include data from different public
databases as well as our own observations. The gamma-ray data
was retrieved from the Fermi Science Support Center database!,
which was observed by the Fermi Large Area Telescope
(Fermi/LAT, Abdo et al,, 2009). The X-rays was observed by
the Swift X-Ray Telescope (Swift/XRT, Stroh and Falcone, 2013),
Imm observations were taken with the submillimeter Array?
(SMA, Gurwell et al, 2007), Near Infrared photometry from
the Observatorio Astrofisico Guillermo Haro (OAGH) and the
SMARTS project® (Bonning et al., 2012); optical V Band from
the Steward Observatory? (Smith et al., 2009) and SMARTS;
optical spectra from OAGH (Patifio-Alvarez et al., 2013) and the
Steward Observatory; and polarization spectra from the Steward
Observatory as well. Details on data reduction can be found in
the references given.

"https://fermi.gsfc.nasa.gov/ssc/data/access/
2http://smal.sma.hawaii.edu/callist/callist.html
Shttp://www.astro.yale.edu/smarts/glast/home.php
“http://james.as.arizona.edu/~psmith/Fermi/

3. ACTIVITY PERIODS

Based on the behavior of the gamma-rays with respect to the
UV, optical and NIR, we separated the entire time range into
three different periods: A flaring period in multiple bands, with
counterparts in gamma-rays; a flaring period in multiple bands
with no counterparts in gamma-rays; and another flaring period
in multiple bands with apparent counterparts in gamma-rays.
We also performed cross-correlation analysis on these activity
periods of the light curves.

Period A ranges from JDyy5 = 4,650 — 5,850 (see Figure 1
left panel). During this period, we observed multiple flares in the
gamma-ray emission, as well as counterparts in the optical (V-
band), UV continuum, and NIR emission (J-, H- and K-bands).
In the 1 mm light curve we observed a response to each of these
flares, however, the amplitude of the 1 mm flares is not as high as
in the other wavelengths.

Period B ranges from JD,45 = 5,850 — 6,400 (see Figure 2).
During this time period, we observed multiple flares in the
optical V-band, with clear counterparts in the UV spectral
continuum and NIR bands. We also observed an increase in
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the 1 mm emission responding to each of these flares. The
highest levels of 1 mm emission over the entire time-frame of
our observations occur during this activity period. There are
increases in polarization degree coincident with these flares;
this might indicate that these flares have a non-thermal origin.
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FIGURE 2 | Light Curves for 3C 279 during period B. Units are the same as in
Figure 1.

However, there are no counterparts to any of these flares in the
gamma-rays.

Period C ranges from JD,45 = 6,400 — 6,850 (see Figure 1
right panel). During this time period, we observed the highest
levels of gamma-ray emission in our time-frame of study. At the
start of this time period we observe a very intense flare in the
gamma-rays with a clear counterpart in the 1 mm emission, and
high levels of degree of polarization, however, we do not see any
response in the wavelength range from UV to NIR.

4. CORRELATION ANALYSIS

In order to discern if the emission at different wavelengths
are correlated, we applied Cross-Correlation analysis, by using
three different methods: The Interpolated Cross-Correlation
Function (ICCE Gaskell and Sparke, 1986), the Discrete
Cross-Correlation Function (DCCE Edelson and Krolik, 1988),
and the Z-Transformed Discrete Correlation Function (ZDCE
Alexander, 1997). The significance was calculated via Montecarlo
simulations, and a correlation is only considered as significant if
the signal is above 3-sigma, and we only state a delay when there
is not more than one peak in the cross-correlation function.

With the results from the cross-correlation analysis, we have
identified the simultaneity (|At| < 1 day) of the UV 13000 A
continuum emission, the optical V Band, and the NIR J, H, and
K bands. This correlation allows us to infer that the emissions
from the middle UV range to the NIR are co-spatial. We report
the finding of a significant correlation between the V Band
and 1 mm emission in our entire observation time range. By
interpolating the V Band observations to the times of the 1 mm
observations, we obtain a Spearman correlation coefficient of
0.65, and a probability of obtaining this correlation by chance
of P « 0.01. This strongly suggests that the optical V Band
emission should be dominated by non-thermal emission from
the jet. These results also imply that the emission from the
middle UV range to the NIR is dominated by synchrotron
emission.
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FIGURE 3 | Left: Theoretical cross sections obtained from our analytical model, for the inverse Compton effect and the electron-positron pair production as a
function of the Lorentz factor. Right: Ratio of the cross sections of the two processes mentioned above as a function of the Lorentz factor. The model predicts that as
the Lorentz factor increases significantly, there is a much higher probability of a pair production transition that can cause absorption of gamma-rays within a region of
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5. GAMMA-RAY EMISSION MECHANISM

Figure 1 (left panel) shows the light curves for Period A, which
is noteworthy because we have a response in the gamma-rays
every time we have a flare or flux increase in the other bands.
The cross-correlation analysis between the UV continuum and
the gamma-rays shows a delay of —0.7 4= 5.0 days (consistent with
zero delay), implying that the emission regions are co-spatial.
This, added to the low activity in the X-rays (which come mainly
from the inner accretion disk and hot corona), strongly suggests
that the dominant gamma-ray emission mechanism during this
activity period is Synchrotron Self-Compton.

We also show in Figure 1 (right panel) the light curves for
Period C. This period comes after a quiescent state in the gamma-
rays (see Figure2, left panel), and is noteworthy for having
the brightest gamma-ray flare observed in this source during
our time-frame of observation. The cross-correlation analysis
between the UV continuum and the gamma-rays shows a delay
of 28.6 + 4.8 days, indicating a separation between the UV
continuum emission region and the gamma-ray emission region
(in contrast to Period A). There is a delay between X-rays
and gamma-rays of —0.1 =+ 3.0 days (consistent with zero
delay). Added to the delay obtained between the gamma-rays
and UV continuum, points to the dominant gamma-ray emission
mechanism being External Inverse Compton. We present for
the first time observational evidence of a change with time
in the dominant gamma-ray emission mechanism for a single
source. This is an important result due to its implications for
SED modeling of blazars and high-energy physics. The result
could also imply that the gamma-ray emission zone is changing
locations over time.

6. ANOMALOUS GAMMA-RAY ACTIVITY

We report the finding of an anomalous activity period on 3C 279.
In this period we have multiple flares in the 13000 A continuum
with counterparts in the optical V and NIR bands. We also
observe coincident increases in the polarized flux and optical
polarization degree, as well as the highest flux levels of Imm
emission during our entire observational time range. However,
there is no counterpart in the gamma-ray band to any of this
activity. The light curves for this period are shown in Figure 2.
We propose that this anomalous behavior is caused by an
increase in the gamma-ray opacity in the flaring region, due to an
increase in the Lorentz factor in the flaring region. In order to test
if this scenario is plausible, we performed analytical calculations
of the cross sections for the inverse Compton scattering and
the electron-positron pair production. By performing the full
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The most detailed temporal studies of the emission from blazars are usually done by trying
to obtain a dense, simultaneous coverage of the source over a large multi-wavelength
observational campaign. Although it is well know that correlations between multi-band
emission present sizeable temporal lags in their correlated variability, such properties
are usually neglected in the majority of observational studies, which model the evolution
of source parameters over time by either building time-averaged SEDs (when data is
scarce) or considering strictly simultaneous snapshots of the source along the spectrum.
By making use of the resources and large database made available through the ASI
Science Data Center (ASDC), we present a novel approach to the modeling of blazar
emission whereby the multi-epoch SEDs for Mkn 421 are modeled considering the
temporal lags between bands (both in short and long-timescales), as obtained by a
detailed cross-correlation analysis, spanning data from radio to Very High Energy (VHE)
gamma-rays from 2008 to 2014. In addition to that, long-term optical polarization data
are used to aid and complement our physical interpretation of the state and evolution of
the source.

Keywords: blazars, MKN421, multiwavelength, time-evolution, SED modeling

1. INTRODUCTION

Blazars are a class of Active Galactic Nuclei where the jet is pointed at a very small angle relative to
the line of sight (see e.g., Urry and Padovani, 1995). Their emission is non-thermal across most of
(or the entire) electromagnetic spectrum, from radio to y -rays, sometimes reaching into the TeV
domain. Furthermore, since the jet is pointing at a small angle with respect to the line of sight, the
emission of blazars is affected by relativistic beaming, which could increase the observed luminosity
by a large factor.

The Spectral Energy Distribution (SED) of these objects shows two bumps, one located in the
infrared to the soft X-ray band, the other in the hard X-rays to y-rays. According to the standard
picture (see e.g., Abdo et al., 2010; Giommi et al., 2012), the first peak is due to the synchrotron
emission of relativistic electrons moving in a magnetic field, while the second peak is due to
the inverse-Compton (IC) scattering of the synchrotron photons by the same relativistic electron
population that produced them (the Synchrotron self-Compton model, SSC). In some cases the
seed photons undergoing IC scattering come from regions outside the nucleus, like the accretion
disk or the broad line region (EC, external Compton).
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FIGURE 1 | y-rays, (A), optical (B), and radio (C) light curves for Mkn421 from 2008 to 2014.
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Since blazars emit all over the spectrum, the most efficient
way to study their emission is through multiwavelength data;
furthermore, since blazars often present short- and long-scale
variability, simultaneous observations are desired. In order to
attain these goals, multifrequency observation campaigns have
been done for some blazars usually following a very bright flaring
period, for example 3C454.3 (Vercellone et al., 2009), PKS2155-
304 (Aharonian et al., 2009), and Mkn421 (Donnarumma et al.,
2009).

Mkn 421 was the first extragalactic TeV object detected
(Punch et al.,, 1992) and remains one of the brightest and most
studied y-ray blazars to date. It has been intensely monitored
by several instruments in different frequencies and for a long
period; thus, the amount of data available is quite large and
with overlapping periods on several wavelengths. This makes
Mkn421 a good source for a comprehensive study of the multi-
band correlations and consequently the time evolution of the
emission.

