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PREFACE

Extragalactic astrophysics is less than a century old and yet the first observations of ac-

tive galactic nuclei (AGN) were recorded serendipitously even earlier, even though these

“nebulae” were thought to reside inside our own Milky Way Galaxy. As AGN continued

to be discovered over the years it became clear that they were among the most energetic

phenomena in the Universe. Now we know that AGN are extremely luminous, emitting

radiation over the whole electromagnetic spectrum. For many decades these energetic

engines, residing at the centre of almost every galaxy, were considered fascinating rare

objects. Over the last decade, more and more fundamental questions rose up to drive the

study of these astrophysical black holes (BH). The existence itself of this kind of objects

is intriguing, as they represent one of the strongest implications of the theory of General

Relativity, and their study can give us useful clues on strong gravity effects in action. The

emission processes, which allow us to detect such a kind of sources, originate from accre-

tion flows or relativistic jets. Both of these mechanisms take place in regions very close

to the BH, thus allowing to study not only the physics of matter in extreme conditions,

but also radiative effects and relativistic magneto-hydrodynamics. They are really like

the most extreme laboratories that we could ever imagine and that we could never being

able to build on our Earth. Moreover, as a matter of fact, the AGN are among the strongest

ionizing sources available in the Universe and as such can deeply affect its history. The

transition from the so called dark ages to an ionized Universe involves the cosmological

transformation of neutral hydrogen, which mostly resides in the inter galactic medium,

into an ionized state. Again, AGN are really important in this process since they could be

used as probes to determine the end of reionization (McGreer et al., 2015). Nonetheless

the global details of the hydrogen reionization are clear, still which astrophysical pop-

ulation has the leading contribution between AGN and star-forming galaxies is unclear

and none of the ionizing population is able to complete alone reionization at z > 6. Fi-

nally, the central BHs affect the formation and evolution of the structures they live in,

like galaxies, groups and clusters, and therefore play a key role in a broader cosmological

context.

The tight link between BH activity and galaxy evolution has been indicated by several

discoveries:

• the observation of a supermassive BH (SMBH) in most of the nearby bulge-dominated

galaxies (see e.g. Gebhardt et al. 2000, Ferrarese and Merritt 2000, Marconi and

Hunt 2003 and references therein);
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• the growth of SMBH happens mainly during active phases, and therefore most lo-

cal bulge galaxies should have passed an active phase in their lifetime (see Soltan

1982 and Marconi et al. 2004);

• the evolution of active BHs (Ueda et al. 2003; Hasinger et al. 2005; La Franca et al.

2005) and of star-forming galaxies (Cowie et al. 1996; Franceschini et al. 1999) have

a very similar shape.

All these evidences push forward a linked growth of galaxies and AGN, in the so-called

AGN/galaxy co-evolution scenario. Indeed the accretion of matter on the supermassive

black holes and the related radiative and kinetic power outputs play an important role

in the galaxy evolution, by suppressing/tuning the star formation and feeding the AGN

itself (feedback; e.g. Silk and Rees, 1998; Fabian and Iwasawa, 1999; Croton et al., 2006;

Cattaneo et al., 2009; Fabian, 2012, for a review). In this framework, it appears clear that

the study of AGN evolution is very important to understand the evolution of the star

formation rate and galaxies in the Universe (AGN/galaxy co-evolution). Moreover, the

existence of the scaling relationships between the AGN BH mass and the bulge properties

of galaxies, implies that the evolution of galaxies and the growth of SMBHs are intricately

tied together. Thus, in order to obtain a clear picture of the AGN/galaxy co-evolution,

it is important to accurately derive the shape and the evolution of both AGN luminosity

and SMBH mass functions.

There is still room to the realization of a complete BH mass census of AGN, as the

reliable methods usually used to weigh SMBHs are really observationally challenging and

yet far to be applied beyond the local Universe. Even a complete study of the local AGN

population can be hardly said to be unbiased versus a specific class of sources, the AGN2

which are among the most elusive AGN classes. These sources are enshrouded in some

dusty opaque medium which happens to lie along our line of sight and blocks the direct

view of the central engine (Antonucci, 1993). This dusty material does not allow us to

directly probe the innermost region of the BH where the broad line region (BLR) resides,

whose dynamics are often used in the so-called virial estimators to measure the central

mass of the BH.