2. DATA

We obtained long term multiwavelength light curves for Mkn421
for a period of 6 years, from 2008 to 2014. The only continuous
observations were done by the OVRO observatory (at 15 GHz),
the Steward observatory (Smith et al.,, 2009) (V band) and the
Fermi satellite. X-ray and UV data are also available from Swift
but with long gaps (of approximately 6 months) due to the source
proximity to the sun.

We obtained the radio light curve from the ASDC SED tool!,
while the optical data was taken directly from the observatory and
checked for galaxy contamination. The Fermi light curve for the
period was calculated using an adaptive binning method, where
the size of the bins is flexible and chosen to produce constant flux
uncertainties, so that they are narrower at higher states (Sahakyan
and Gasparyan, 2017). In this way rapid changes of flux can be
found. In Figure 1 we show the three long term light curves; it
is interesting to note that both in the y-ray and the radio light
curve the source appears to undergo a change of state sometime
before MJD 56000 (beginning of 2012). While before there were
only small flares, after 2012 it underwent a series of intense ones
and the continuum emission increased. Due to this change of
behavior, we consider both periods separately (before and after
2012) in calculating the cross-correlation functions.

3. TIME LAGS

Since AGN light curves are very often unevenly sampled, we
used the Z-transformed discrete correlation function (ZDCE
Alexander, 1997) to calculate the cross-correlation functions.
Simulations show that the use of Fischer’s Z transform improve
the performance in sparse light curves over the traditionally
used discrete correlation function (DCEF Edelson and Krolik,
1988).

tools.asi.asdc.it/SED/
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We calculated the cross-correlation functions between all
three lightcurves shown in Figure 1, before and after 2012. By
using a maximum likelihood analysis (Alexander, 2013), we
could find the maximum of the correlation function and the
fiducial interval. For the period from 2008 to 2012, the only
indication of a correlation is between optical and radio:

Toy = —35.81‘35; days, (1)
while for the period after 2012
Tor = —48.57579 days, )
Ty, = —4537799 days (3)
Ty—o = —5.0613% days (4)

where a negative lag means that the lower energy band comes
after the higher energy one. All these lags are consistent with each
other and the y - optical lag is consistent with a zero day lag. In
Figure 2 we show all the cross-correlation functions.

With the exception of the Fermi-Optical correlation, all others
present a clear and sharp maximum. The lag between Fermi and
Radio is especially evident considering the very large flare present
in both curves and their behavior afterwards. Given the absence
of any other flares of this magnitude in the Radio light curve, it is
unlikely that the two are unrelated; a more profound analysis is
needed to confirm this.

4. SED FITTING

With the lags between different energy bands calculated, we
proceeded to build the SEDs for each period. We shifted the
Fermi and optical light curves by the values indicated above
(considering a zero day lag between them). In addition to the data
we had, we added also x-ray and UV data from Swift XRT and
UVOT, respectively, taken from the ASDC website. The coverage
from Swift is not continuous however; during the period our data
covers, there are six windows of observation from Swift, which we
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FIGURE 2 | The significant correlation functions between all light curves. (Top left) Optical-Radio before 2012; (Top right) Optical-Radio after 2012; (Bottom left)
Fermi-Radio after 2012; (Bottom right) Fermi-optical after 2012. A negative lag indicates that the lower energy band comes after.
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divided in two each (for a total of 12) to constrain the variability
and make the fitting procedure easier.

We used a single-zone SSC model with the distribution of the
electrons given by a power law with an exponential cut-oft:

E e E
Ne(Ee) = No (%) €xp <_ ‘ ) ’ (5)
meC Ecut

where E; is the cutoff energy, Ny the normalization and m, the
electron mass

The fit was done numerically using a Markov Chain Monte
Carlo (MCMC) code, deriving the best-fit and uncertainty
distributions of the parameters through a sampling of their
likelihood functions (Sahakyan and Gasparyan, 2017). In
Figure 3 we can see the evolution of the parameters for each
period compared to the Radio light curve (already shifted by the
lags found in the previous section). It is interesting to notice that
the strong increase of Ny and the magnetic field correlates with
the presence of a small flare.

5. POLARIZATION MEASUREMENTS

From 2008 to 2012, a large polarization campaign was
undertaken using the Liverpool Telescope and data from the
Tuorla blazar monitoring program (Jermak et al., 2016). We
present the data for MKN421 in Figure 4, with data from the end
of 2011 to the middle of 2012.

It can be seen that in the beginning of 2012, the degree of
polarization increases strongly (reaching an all-time maximum),
while the polarization angle rotates by 180°; this change of
behavior is just before the intense flare in y-rays in 2012 (see
Figure 1). Unfortunately, due to visibility, there isn’t any optical
data during the flare. However, this could be an indication that
changes in the polarization are related to flaring activity.

6. DISCUSSION

Mkn421 is one of the brightest and most observed blazars to date.
We collected long term data for the source in several energies
in order to study the time evolution of the emission. From the
long term light curves, we detected a change of state in y-
rays in the beginning of 2012, from a more quiescent state to a
series of intense flares and an overall increase in the continuum
emission. This prompted us to consider both periods separately
when calculating the multi-bands correlation.

We calculated the cross-correlation function for each period
between the three different long term light curves: overall, the
radio lags behind the higher energy bands, while optical and y-
rays are simultaneous. We performed a fit of the SED for each
period, already considering the time lags calculated before, using
a single-zone SSC model.

We also obtained optical polarimetric data from the end
of 2011 to the beginning of 2012. Mkn421 shows an all-time
maximum of the polarization degree, and a flip of the polarization
angle of 180°; this comes just before the intense flare in y -rays.

Since we have also X-ray and UV data (with a 6 month
gap in the coverage) we can start to calculate the short scale
time lags including both. Observation campaigns including VHE
instruments such as VERITAS and MAGIC have also been
carried out, and we will include these in our analysis. This will
help us understand both the long and short term effects of the
variability and disentangle the different emission zones. From
this initial results, we obtained some hints of correlation on along
time period between radio, y -rays and optical. As expected, radio
lags behind both others in the two periods considered. Besides
that, there is some evidence that big rotations in the polarization
angle could be related with flares in high energies.
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Many active galactic nuclei (AGN) show strong variability of the optical continuum. Since
the line flux, profile shapes and intensity ratios are changing, we analyze the variability
patterns and possible periodicity of Type 1 AGN NGC 5548, using the Eigenvector 1
(EV1) diagram in different variability states, taking advantage of very long term monitoring
campaign data. The preliminary results suggest that NGC 5548 —a highly variable object
that over several decades has shown large amplitude continuum fluctuations and flaring
behavior—remains Pop B. This means that the range in Eddington ratio, even when the
source is in a bright state, remains consistent with the value of the low accreting Pop B.
We inspected EV 1 parameters of a single object though long term monitoring, assuming
an inclination and black hole mass to be constant during the observational time. Our
results imply that the main driver for the variations along the EV 1 diagram could be
dimensionless accretion rate. If so, then it appears that the source never crossed the
boundary for structural changes, indicatively placed at L/LEdd ~ 0.2.

Keywords: galaxies:active-galaxies, quasar:supermassive black holes, quasar:emission lines, line:profiles,
quasar: individual (NGC 5548)

1. INTRODUCTION

Differences between Type 1 and Type 2 spectra of AGNs, mainly described by the different viewing
angle at the nuclear region of the galaxy, are already well known. On the other hand, there is a vast
number of spectral characteristics, such as shift, width of the line, line ratios, Fe II blends, and many
others that create diversity between different Type 1 spectra. One could expect that diversity also
depends to some extend on the viewing angle.

There were many efforts to systematize Type 1 spectral diversity in a parameter space called
the Eigenvector 1 (EV1), that represents the linear combination of several parameters, in order to
introduce some order in spectral properties. The EV1 could be seen as an equivalent to the well-
known Hertzsprung-Russell diagram for stars, and therefore capable to organize Type 1 AGN into
a “main sequence” of quasars. This kind of systematization allows to set observational constrains
on dynamics and physical properties of broad line region. The principal component analysis of
Boroson and Green (1992) showed that there is a hidden single parameter responsible for the vast
majority of spectral differences— Rp.—the ratio of the optical Fe II pseudo continuum to the Hf
flux. This idea was later on developed by Sulentic et al. (2000), and Shen and Ho (2014), among
others.

The relation between EV1 and some theoretically motivated parameters, such as Eddington
ratio, black hole mass, chemical composition, black hole spin, orientation etc., is still not clear.

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 17

January 2018 | Volume 5 | Article 3


https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org/journals/astronomy-and-space-sciences#editorial-board
https://www.frontiersin.org/journals/astronomy-and-space-sciences#editorial-board
https://www.frontiersin.org/journals/astronomy-and-space-sciences#editorial-board
https://www.frontiersin.org/journals/astronomy-and-space-sciences#editorial-board
https://doi.org/10.3389/fspas.2018.00003
http://crossmark.crossref.org/dialog/?doi=10.3389/fspas.2018.00003&domain=pdf&date_stamp=2018-01-31
https://www.frontiersin.org/journals/astronomy-and-space-sciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/astronomy-and-space-sciences#articles
https://creativecommons.org/licenses/by/4.0/
mailto:nbon@aob.bg.ac.rs
https://doi.org/10.3389/fspas.2018.00003
https://www.frontiersin.org/articles/10.3389/fspas.2018.00003/full
http://loop.frontiersin.org/people/244244/overview
http://loop.frontiersin.org/people/219297/overview
http://loop.frontiersin.org/people/115900/overview

Bon et al.

Variability of NGC5548 in EV1 Context

Most favored parameter that drives EV1 is Eddington ratio
(Boroson and Green, 1992; Sulentic et al., 2000; Marziani et al.,
2001; Shen and Ho, 2014). Sniegowska et al. (2017) proposed that
besides Eddington ratio the EV 1 is driven by the position of
the maximum of the quasar spectral energy distribution, that is
connected with the maximum of the accretion disk temperature,

sequence.”

for the case of a Shakura and Sunyaev (1973) accretion disk
model. Shen and Ho (2014) argued that the viewing angle in
Type 1 sources represents just a dispersion to the quasar “main

In addition to the measurements of Boroson and Green
(1992) and Sulentic et al. (2000) measured also the soft X-ray
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FIGURE 1 | Variability in the NGC 5548 spectra: (top) The light curve of the continuum measured at 5100 A (middle) FWHM H§g variations; (bottom) R change
with the time. Colors correspond to different time intervals.
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photon index and a measure of CIV A 1549 broad line profile
velocity displacement at half maximum, in order to analyze 4D
Eigenvector 1 parameter space. They showed that the “main
sequence” of quasars follows some physical trends involving
dimensionless accretion rate, as well as electron density which
are increasing down the sequence toward strong Fell emitter,
while ionization parameter is decreasing (Marziani et al., 2001).
Black hole mass decreases from Pop. B to A in low-z, moderate
luminosity samples (Fraix-Burnet et al., 2017). Besides, Sulentic
et al. (2000) proposed a quasars dichotomy onto Pop A and Pop
B according to their spectral properties. Pop B corresponds to
more massive quasars (Zamfir et al., 2010) and is characterized by
FWHM of Hp higher than 4,000 km/s and higher red asymmetry.

With very long term monitoring campaign data, in this work
we try to analyze the variability patterns on a Type 1 AGN
using EV 1 diagrams in different variability states. We focus
our analysis on the nearby and frequently observed galaxy NGC
5548, for which data from extensive monitoring campaigns are
available.

2. EIGENVECTOR 1 DIAGRAM FOR A
SINGLE OBJECT MULTI-EPOCH
OBSERVATIONS

Variability of spectra both in the continuum and in emission
lines is one of the main characteristic of an active galaxy.
During this time, AGN spectra changed slope and shape of
the continuum, as well as emission line profiles (their widths
and shifts) and strength and relative intensity ratios. In a case
study of a archetype of active galaxy -NGC 5548—that has been
monitored through several decades, it is possible to follow these
changes, and search for a connection between spectral properties.

The EV1 parameter space represents a suitable tool to analyze the
AGN spectral properties though time.

2.1. Variability of AGN Emission Lines—43
Years of Monitoring Campaigns of NGC

5548

Recently, Bon et al. (2016) presented the uniform analysis of NGC
5548 Seyfert 1 type spectra compiled from several monitoring
campaigns obtained on different telescopes spanning over 43
years. Since different telescopes provide spectra with different
resolution and calibration, as well as inhomogeneous aperture
geometries used in different observation sets, a uniform analysis
of all spectra was required. Bon et al. (2016) used ULySS—
full spectrum fitting technique (Koleva et al., 2009; Bon et al.,
2014) to calibrate the flux from all spectra in the same manner
and to analyze simultaneously all components that contribute
to the spectrum, in order to minimize dependencies between
parameters of the model. Long-term spectral variations of the
continuum at 5100 A and of the Hp line were investigated in
that work. It was found that the light and radial velocity curves
show periodic variation with the periodicity of nearly 16 years.
Also, NGC 5548 was noticed before to be a changing look AGN
(see for e.g., Sergeev et al., 2007), with the clear appearance
and disappearance of broad HB component through time: the
spectral type changed from Seyfert 1 to Seyfert 1.8.

Using the same technique as presented in Bon et al.
(2016), here we measured EV1 diagram properties of NGC5548
spectra—FWHM(Hp) vs. Rp,, in order to investigate the
problem of the physical properties of AGN variability along
the QSO “main sequence”. Modeling of emission lines, and the
contribution of the continua of an AGN and host galaxy was
obtained as described in Bon et al. (2016), while Fe II pseudo
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FIGURE 2 | The EV1 diagram of NGC 5548 spectral properties during 43 years of monitoring campaigns. Colors correspond to those in the Figure 1.
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FIGURE 3 | The EV1 diagram of NGC 5548 spectral properties for different time intervals. Colors correspond to those in the Figure 1.
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continuum was modeled with the template described in Marziani
et al. (2009).

Figure 1 shows (a) the light curve in the continuum measured
at 5100 A, (b) the FWHM of Hp variations during the time,
as well as (3) the variability of the Rpey with the time. We
also analyzed some fast changing flux variations with flare-
like behavior. We selected different time intervals (shorter and
longer, in high state and low state of activity as well) in order
to analyze their EV1 properties. We presented these intervals
with different types of variations in different colors, where each
color in all plots correspond to the same time interval, in order
to present measured parameters on the EV1 diagram in the
Figure 2 in colors that correspond to those in the Figure 1. One
can notice that NGC 5548 spectra in an extreme low state of

activity (transition from Type 1 to Type 1.8), changes from Pop
B1 to Pop Bl+ (and in same cases even to Pop Bl++), while
in a high state object changes toward Pop Bl (and in few cases
even to Pop Al). It means that NGC 5548 changes, but mainly
stays Pop B. The data of the paper are meant to cover a time
lapse that is several time the dynamical time scale. Figure 2 shows
the variability of a single AGN through a large time interval
which fills the area of a whole population of AGN with similar
observational characteristics (in this case Pop B). At the same
time, we are not expecting to find the same relation that are
found in reverberation mapping campaign (RM (Peterson et al.,
2002), and references therein) on shorter time scales and with
frequent sampling. In the Figure 3 we analyzed short and long
term variations separately on EV 1 diagrams. As one can see
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the behavior for each segment on time line is very different. The
biggest structural change we noticed in the time interval colored
in blue and cyan.

It is expected that both inclination and the black hole mass
play a significant role in the physical characterization of the
AGN main sequence diagram, but in the case of the inspection
of EV1 parameters of a single object through time, we expect
inclination and black hole mass to be constant during the
whole observational time. Therefore, the main driver of the
variability along the EV1 diagram is expected to be associated
with variations in accretion rate (since the black hole mass
is fixed, accretion rate is proportional to both luminosity [for
fixed radiative efficiency] and Eddington ratio). To analyze that,
we show variations of L/Lgy; against Rp.; in Figure4. We
notice that decrease of L/Lgg, is followed by an increasing Rperr,

mainly in intervals when the flux shows large changes in very
short time intervals (represented with high Pearson’s correlation
coefficient), both in the continuum, as well as in the Hp line,
indicating that changes along the EV1 diagram of the single
object could be due sudden and fast changes in accretion rate. We
find also that accretion rate and FWHM show modest correlation
coeflicient in complete monitoring interval, while in short time
variations it may be quite high (see Figure5). The L/Lgy, is
obtained from the luminosity and the black hole mass, but since
the mass is assumed constant, then the FWHM should not
affect the L/Lg,;. We calculated L/Ledd using continuum flux
measurements at 5100 A assuming the bolometric correction
factor 10 to the specific luminosity measured at 5100 A (see
Sulentic et al., 2006). The mass of the black hole is assumed to
be 5.7 x 107 M®, as in the paper (Bon et al., 2016). Therefore, the
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study of a single object has the advantage that FWHM and L/Lgyy
measurements are independent. On the converse, in the study of
quasar samples, the FWHM is used to compute Mpy, and hence
L/Lgys and FWHM are not independent parameter.

3. DISCUSSION AND CONCLUSION

Since NGC 5548 has not undergone major structural change over
~ 40 years of observations, if the physical parameter that drive
EV 1 is Eddington ratio, then it appears that the source never
crossed the boundary for structural changes, indicatively placed
at L/LEdd ~ 0.2.

A decrease in FWHM with increasing L/Lgy; would be
consistent with the expectations of an increasing effect of
radiation forces with increasing luminosity. The absence of
a strong relation is only in apparent contradiction with the
expectation of the model by Netzer and Marziani (2010).
We found a very weak anti-correlation between FWHM and
L/Lggg, with a slope of &~ —0.07 ! (with Pearson correlation
coefficient of —0.18, and a significance of 7 x 107%). We
also found a significant but weak anticorrelation between
FWHM of Hp line and continuum, with a modest slope
(see Figure 6). For the typical L/Lgyy of NGC 5548, radiation
forces have a relatively little effect on the dynamics of the
line emitting clouds. A FWHM change should be limited to
< 10% (Table 1 of Netzer and Marziani, 2010), as indeed
suggested by the trend found from the actual data (with a slope
—0.07, a three-fold increase in continuum implies a narrowing
by ~ 8%). There is therefore no contradiction between a
weak and shallow correlation and a minor role of radiation
forces.

In the studies of quasar samples it is showen that FWHM of
Hp increases, because of the increase of the black hole mass For
an individual object the story is different. The most reasonable
assumption is that the virial product is constant » x FWHM? =
constant?. If r scales with luminosity as  oc L%, then FWHM
L~9/2, which is not far from the trend we detect for the complete
monitoring interval (see Figure 6). But for short time variability
epochs trends are different for each segment that we defined (see
Figure 7 and marked trends on each panel). It is interesting that
in the time interval marked with blue, we see the positive trend
of luminosity against FWHM of Hp broad emission line (see
Figure 7). This time interval corresponds to long term variation
of flux slowly increasing for 12 year, starting from deep minimum
in the low state and ending up toward the high state. In contrary
to it, short term variations (for e.g., cyan and pink) shows
negative trends (see panels in Figure 7).

In addition, right the recent work of Pei et al. (2017) finds, for
two different time lapses T1 and T2, mean continuum fluxes at
5100 A and line HB line widths: T1) mean flux = 11.31 % 0.08,
FWHM (km s~ !) = 9612 + 427 and T2) mean flux = 12.51 +
0.04, FWHM (km s~!) = 9380 =+ 158. The trend between the two
time ranges, implies a decrease in the FWHM when the source

UogFWHM ~ (—0.073 = 0.0125)(logL) + (3.858 % 0.0108)
2Also f, the form factor should not be constant rigorously speaking, but let us
assume at the moment it is.
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FIGURE 6 | Anti-correlation between FWHM of HB and continuum specific
flux at 5100 A. The line shows an unweighted least squares fit. Colors of data
points are coded from green to magenta according to Julian date, from
2441000 to 2458000.

is brighter. Without considering the measurement dispersion in
FWHM the slope is right —0.25, as predicted by the elementary
consideration above in case of r o¢ L'/2, and therefore FWHM o
L™1/4, since r o« FWHM 2.

The resulting slope for the full sample (—0.07) is the result
of mixing together different epochs in which the response of
the BLR is different as per the short-term “breathing effect” first
described by Netzer and Maoz (1990) and discussed in full by
Korista and Goad (2004).