The work performed in this thesis is inserted in this scientific framework. We have

developed virial BH mass estimators that make use of the less affected by dust extinction

NIR emission lines in combination with the intrinsic hard X–ray continuum luminosity

of the AGN, which suffers less from galaxy starlight contamination. Such relations rep-

resent useful tools since they open the possibility to work also with obscured and low-

luminosity AGN, allowing us to derive for the first time a virial measure of the AGN2 BH

masses. We have started a systematic NIR spectroscopic campaign in order to observe

a sample (∼40) of hard X–ray selected obscured and intermediate AGN (AGN2, AGN1.9

and AGN1.8) from the Swift/BAT 70 month hard X–ray survey. We have observed the se-

lected sources using the NIR spectrographs ISAAC at VLT and LUCI at LBT, and also using
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the multiwavelenght spectrograph Xshooter at VLT. We found broad component in BLR

emission lines (Paβ and He I) in ∼30% of our sources and, applying to them the NIR virial

estimator, we have been able to measure in a direct way the AGN2 BH masses, finding

that AGN2 have on average lower BH masses and higher Eddington ratios with respect to

AGN1 of same luminosity. Thanks to these measurements, we also started to investigate

the connection between the BH masses of our sample of AGN2 and some properties of

the host, such as the stellar velocity dispersion and the bulge luminosity, thus shedding

light on the AGN/galaxy co-evolution scenario in a direct way also for these sources. This

project is still ongoing as new data at LBT are being collected (13.5 hours proposal as PI

accepted).

A part of this thesis is dedicated to a project in which I have been involved during my

PhD, which consists of optical identification of γ-ray emitting AGN. Due to their broad

spectral energy distribution that goes up to gamma rays, AGN are also one of the main

extragalactic populations that contribute significantly to the gamma ray diffuse back-

ground emission. The Fermi satellite is performing an all-sky survey in the gamma-ray

but still 1/3 of its sources are unidentified. These sources could be galactic dark matter or

could have extragalactic origin. Our group has successfully applied two new association

methods to recognize if there is a blazar counterpart within the positional uncertainty

region of unidentified γ-ray sources (UGSs). Adopting these procedures, we identified

γ-ray blazar and BL Lac candidates as possible counterparts for ∼40% of the UGSs listed

in the 2nd Fermi LAT catalog. Our methods are based on the infrared data of the WISE

all-sky survey and on the low frequency radio observations performed with the Wester-

bork Synthesis Radio Telescope. This optical blazar follow-up campaign answers to one

of the main scientific objectives of the Fermi-NOAO Cooperative Arrangement, which is:

“the study of the candidate counterparts, including redshift determination of previously

unknown BL Lacs and high-redshift blazars”. Our successful campaign is still on-going,

as new proposals have been accepted. Inside this campaign I have performed two runs

of optical spectroscopic observations at the 4-meter class telescope SOAR, both in visit-

ing and remotely.

The study presented in this thesis is the analysis of the 2014 follow-up campaign per-

formed both in the southern and northern hemispheres.

As the aim of this thesis is to give a contribution inside the big AGN/galaxy picture pro-

viding observational constraints on the influence of AGN on the evolution of galaxies, the

thesis also presents an investigation carried out throughout cosmic time, starting from

z = 0 up to z ∼ 6. In this work we try to assess the true ionizing output of the entire AGN

population in order to understand their cosmological role during the reionization. This

study makes use of complete X–ray selected samples, including deep Chandra and COS-

MOS data, together with a compilation of optical surveys.
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A general overview of our current theoretical understanding (or lack thereof) of the

AGN phenomenon, their physical and observational characteristics, and their classifica-

tion inside the unified model framework are summarized in Chapter 1, while in Chapter

2 the main methods currently available to derive the AGN BH mass estimates are de-

scribed. Chapter 3 is devoted to the description of our newly derived BH mass estima-

tors. The spectroscopic campaign observations, data reduction steps and emission line

fitting procedures are outlined in Chapter 4. The measure of the virial BH masses of our