We believe that the weak anticorrelation we found deserves
further analysis separately considering different states of
continuum level/behavior, as well as changes in the structure
factor fs that, evidently, cannot be assumed as a constant, but we
do not think that the shallow trend is inconsistent with existing
data of reverberation mapping campaigns.

Flattened, disk like, structure combined with surrounding
isotropic region is usually good approximation of the BLR
structure, so the line profile of population B sources can be
approximated as the sum of a accretion disk profile component
describing wings of the broad emission line, 4+ an isotropic
component describing the intermediate broad core of the broad
line which is blending the double peaked shape of an accretion
disk profile, producing the single peaked line profile with very
broadened wings, typically seen in the AGN broad emission line
profiles (see, e.g., Popovi¢ et al., 2004; Bon, 2008; Bon et al,
2009a,b). The optically thick core responding more strongly than
continuum changes that the accretion disk component could
also produce an anti-correlation between FWHM and continuum
intensity. We plan to test this possibility in a forthcoming work.

The trend L/Lgy,; against Ry is also difficult to explain. In
principle, both Marziani et al. (2001) and Shen and Ho (2014)
agree that an increase in L/Lgyy should lead to higher Rpp.
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This deduction was however reached from the analysis of a large
sample of quasars, and not from the behavior of an individual
source. Since Ry is the ratio of two quantities that both vary, it is
important to know how the intensity and the EW of HB and Fell
vary separately. HB shows a highly significant anti-correlation
between its equivalent width and the continuum, with a Isq best-
fit slope of &~ —0.26 which is highly significant for 980 data
points. This anti-correlation (the “Baldwin effect”) is significantly
steeper for Fell: the slope is & —0.60. These dependencies reflect
a different response to continuum changes for HB and Fell: while
the flux of HB is correlated with continuum flux with a slope ~
0.80, implying a strong response, the response of Fell is much

weaker, with I(FelI) o< 0.40 I(cont). Therefore, the EW of the Fell
increases more than the EW of HB when continuum is low, in
turn increasing Rrrr. These considerations suggest that a parallel
between the behavior of large samples and the one associated with
the variability of an individual object cannot be drawn, and that
NGC 5548 does not challenge the notion of a positive relation
between Rpery and L/Lgy, found in large quasar sample.

The preliminary results summarized in this paper suggest
that NGC 5548—a highly variable object that over several
decades has seen large-amplitude continuum fluctuations and
flaring behavior—remains a source of Pop. B, its variability
notwithstanding. The location of NGC 5548 in the optical
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plane of El remains constrained within spectral type BI.
The range in Eddington ratio, even when the source is
in a bright state, remains consistent with the value of the
lowly—accreting Pop. B, implying that the source has not
undergone major structural changes during the 40+ years it was
monitored.
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Broad absorption lines (BALs) in the spectra of quasi-stellar objects (QSOs) are thought to
arise from outflowing winds along our line of sight; winds, in turn, are thought to originate
from the accretion disk, in the very surroundings of the central supermassive black hole
(SMBH), and they likely affect the accretion process onto the SMBH, as well as galaxy
evolution. BALs can exhibit variability on timescales typically ranging from months to
years. We analyze such variability and, in particular, BAL disappearance, with the aim of
investigating QSO physics and structure. We search for disappearing C IV BALs in the
spectra of 1,319 QSOs from different programs from the Sloan Digital Sky Survey (SDSS);
the analyzed time span covers 0.28-4.9 year (rest frame), and the source redshifts are in
the range 1.68-4.27. This is to date the largest sample ever used for such a study. We
find 67 sources (5.175£% of the sample) with 73 disappearing BALs in total (3.9732%
of the total number of C v BALs detected; some sources have more than one BAL that
disappears). We compare the sample of disappearing BALs to the whole sample of BALs,
and investigate the correlation in the variability of multiple troughs in the same spectrum.
We also derive estimates of the average lifetime of a BAL trough and of the BAL phase
along our line of sight.

Keywords: broad absorption lines, quasars, QSO, BALQSO, variability, active galaxies

1. INTRODUCTION

The ultraviolet spectra of quasi-stellar objects (QSOs) are characterized by prominent emission
features originating from transitions such as C 1v, Si Iv, N v, and additional lower ionization
transitions, like Al 111 and Mg 11 (e.g., Weymann et al., 1991; Murray et al., 1995; Vanden Berk
et al,, 2001). In 10-20% of optically selected QSOs, in addition to the emission lines, absorption
lines are detected, and they are typically blueshifted up to 0.1c with respect to the corresponding
rest-frame feature.

The presence of such absorption lines is thought to be related to a relevant momentum transfer
from the QSO radiation field to the gas which gives rise to the observed lines. Specifically,
absorption features are thought to originate from radiatively accelerated outflowing winds along
our line of sight. According to the leading models, winds originate from the accretion disk,
at distances on the order of 1072-10~! pc from the central supermassive black hole (SMBH);
they affect the observed QSO properties, like UV and X-ray line absorption and high-ionization
line emission, and enable the accretion mechanism as they remove from the disk the angular
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momentum released by the accreting material. Also, they likely
play a leading role into galaxy evolution by evacuating and
redistributing gas from the host galaxy, and by preventing
new gas inflow into the galaxy, thus significantly affecting star
formation processes (e.g., Di Matteo et al., 2005; Capellupo et al.,
2012).

Several models have been proposed to describe QSO winds
and, according to most of them, the observed absorption features
could be the effect of a specific viewing angle, as winds are
thought to originate in the equatorial region of a QSO. As
an example, Elvis (2000) proposes a funnel-shaped, biconical
structure for broad absorption lines (BAL) outflowing winds,
where some instability in the accretion disk at distances on the
order of 1072 pc from the central SMBH originates a vertical,
cylindrical stream; centrifugal forces combined with radiation
pressure cause the bending of the stream outwards radially when
the vertical velocity equals the radial velocity, and the stream
is accelerated to typical BAL velocities. Hence, depending on
which direction we look at, we will be able or not able to detect
absorption features, and such a structure therefore accounts for
the lack of detection of absorption lines in a large fraction of
QSO spectra, assuming that, in such instances, we are looking at
the funnel from a face-on direction. Alternative hypotheses about
QSO absorption lines see them as the signature of a peculiar stage
of QSO evolution (e.g., Green et al.,, 2001). Sometimes a blue
asymmetry in the C1v emission line is observed, and this has been
associated with outflows (see, e.g., Sulentic et al. 2017).

Any model describing QSO winds must take into account the
so-called overionization problem: the X-ray and UV emission
from QSOs is expected to overionize the gas it encounters in
the inner regions of the QSO, hence spectral lines should not be
detected at all. Possible explanations for their existence generally
involve the presence of some shielding material between the
radiation source and the gas (e.g., Murray et al, 1995), or a
density gradient along the line of sight, giving rise to different
ionization states of the outflowing gas (Baskin et al., 2014).

Absorption lines are delimited by a maximum and a minimum
Velocityl, Umax and vpjp; it follows that we will also have a
central velocity uc = (Umax + Umin)/2, which identifies the
position of the absorption line, and a line width in terms of
velocity, defined as Av =| umax —Uip |- Such width is generally
referred to in classifying absorption lines: Av > 2,000 km s~}
defines BALs, while Av < 500 km s~! defines narrow absorption
lines (NALs); features in between are labeled “mini-BALs.”

Since the 1980s we have known that the equivalent width
(EW) of BAL troughs can vary on rest-frame timescales typically
ranging from months to years (but also much shorter, sometimes;
see, e.g., Grier et al., 2015, where the variability of a C 1v BAL
trough on rest-frame timescales of ~1.20 days is discussed), and
several attempts to investigate such variability have been made;
past studies generally suffered from restrictions either in the
sample size or in the length of the observing baseline. In order
to report a few examples of such studies, we mention the work by
Barlow (1993), where a sample of 23 QSOs were monitored over
a ~] year timescale, leading to the detection of BAL variability

"The minus sign due to blueshift is not taken into account.

for 15 sources; the analysis by Lundgren et al. (2007), searching
for C 1v BAL variability in a sample of 29 QSOs over a <1 year
baseline, and the work by Gibson et al. (2008), investigating C 1v
BAL variability in a sample of 13 QSOs over a 3-6 year baseline
(all the mentioned timescales are rest frame). Filiz Ak et al. (2012)
present the first statistical analysis of C Iv BAL disappearance
making use of data from various projects that are part of the Sloan
Digital Sky Survey-I/II/III (SDSS-I/II/11I; e.g., York et al., 2000).
A sample of 582 QSOs is analyzed over a 1.1-3.9 year baseline,
and disappearances are detected in the spectra of 19 QSOs.

Here we briefly discuss the results of our analysis of C 1v
BAL variability and, more specifically, disappearance; our work
extends the sample analyzed in Filiz Ak et al. (2012), as more
SDSS spectra became available, and is based on a sample of
1,319 sources. This makes our sample the largest available so
far for such a study, and its size allowed us to perform a
reliable statistical analysis. Our ultimate goal is to gain insight
into the physical processes driving BAL variability and the
properties of the regions where winds are thought to originate, in
order to extend our knowledge of QSO structure and evolution.
The full work is described in detail in De Cicco et al. (in
preparation).

2. MATERIALS AND METHODS

2.1. Sample Selection

We analyzed C 1v BAL disappearance in the spectra of 1,319
optically bright (i band magnitude < 19.3 mag) QSOs selected
from a larger catalog of 5,039 objects (Gibson et al., 2009) where
BALs were detected. Sources must be in the redshift range 1.68 <
z < 4.93 for C 1v BALs to be detectable in SDSS spectra, since
their blueshifted velocities can be in the range from —30,000 to
0 km s~! (Gibson et al., 2009); in particular, for our sample we
have 1.68 < z < 4.27. For each source at least two spectra are
available: one, more recent, from the SDSS-III Baryon Oscillation
Spectroscopic Survey (BOSS; e.g., Dawson et al., 2013), and
the other from an SDSS-I/II survey program. The rest-frame
timescales between observations in a pair are in the range 0.28-
4.9 year. Some of the 1,319 sources show more than one C 1v BAL
trough (Section 3).

Following other works from the literature (e.g., Filiz Ak et al.,
2012), we restrict our analysis to C 1v BALs with —30,000 <
Umax < —3,000 km s~! in order to minimize contamination
from the C IV emission line on the red end of the line and from
the Si1v emission/absorption features on the blue end.

2.2. Data Reduction
Here we briefly outline the data reduction process, which will be
described in detail in De Cicco et al. (in preparation).
Essentially, we correct for systematics originating from
spectrophotometric calibration errors following Margala et al.
(2016), and mask bad pixels on the basis of the header files of
our spectra. Galactic extinction is corrected following Cardelli
et al. (1989), on the basis of a Milky Way extinction model, with
visual extinction coefficients from Schlegel et al. (1998). Redshifts
from Hewett and Wild (2010) are used to obtain rest-frame
wavelengths.
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FIGURE 1 | Overplot of a pair of SDSS-I/Il (red) and BOSS (black) spectra showing a disappearing BAL trough and an additional non-disappearing BAL trough. We
report the source ID in our catalog, the SDSS ID, the redshift, and the rest-frame time difference between the two spectra. Plots are limited to the wavelength window
where C IV BAL disappearance can be observed. Horizontal axes: rest-frame wavelength (bottom) and velocity (top); vertical axis: normalized flux. Horizontal dashed
line: normalized flux density = 1; dash-dot line: normalized flux density = 0.9. Vertical dashed lines: Si Iv (1,394 A) and C Iv (1,549 A) emission lines (rest-frame
wavelengths). Red/black horizontal lines: BAL troughs in the SDSS-I/Il/BOSS spectra; blue bars: SDSS-I/Il BAL troughs that disappear in BOSS spectra. The regions
corresponding to SDSS-I/Il BAL troughs are shaded for better visualization.

TABLE 1 | Detailed information about our main sample of sources and the sample
of C IV disappearing BAL troughs.

MAIN SAMPLE

Sources with C IV BAL troughs in their SDSS-I/Il spectra 1,319
Total number of C Iv BAL troughs detected in SDSS-I/Il spectra 1,874
DISAPPEARING BAL SAMPLE

Sources with a disappearing BAL trough in at least one BOSS spectra 67
Total number of disappearing BAL troughs in BOSS spectra 73
Sources where the disappearing BAL trough is the only BAL trough 40/67

present

In some spectra we detect more than one C IV (disappearing) BAL trough.

In the continuum fit process we follow Grier et al. (2016)
and Gibson et al. (2009). We adopt a reddened power law
model, making use of the Small Magellanic Cloud-like reddening
curve discussed in Pei (1992). We identify a set of regions
(labeled “RLE’ which stands for “relatively line-free”) where
emission/absorption features are generally negligible, and use
them for the continuum fit. Specifically, our RLF correspond
to the following wavelength ranges: 1,280-1,350, 1,425-1,450,
1,700-1,800, 1,950-2,200, 2,650-2,710, 3,010-3,700, 3,950-4,050,
4,140-4,270, 4,400-4,770, and 5,100-6,400 A. All of them but
one (1,425-1,450 A) where used in Gibson et al. (2009). Here,
following Grier et al. (2016), we introduce the mentioned
additional RLE to be used for sources with a redshift z < 1.85
in order to obtain a better fitting of the blue end of the spectrum.
A non-linear least squares analysis is performed iteratively, with
a 30 threshold allowing us to reject outliers at each iteration
in order to minimize the contamination by prominent features
happening to fall in our RLF regions. Iterative Monte Carlo

TABLE 2 | Summary of our main numerical findings.

Fraction of sources
with disappearing BAL troughs (fago)

5.1f8:é%
67/1,319)

Fraction of disappearing
BAL troughs (fdisapp)

3.9752%
(73/1,874)

Average BAL-trough
lifetime Tyrough (vear)

+10
80740

Fraction of BAL QSOs
that turn into non-BAL QSOs (fyansform)

23105%
(30/1,319)

Average BAL-phase lifetime fgp| (year) 1361'32

simulations, where random Gaussian noise is added to each
spectrum to be fitted, define the uncertainties in the continuum,
after Peterson et al. (1998) and Grier et al. (2016).

3. RESULTS AND DISCUSSION

After converting wavelengths into velocities, we identify all the
C 1v BAL troughs in our SDSS-I/II spectra, requiring their flux
to extend below 90% of the normalized continuum level, as is
common practice. In some cases we detected more than one C 1v
BAL trough in a spectrum, corresponding to different blueshifted
velocities. We then search the corresponding region in the
corresponding BOSS spectrum, and assume a BAL disappears if
we detect only NALs, or no troughs at all. For some sources we
have multiple SDSS-I/II epochs and/or multiple BOSS epochs:
if this is the case, we select the most recent SDSS-I/II epoch
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where we detect a C 1v BAL trough, and the less recent BOSS
epoch where a BAL disappears, as we aim at probing the shortest
accessible timescales and the fastest variability. We find 1,874
BALs (hereafter, main sample) in the SDSS-I/II spectra of our
1,319 BAL QSOs, with the spectra of 427 sources exhibiting more
than one C 1v BAL trough?. In Figure 1 we show the SDSS-1/II
and BOSS spectra of one of our QSOs, where a disappearing BAL,
together with a non-disappearing BAL, can be observed.

For each source we perform a two-sample x? test comparing
the two sets of points corresponding to normalized flux density
values in the SDSS-I/II and BOSS windows where we detect a
disappearance (indicated by blue bars in Figure 1), and assume
that a disappearance is reliable if the x2 test probability for the
BAL variation to be not random is P, < 10~%; this returns
a sample of 67 sources with at least one C v BAL trough that

2Throughout the present work we will refer to BAL QSOs and BAL troughs, and
some clarification may be necessary: we define as BAL QSO each QSO whose
spectrum exhibits at least one BAL trough, i.e., an absorption line having a width
Av > 2,000 km s~! and extending below 90% of the normalized continuum level.
In some cases the BAL troughs detected in a spectrum are more than one. We
remind the reader that the present work is focused on C IV BAL troughs.

disappears in their spectra. Specifically, this sample includes three
objects whose spectra show two C iv BALs that disappear, and two
sources where the C v disappearing BALs are three. This means
that, in total, we detect 73 C v disappearing BALs in the spectra
of our sample of 67 sources. This means that in the BOSS spectra
of the QSOs in our main sample we detect 1,801 (i.e., 1,874-73)
C v BAL troughs; specifically, if we consider the 67 sources for
which we detect a disappearance, there are 40 of them whose
BOSS spectra do not show any C v BALs, and 27 of them where
other C 1v BAL troughs are still detected. As a consequence, the
number of QSOs with C v BAL troughs in their BOSS spectra is
1,279 (i.e., 1,319-40). We shall deal with the subsample of sources
with additional non-disappearing BALs in section 3.3.

The average rest-frame time difference between two spectra
where disappearance is observed is At is ~1,123 days,
corresponding to a timescale of ~23.1 year. In Table 1 we gather
together all the relevant numbers relative to our sources.

3.1. Lifetime Estimates
The fraction of disappearing BAL troughs is defined as the
number of C 1v BAL troughs that disappear in the BOSS spectra
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FIGURE 3 | EWs at two different epochs for the sample of additional
non-disappearing BALs in the spectra where disappearances are detected
(large red dots). For each BAL trough, the two EWs are measured in the same
epoch pair where disappearance is detected. Small gray dots in the
background represent the EWs at two epochs (one from SDSS-I/Il and one
from BOSS) for all the sources in the main sample, measured from the
most-recent SDSS-I/Il epoch and the least-recent BOSS epoch for each
source. The solid line indicates where the EWs of the two compared epochs
are equal, while the dashed lines indicate where the EW of the BOSS epoch is
four times, two times, half of, and a quarter of the EW in the SDSS-I/Il epoch.

divided by the number of C 1v BAL troughs detected in the SDSS-
I/1I spectra, i'e"fdisapp = 73/1,874 = 3.9f8:g%. The fraction
of QSOs with at least one disappearing BAL trough is defined as
the number of QSOs where at least one disappearing C 1v BAL
trough is detected divided by the total number of QSOs where C
v BAL troughs are detected, i.e., fogo = 67/1,319 = S.Ifgzg%
(percentage errors are obtained following Gehrels, 1986, where
approximated confidence limits are derived based on Poisson
and binomial statistics). We can give an estimate of the average
lifetime of a BAL trough along our line of sight as the maximum
time difference between two epochs for each source divided by
the fraction of BAL troughs disappearing over such time; we
obtain Ztrough ~ (Atmax) /fdisapp = 80ﬂg year, the average
value of the maximum time difference being (Atmax) ~ 1,144
days.

Our estimate is roughly consistent with the orbital time (%50
year; e.g., Filiz Ak et al., 2013, and references therein) of the
accretion disk at distances where winds are thought to form,
typically, i.e., ~#1072 pc; hence, disk rotation could possibly be
the cause of BAL disappearance, and this may mean that BALs
moving out of our line of sight will not be observable anymore,
though they may still exist physically.

We know from the literature (e.g., Hall et al., 2002; Filiz Ak
et al., 2012) that, if all the C 1v BAL troughs in a spectrum
disappear, there are generally no additional BALs left, meaning
that the source is turned into a non-BAL QSO. In our sample
there are 30 sources turning into non-BAL QSOs after their C

Iv BAL troughs disappear; the fraction of BAL QSOs changing
into non-BAL QSOs is therefore fi. pcform = 30/1,319 =
2.3%02%. This allows us to estimate the lifetime of the BAL
phase in a QSO, defined approximately as the aforementioned
average of the maximum time difference between two epochs
divided by the fraction of BAL QSOs that turn into non-BAL
QSOs over that time span: tga1 ~ (Atmax)/firansform ™~
136139 year. Again, we point out that our lifetime estimates
are limited to what we see along our line of sight, but do
not necessarily constrain the physical existence of a BAL, as
it could simply move out of that direction. Also, we note
that a BAL could emerge again in a region where a BAL
previously disappeared, making the definition of BAL phase a
tricky task.

Table 2 is a summary of the main numerical results of our
analysis of C IV BAL trough disappearance.

3.2. Velocity Distributions

BALs show some properties, in terms of their velocities, which
can help characterize the BAL population. We compare the
Umax> Umin» Uc» and Av distributions for the disappearing BALs
to the corresponding distributions for the whole main sample
BALs and, on the basis of a Kolmogorov-Smirnov test comparing
each pair (see Figure 2), we find that:

- the vmax distributions are not significantly different;

- the disappearing BALs generally have a high vy,i, and central
velocity;

- the disappearing BALs are generally narrow with respect to the
whole sample of BALs.

The distributions pairs show that disappearing BAL troughs
are generally narrow and characterized by a higher outflow
velocity than non-disappearing BALs. This last feature is
confirmed by the analysis of the correlation in the variability
of multiple BAL troughs in the same spectrum, discussed in
next section. We used Kolmogorov-Smirnov test so that our
findings can be easily compared to those by Filiz Ak et al.
(2012), where part of our sample was analyzed; nevertheless,
an Anderson-Darling test would probably be more suitable, as
it is more sensitive on the distribution tails. We remind that
this work is meant to be a preliminary version of a paper we
are about to submit; more detailed results will be presented
in the full paper. The results of our Kolmogorov-Smirnov
tests are in agreement with the findings by Filiz Ak et al
(2012).

Figure 2 shows the various distribution pairs; in each panel
we report the values of the two indicators obtained from the
Kolmogorov-Smirnov test comparing each pair of cumulative
distributions.

3.3. Correlation in BAL Variability

We already mentioned that sometimes there is more than one
C 1v BAL trough in a spectrum, and they do not necessarily
disappear together. Additional non-disappearing BALs in spectra
where we detect disappearing BALs can help us investigating
the existence of a correlation in the variability of multiple BAL
troughs in the spectra of a given source.
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Our sample of 67 sources with disappearing BALs includes
27 objects for which we detect 28 additional non-disappearing
BALs. Our investigation is limited to BAL troughs in SDSS-I/II
spectra that correspond to BAL troughs in BOSS spectra; BALs
turning into mini-BALs, or vice versa, are not taken into account.
In all but one case, the disappearing BAL is the one with the
higher central velocity. We compute the EW of these BALs from
the same two spectra that allowed us to detect a disappearance,
and compare them to the whole main sample of BALs, which is
used as a reference population, as shown in Figure 3. We find
that the main sample is characterized by symmetric variations in
the EW, meaning they can get stronger as well as weaker, going
from the less recent to the more recent epoch; conversely, 79ﬁ;%
(again, percentage errors are computed following Gehrels, 1986)
of the additional non-disappearing BALs show a decreasing EW
in the more recent spectrum, supporting the idea that some
correlation between different BAL troughs in a spectrum exists.
This seems to be a persistent phenomenon, concerning even
BALs that are very distant from one another (central velocity
offset up to ~220,000 km s~1).

The explanation for such a correlation must be something
global; the most accredited hypotheses attribute the observed
correlation to variations in the density of the shielding gas,
leading to changes in the ionizing flux reaching the absorbing
gas and, hence, to variations in the ionization level of the
absorbing gas. Nevertheless, recent works (e.g. Baskin et al.,
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We study BAL variations of SDSS J141955.28+4522741.4 utilizing 32 epochs of
spectroscopic observations from SDSS. We identify three individual BAL troughs for
Civ and one BAL trough for Siiv. The deepest Civ BAL trough shows significant EW
variations in timescales of a few 10 h. The fast component of the deepest Civ BAL
presents disappearance and re-emergence preserving its initial velocity range and profile.
All identified BAL troughs show coordinated variations supporting that the possible
mechanism behind variations are the ionization level changes of the absorbing gas.

Keywords: galaxies, active galaxies, kinematics and dynamics, galaxies, nuclei, quasars, absorption lines

1. INTRODUCTION

Quasar winds are the fastest outflows in the universe and they are observed as blue-shifted Broad
Absorption Lines (BALs) in quasar spectra. Quasar winds are substantial part of the nuclear
environment; fast outflows play a key role on galaxy feedback by evacuating gas and heat to the
host galaxy (Di Matteo et al., 2005; Springel et al., 2005; King, 2010). Therefore, understanding the
mechanisms behind these outflows would shed light on dynamics and evolution of super-massive
black holes.

BAL troughs observed in quasar spectra present characteristic variations in their equivalent
widths (EW), line profiles, and velocities (Barlow et al., 1992; Lundgren et al., 2007; Filiz Ak et al.,
2012, 2013, 2014). The timescales of significant variations ranges between a few years to a few tens
of hours (Capellupo et al., 2012; Filiz Ak et al., 2012, 2013, 2014; Grier et al., 2015).

In this study, we investigate BAL variations in multi-epoch spectroscopic observations of SDSS
J141955.284-522741.4 (hereafter J1419). The Sloan Digital Sky Survey (SDSS) DR 12 Quasar
Catalog lists MJD-PLATE-FiberID key parameters for 32 spectroscopic observations of J1419
and the catalog categorizes J1419 as a BAL quasar with z = 2.14 (Paris et al., 2017). Frequent
observations allow us to investigate significant rapid BAL variations and correlated variations of
multiple BAL troughs.

The main driving mechanisms behind the BAL variations is largely debated in the literature. One
scenario involves transverse motion of absorbing gas across the observer’s line of sight producing
changes in the coverage fraction (e.g., Rogerson et al., 2016). A second scenario considers
ionization level changes of the outflowing gas (e.g., Filiz Ak et al., 2013, 2014). Other scenarios
(e.g., intrinsic instabilities of an absorbing gas driving BAL variations) are usually found potential
but problematic (Capellupo et al., 2012).

2. OBSERVATIONS AND DATA PREPARATION

SDSS BOSS carried out spectroscopic observations of 297301 quasars using a 2.5 m dedicated
telescope at Apache Point Observatory (Gunn et al., 2006) between 2009 and 2014 (Eisenstein et al.,
2011; Dawson et al., 2013). The main aim of BOSS is to map the spatial distribution of luminous
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red galaxies and quasars to detect the characteristic scale
imprinted by baryon acoustic oscillations in the early universe.
Spectral wavelength coverage of BOSS is between 3,600 and
10,400 A with a spectral resolution varying between 1,300 and
3,000 (Smee et al., 2013).

SDSS obtained 32 spectroscopic observations of J1419
between MJD 56397 and MJD 56837 with a time spread of 140
days in the quasar rest frame. We follow some simple steps to
prepare the spectra: We correct the Galactic extinction using a
Milky Way extinction model (Cardelli et al., 1989) for R, = 3.1
and Ay values from Schlafly and Finkbeiner (2011). We fit the
continuum with a power-law model that is intrinsically reddened
using SMC-like reddening model from Pei (1992). We transform
all the available spectra to the quasars rest frame using visually
inspected redshift value of z = 2.14 (Paris et al., 2017).

To detect BAL troughs, we follow classical BAL definition that
requires absorption lines to have velocity widths > 2,000 km s~1,
and reach at least 10% under the continuum level (Weymann
et al,, 1991). Considering the variable nature of BAL troughs, we
follow Filiz Ak et al. (2013) to determine BAL complexes using
multiple-epoch observations.

We identify three individual C1v BAL troughs that are
denoted as Cu, Cpg, and C¢. Their minimum and maximum
velocity limits (Vynin and vyay, respectively) are as follows: —2,000
and —7,800 km s™! for C4, —8,200 and —10,200 km s~ for Cp
and —11,200 and —15,600 km s~! for Cc. We also find a Si1v
BAL trough that have v, and vy, velocities similar to that
of C4. Multi-epoch observations show that C4 is a BAL trough
complex, rather than a single trough with at least two constituent
absorption features (see Figure 1). Similarly, the detected Si1v
BAL trough is likely to be a BAL complex.

Figure 1 shows emission lines and absorption regions for C 1v
and SilV transitions in mean spectrum. The mean spectrum is
calculated by averaging the 32 spectra for a given wavelength.
Figure 1 shows the identified C1v BAL troughs C4, Cp, and Cc,
and Si1v BAL trough.

3. ANALYSIS AND RESULTS

Traditionally, BAL variability has been assessed considering the
time-dependent variations of EWs measured for the identified
absorption features. Thus, we measure EW and uncertainties
on EW using Equations 1 and 2 of Kaspi et al. (2002). In
order to study time dependent variations on EW, we calculate
AEW = EW; — EW; where EW; is BAL trough EW measured
in a latter epoch of the two consecutive spectra. The uncertainties
on EW; and EW, are propagated to calculate uncertainty on
AEW.

3.1. Rapid BAL Variations

In order to identify significant rapid variations, we require EW to
be larger than 50 for two consecutive observations. The AEW
measurements fulfill this criterion three times with timescales
of 1.3 days (5.10), 3.8 days (5.030), and 4.1 days (6.50). These
results show that the most rapid significant variation occurs in
timescales as short as ~ 31 h.

Grier et al. (2015) shows that the shortest timescale variation
of SDSS J141007.74+541203.3. occurred in ~1.2 rest frame days
at 4.670. Our finding for J1419 agrees with the results of Grier
etal. (2015) indicating that BAL variability on timescales of a few
10 h is likely to be a common behavior.

3.2. Disappearance and Emergence Events
Trough A of CIV is the most significant BAL complex in
these spectra and appears to have at least two constituents.
The deepest constituent (Cy,) lies in low velocity ranges. The
high velocity constituent of C4 (Cyp) presents the strongest
variations in multi-epoch observations. We note that Cyj, fulfills
the traditional BAL criteria only a few times in these available
32 spectra. Definition of a BAL trough complex by Filiz Ak
et al. (2012) considers multi-epoch observations rather than a
single spectrum. According to this definition, absorption trough
is considered as a BAL complex when multiple individual BAL
troughs merged in at least one of the available observations (for
details, see Filiz Ak et al., 2012). Given that Cx, and Cyj, appears
merged in more than one available spectra, we consider C4 to be
a BAL complex with multiple constituents.

Figure 2 shows spectra for Cy4 at five different epochs where
BAL strength variations, disappearance, and re-emergence events
can be seen. The top panel of the figure shows the first spectrum
of J1419 obtained by SDSS and thus t = 0 days. The spectrum
on the second panel is observed at t ~ 118 days where Cy
weakens. The third panel shows disappearance event at t ~
126 days. Only ~ 2 days after the disappearance Cyj starts
regaining its strength. The bottom panel shows that C, is almost
fully recovered its strength while conserving initial velocity range
and profile. These observations show that re-emergence of Cyy,
occurred in ~ 4 days.

3.3. Coordinated Variations
We measure EW values for all the identified BAL troughs
in 32 epochs of strength spectrum for J1419. Figure 3 shows
time-dependent EW variations for C4, Cp, C¢, and Si1v BAL
troughs. Strengthening and weakening of these four individual
BAL troughs appears to be synchronized.

In order to search for possible correlation between EW
variations of individual BAL troughs, we use Spearman rank
correlation test. BAL trough complexes of C1v (ie, Cga)
and SiIv are both present in the corresponding velocity
ranges thus suggesting that both of them are created by
the same absorbing material. Therefore, coordinated variations
of these BAL complexes is expected (e.g., Filiz Ak et al,
2013). Indeed, we found that these two BAL complexes show
92% correlation (p = 1074) of the time-dependent EW
variations.

Trough C4 and Cp have a velocity separation of 4,300 km s~
from center to center indicating that the absorbing material
responsible of these lines is not the same. The time-dependent
EW variations of these two BAL have a Spearman rank
correlation coefficient of 80% with p = 1078, Similar to that
troughs C4 and Cc have a velocity separation of 8,300 km s~}
and their EW light curves show 92% correlated with p = 10714,
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FIGURE 1 | C1v and Si1v emission lines and their BAL regions in the mean spectrum calculated from 32 continuum normalized observations of J1419. The three

identified C1v BALs (A, B, and C) and one Si1v BAL are shown in gray areas. The dashed vertical line on C4 separates two main components of the BAL complex.
The dashed horizontal line indicates normalized flux density of 1.0.
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FIGURE 2 | Five epoch observations of J1419 illustrating BAL strength variations. The first epoch spectrum on the top panel is also shown other panels for guidance.
The dashed red line indicates the continuum level and the horizontal black line shows C4 BAL region. The high velocity component of the trough (Cap) is marked with
dashed blue lines. Middle panel spectrum at t = 126.7 days presents the disappearance event.
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4. DISCUSSION

We investigate 32 epochs of spectrum for J1419 to assess
characteristics of its BAL variations. We identify three individual
C1v BAL troughs that one of them appear to have at least two
constituent absorption features. In addition, we identify a Si1v
BAL trough that lies in similar velocity ranges of the slowest
C1v BAL trough. Studying time-dependent EW variations for
these BAL troughs, we highlighted three main findings: (1) The
strongest BAL trough of J1419 (i.e., C4) show a rapid significant
variation at timescales of ~31 h where EW variations are as
strong as 5.1¢0. (2) The faster component of C4 disappears and
re-emerges in a short timescale. The BAL component starts
weakening compared to the first epoch spectra and disappears at
t = 126.7 days. Following observations show that the component
regains its strength within 4 days. (3) The time-dependent
EW variations of four BAL troughs identified in J1419 spectra
show strong and significant correlations where Spearman rank
correlation coeflicients are larger than 80%.

The shortest timescale BAL variation is presented by Grier
et al. (2015) showing that a significant (4.670) EW variation
is detected for C1v BAL trough of SDSS J141007.744-541203.3
at timescales as short as 1.2 days. Given that our findings is
consistent with that of Grier et al. (2015), BAL EW variations
over timescales of a few 10 h is likely to be a common behavior.
In order to assess this suggestion, a larger number of quasars with
frequent spectroscopic observations should be investigated.

Time dependent EW variability of BAL troughs is largely
investigated at the timescales of years (e.g., Barlow et al,
1992; Lundgren et al, 2007; Capellupo et al, 2012; Filiz Ak

et al,, 2012, 2013, 2014). So far, however, only a small number
of disappearance events are recorded (Filiz Ak et al, 2012;
McGraw et al., 2017). The number of quasars presenting BAL
re-emergence is only a few (e.g., Lundgren et al., 2007; Filiz Ak
et al., 2012; Rogerson et al., 2016). Our findings show that J1419
is the first example of BAL disappearance and re-emergence at
timescales as short as ~4 days.

All the other BAL troughs present in J1419 spectra show
weakening and strengthening while Cy, disappears and re-
emerges suggesting that the BAL variability is not due to bulk
motion of the absorbers. Furthermore, event of re-emergence
in less than 14 days support that bulk motion is not the likely
scenario to explain BAL variations for J1419.

Coordinated EW variations of BAL troughs that have a
large velocity separations in between suggest that cause of BAL
variability should effect a large portion of the BAL region for a
quasar. Therefore, we conclude that BAL variations is not due
to intrinsic instabilities of an absorbing gas. Our finding favor a
scenario in which a change in ionization state of the absorbing
gas is likely to be dominant mechanism to drive the BAL
variability.

For further analysis, we assess emission line variations and
photometric variations in coordination with BAL variations.
Therefore, physical constraints will be discussed on the light of
current models.
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Over the past three decades reverberation mapping (RM) has been applied to about 100
AGNSs. Their broad line region (BLR) sizes were measured and yielded mass estimates
of the black holes in their center. However, very few attempts were carried out for
high-luminosity quasars, at luminosities higher than 10%¢ erg/sec in the optical. Most
of these attempts failed since RM of such quasars is difficult due to a number of
reasons, mostly due to the long time needed to monitor these objects. During the
past two decades we carried out a RM campaign on six high-luminosity quasars. This
contribution presents some of the final light curves of that RM campaign in which we
measured the BLR size in C1v of three of the objects (S50836+71, SBS 1116+603,
and SBS 14254-606). We present the C1v BLR size and luminosity relation over eight
orders of magnitude in luminosity, pushing the luminosity limit to its highest point so far.

Keywords: quasars, black holes, reverberation mapping, broad line region, AGN

1. INTRODUCTION

Reverberation Mapping (RM) is a technique to estimate the size of the Broad Line Region (BLR)
in Active Galactic Nuclei (AGNs). The technique relies on using the variability of the central AGN
power source and the response of the gas in the BLR to measure a time delay which is used as a
measure for the BLR distance from the central source (see e.g., Peterson, 1993; Netzer and Peterson,
1997). Over the past three decades RM has been carried out successfully for almost 100 AGNs (e.g.,
(Kaspi et al., 2000; Bentz et al., 2006; Bentz and Katz, 2015; Du et al., 2015; Shen et al., 2016); and
references therein) and a relation between the BLR size and the luminosity of AGNs was found.
Using the assumption that the BLR gas has virialized motions around the central black hole of the
AGN and that the velocity of the gas can be inferred from the width of the broad emission lines we
can estimate the mass of the central black hole.

The first discussions about the time dependence of emission-line intensities from nebulea that
are photoionized by a central source with variable continuum flux was done by Bahcall et al. (1972).
Only a decade later Blandford and McKee (1982) put the idea into mathematical formulation
and coined the term “Reverberation Mapping.” According to this formulation the response of the
nebula depends on its geometry and velocity field, and is given by the “transfer function,” W (v, 7).
The relationship between the continuum light-curve C(¢) and the emission-line light-curve L(v, t)
can be described by

L(v,t) = /OO W(v,7)C(t — t)dT, (1)

—00
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which is known as the “transfer equation.” The aim is to use
the observables C(¢) and L(v,t) to solve this integral equation
for W(v, 1), and thus infer the geometry and kinematics of the
BLR. However, usually the observed light curves do not have
the high quality, sampling, and length, that are needed to solve
this equation by Fourier methods using the convolution theorem.
Thus, the more common use is to solve the one-dimensional
transfer function (which is the same equations as above but
without the dependence in v) by means of cross correlation of the
line light curve with the continuum light curve. The peak of this
cross correlation gives the time lag between the two light curves,
and this time lag multiplied by the speed of light, ¢, is considered
as a measure for the size of the BLR, Rpyg.

Using the assumption that the BLR is in a Keplerian
motion around the continuum central source, and equaling
the centripetal force of the clouds with the gravity force on
them toward the central source, one can find the mass of
the central source to be M = fszBLR/G, where G is the
Gravitational constant, v is a measure of the BLR velocity, and
f is a constant which represent the geometry of the BLR (e.g.,
Onken et al., 2004). The BLR velocity, v is measured from
the line width, either as the Full Width Half Maximum of
the line, or the the line dispersion (i.e., the second moment
of as defined by Peterson et al., 2004). The choice of method

to define the velocity also changes the f factor that is used,
as well as the assumed geometry, but overall f is of order of
unity.

All objects studied thus far using RM have optical luminosities
of up to 10% erg/sec. Only a few attempts of RM for higher
luminosity AGNs were carried out thus far and with very limited
success (e.g., Welsh et al, 2000; Trevese et al., 2014). Such
attempts are difficult to carry out due to several reasons: higher
luminosity AGNs have larger BLR distances from the central
source and longer variability time scales. Thus, monitoring
periods of order a decade are needed for such projects and
observations cadence needs to be of order a month. Telescope
time allocation committees are usually reluctant to commit
telescope time for such long periods. Also, the variability
amplitude of high-luminosity AGNs are smaller than low-
luminosity AGNs and the BLR size is larger, thus causing the
line response to be smeared making line variations harder
to detect. Yet another difficulty is that the light curves are
stretched by the cosmic time dilation, further extending the
monitoring period, thus the response of the BLR gas is harder
to detect.

Most of the AGNs which were measured with reverberation
mapping thus far were observed using the Hf emission line and
this is the most commonly used line for these studies of low-
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FIGURE 1 | Light curves for SBS 1116+603. Red squares are points measured from the spectroscopic data and black triangles are points measured from the
photometric data. The top panel is the continuum light curve (spectroscopic points measured on the red side of the C 111] line). The middle panel and lower panel are
line light curves for C1v and C 111], respectively. Data up to the blue vertical dashed line were published in Kaspi et al. (2007).
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redshift, low-luminosity AGNs. High-luminosity AGNs are also
generally at high redshift (order of z ~ 2-4), thus observations
with optical telescopes are monitoring the UV lines (e.g., Lya,
C1v, C111], and Mg 11). Since different emission lines are emitted
from different parts of the BLR it is hard to compare between
objects which were measured in different emission lines and this
adds to the difficulties of such studies.

In spite of the above difficulties we initiated two decades ago
a reverberation mapping campaign on several high-luminosity
quasars. A detailed description of this observing campaign and
some initial results from the first 5 years were presented in
Kaspi et al. (2007). In this contribution we present some of the
final light curves from the campaign and some of the tentative
final results. In section 2 we briefly describe the project, how
the sample was selected, the observations of the sample, and
some final light curves of the sample. In section 3 we present
an analysis of the light curve and present the C1v BLR size for
three of the objects in our sample (S50836+71, SBS 11164603,
and SBS 1425+4-606) and its relation with the UV luminosity of
the AGN.

We note the contribution of Lira et al. to these proceedings
which describes another reverberation mapping campaign on
high-luminosity quasars and which yields similar results to the
results we describe in this contribution.

2. THE PROJECT, SAMPLE SELECTION,
AND OBSERVATIONS

In 1995 we started photometric monitoring of 11 quasars at
the Wise Observatory, and in 2000 we started spectroscopic
monitoring of 6 of them with the Hobby-Eberly Telescope (HET;
Ramsey et al., 1998). The objects in our sample are in the optical
luminosity range of 10%® < AL, (5100A) < 10%7*° erg/sec, redshift
range of 2 < z < 3.4, observed magnitudes of V' < 18, and have
high declination in order to maximize the monitoring period
during the year from northern hemisphere telescopes.

The objects were observed photometrically each month in
the B and R filters for about 8 months each year. Spectroscopic
observations were obtained ~3 times each year, evenly spaced
over a period of about 6 months. In order to achieve quality
cross calibration between the individual observations we used a
comparison star aligned with the quasar in the spectrograph’s slit
(e.g., Kaspi et al., 2000).

Light curves for two of the objects, SBS1116+603 and
SBS 12334594 are shown in Figures 1, 2. All objects in our
sample show continuum variations of about 20 to 60% measured
relative to the minimum flux of the light curve. Line variations
are detected only in some of the lines we monitored. This could
be a result of the low amplitude of the line variations that our
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FIGURE 2 | Light curves for SBS 1233+594. Red squares are points measured from the spectroscopic data and black triangles are points measured from the
photometric data. The top panel is the continuum light curve (spectroscopic points measured on the red side of the C1v line). The middle panel and lower panel are
line light curves for Lya and C1v, respectively. Data up to the blue vertical dashed line were published in Kaspi et al. (2007).
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measurements could not detect, or that the continuum signal
processed trough the large BLR is smeared in such a way that
there are no variations in the line light curve.

3. ANALYSIS AND RESULTS

In order to estimate the BLR size we use two methods which are
commonly used for that purpose. One method is the interpolated
cross-correlation function (ICCF: White and Peterson, 1994).
In this method one light curve is cross correlated with a linear
interpolation of the second light curve, then the second light
curve is cross correlated with a linear interpolation of the first
light curve, and then the final cross correlation is the average of
these two cross correlation functions. The second method is the
z-transformed discrete correlation function (ZDCF: Alexander,
1997) which is an improvement of the Discrete Correlation
Function (DCF) method suggested by Edelson and Krolik (1988).
The ZDCF applies Fisher’s z transformation to the correlation
coefficients, and uses equal population bins instead of the equal

time bins that are used in the DCF. The two methods yield similar
results and in the following we use the ICCF method and estimate
the uncertainties on the time lags using the model-independent
Monte Carlo method called Flux Randomization/Random Subset
Selection (FR/RSS) of Peterson (1993). We find significant time
lags for C1V in three of our six objects, for the C111] line in one
of the objects, and a possible time lag of Lyo in one of the objects.
The cross correlation functions (CCFs) for the light curves from
Figures 1, 2 are shown in Figure 3.

As can be seen in Figure 3C for the Ly« line of SBS 12334594,
the ICCF gives a peak which is at 165321 days in the rest frame.
The formal negative 1o uncertainty includes the possibility that
no time lag is detected, i.e., the result is not significant. This is
also hinted at from the fact that the ZDCF in Figure 3C shows
no significant peak. Looking at the light curve of this Ly« line in
Figure 2 it is clear that the peak in the ICCF comes from the two
peaks in the line light curve around JDs of 2452900 and 2455700
which follow the peaks in the continuum light curve at JDs
2452300 and 2455100. However, the uncertainties on the line-flux
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FIGURE 3 | CCFs for the light curves shown in Figures 1, 2. (A,B) are the CCFs of Lya and C1v vs. the continuum of SBS 1233+594. (C,D) are the CCFs of Lya and
C1v vs. the continuum of SBS 1233+594. The ICCF method is shown as a solid line and the ZDCF method is shown as filled circles with uncertainties. Time lags are
given in the observed frame.
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FIGURE 4 | BLR size vs. UV luminosity relation based on the work of Kaspi et al. (2007) together with the three objects reported in this work. See text for details.

measurements are very large and this causes the uncertainty in
the time lag determination to be large. The main reason that the
uncertainty on the line measurements are large is because in this
object the optical spectrum includes only part of the Ly« line, and
thus our measurements include only the red half of the line.

Figures 3A,B show the CCFs for the C111] and C1V lines of
SBS 1116+4-603. We find significant time lags of 2621‘;5 days for
the C111] line and 65f;; days for the C1v line (both measured in
the rest frame). The lower ionization line is emitted further away
from the central continuum source than the higher ionization
line, in accordance with the known stratification of the BLR. For
$50836+71 and SBS 1425+606 we find a C 1V time lags of 2307 2§
and 2851‘;2 days, respectively.

We note that half of the quasars in our sample are radio
loud and the light curves and time lags interpretation in these
objects may be complicated by the additional jet contribution
to the continuum driving the line emission. This may also be
the reason why we did not detect a time lag in some of our
radio loud objects. However, with respect to the objects presented
here, SBS1233+594 is a radio quiet quasar and we did not
find a significant time lag for its lines, while SBS 11164603 is
a radio loud quasar and we find time lags for the two lines
measured.

Using the three time lags of C1V lines which we find in this
work we can reconstruct the BLR size—UV luminosity relation
for that line. In Figure 4 we show this relation from Kaspi et al.
(2007) with the three new points added in red. One point, for
S50836+71, was reported in Kaspi et al. (2007) as a tentative

result and after adding 8 more years of monitoring to the initial
reported 5 years the time lag is confirmed. The black points
shown in Figure 4 are from Peterson et al. (2005) as well as
the BLR size—UV luminosity relation with a slope of 0.61 +
0.05. Adding the one point of S50836+71 in Kaspi et al. (2007)
changed the slope to 0.52 = 0.05. In this work we updated the
result for S50836+71 and added two more points. The updated
slope, as seen in Figure 4, is 0.44 = 0.02. We note that we did not
include in this analysis the few additional time-lag measurements
for C1v of high-luminosity quasars that are presented in these
proceedings by Lira et al. (submitted). This will be done in a
future publication (Kaspi et al., in preparation) and will probably
further update the slope of that relation.

In summary, reverberation mapping of high-luminosity, high-
redshift quasars is difficult to carry out and requires long
monitoring periods of order of at least a decade and probably
more. Our reverberation mapping project of a sample of such
objects resulted in time lags for the C1V line of order a hundred
to a few hundred days in the rest frame for objects with optical
luminosity of order 10’ erg/sec. The measured black hole
masses for these objects are of order 10° Mg which are the
highest black hole masses measured thus far with reverberation

mapping.
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We present Reverberation Mapping results after monitoring a sample of 17 high-z,
high-luminosity quasars for more than 10 years using photometric and spectroscopic
capabilities. Continuum and line emission flux variability is observed in all quasars. Using
cross-correlation analysis we successfully determine lags between the variations in the
continuum and broad emission lines for several sources. Here we present a highlight of
our results and the determined radius—luminosity relations for Lya and CIV.

Keywords: quasars, black holes, reverberation mapping, broad line region, AGN

1. INTRODUCTION

Reverberation Mapping (RM) has been an extremely successful technique used to study the
innermost regions of Active Galactic Nuclei (AGN). The determination of lags between variations
in the continuum emission coming from the accretion disk near the central Black Hole (BH), and
the response from the emission lines produced in the Broad Line Region (BLR) have shown that the
BLR is an extended, virialized and ionizion-stratified structure. Furthermore, the determination of
the radius-luminosity relation between the BLR radius at which HB is produced and the luminosity
of the central source has open, through cross-calibration to other BLR lines, the possibility to
measure BH masses in hundred of thousands of sources. The cross-calibration is, however, subject
to many uncertainties due to the extrapolations necessary to apply the radius-luminosity relation
to sources of very different luminosities to those actually probed with RM experiments, and to the
use of emission lines produced by regions of the BLR that can be far from that producing HB. This
is the motivation to conduct RM campaigns in high-z, high-luminosity quasars for those emission
lines available in the observed optical domain.

2. OBSERVATIONAL CAMPAIGN AND RESULTING LIGHT CURVES

Since 2005 we undertook a long observational campaign to monitor a sample of southern, high-
redshift (z ~ 2.5 — 3, with one source at z = 1.8), high-luminosity (Mp ~ —29) quasars.
Fifty targets were originally selected from the SDSS (Schneider et al., 2005) and Calan-Tololo
samples (Maza et al.,, 1996). We started with a purely R-band imaging (corresponding to rest
frame wavelengths ~ 1,700 — 1,800A, depending on the exact redshift of the source) and 2 years
later triggered the first spectroscopic observations of those quasars with the largest photometric
variations. Over the years the campaign was narrowed down to a final sample of 17 quasars which
have good quality R-band and emission line light curves.

Line fluxes were measured using spectral windows tailored to each line and each quasar. We
avoided regions where the lines were contaminated by variable absorbing features, but did not
attempt to correct for the contribution of other (weaker) emission lines, either narrow or broad.
For further details see Lira et al. (submitted).
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