AGN2 and how they are connected to some properties of the AGN itself, like the X–ray

luminosity and the Eddington ratio, are presented in Chapter 5. In this Chapter we fur-

ther investigate how the BH mass of AGN2 correlates to some properties of the host, and

we present some preliminary results regarding two scaling relations, i.e. with the veloc-

ity dispersion and the MIR bulge luminosity. Chapter 6 is devoted to the description of

the Fermi candidate blazars observed during the 2014 follow-up campaign. Chapter 7

addresses the cosmological role of AGN in the process of hydrogen ionization. Chapter 8

finally presents the concluding remarks and future perspectives of this work.

Appendix A reports some additional informations regarding the AGN2 sample, and

Appendix B contains the accepted observing proposal that I have submitted as PI to the

LBTO. Throughout this thesis, we assume a flatΛCDM cosmology with cosmological pa-

rameters: ΩΛ = 0.7, ΩM = 0.3 and H0 = 70 km s−1 Mpc−1. Unless otherwise stated, all the

quoted uncertainties are at 68% (1σ) confidence level.

The work described in this thesis was undertaken between January 2014 and October

2016 while I was a PhD student under the supervision of Prof. Fabio La Franca in the Di-

partimento di Matematica e Fisica of Università degli studi Roma Tre. I have also been a

visiting student (29 July - 10 October 2014) at Harvard-Smithsonian Astrophysical Obser-

vatory (Cambridge, USA) where I worked in collaboration with Prof. Francesco Massaro

at the High Energy Astrophysics Division of CfA. I have also visited (22 March - 18 April

2015) the University of Southampton (Southampton, UK) where I worked in collabora-

tion with Dr. Francesco Shankar hosted in the Department of Physics and Astronomy.

Portions of this thesis have appeared in the following papers:

• Chapter 3: F. Ricci, F. La Franca, F. Onori, S. Bianchi A&A online 2017 (arXiv:1610.03490):

“Novel calibrations of virial black hole mass estimators in active galaxies based on

X–ray luminosity and optical/NIR emission lines”;

• Chapter 4: F. Onori, F. La Franca, F. Ricci, M. Brusa, E. Sani, R. Maiolino, S. Bianchi,

A. Bongiorno, F. Fiore, A. Marconi, C. Vignali 2017, MNRAS, 464, 1783: “Detection

of faint broad emission line components in hard X-ray selected Type 2 AGN: I. Ob-

servations and spectral fitting”;
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• Chapter 5: F. Onori, F. Ricci, F. La Franca, S. Bianchi, A. Bongiorno,M. Brusa, F.

Fiore, R. Maiolino, A. Marconi, E. Sani, C. Vignali MNRAS letter, submitted: “Detec-

tion of faint broad emission lines in type 2 AGN: II. On the measure of the BH mass

of type 2 AGN and the unified model”;

• Chapter 6: F. Ricci, F. Massaro, M. Landoni, R. D’Abrusco, D. Milisavljevic, D. Stern,

N. Masetti, A. Paggi, Howard A. Smith, G. Tosti 2015, AJ, 149, 160: “Optical spectro-

scopic observations of gamma-ray blazar candidates IV. Results of the 2014 follow-

up campaign”;

• Chapter 7: F. Ricci, S. Marchesi, F. Shankar, F. La Franca, F. Civano 2017, MNRAS,

465, 1915: “Constraining the UV emissivity of AGN throughout cosmic time via X-

ray surveys”.

Other papers related to these projects, that have not been presented in this thesis,

are:

1. The measure of the AGN BH mass:

• F. La Franca, F. Onori, F. Ricci, S. Bianchi, A. Marconi, E. Sani, C. Vignali 2016,

Front. Astron. Space Sci. 3:12: “Detection of Faint BLR Components in the

Starburst/Seyfert Galaxy NGC 6221 and Measure of the Central BH Mass”

• F. La Franca, F. Onori, F. Ricci, E. Sani, M. Brusa, R. Maiolino, S. Bianchi, A.

Bongiorno, F. Fiore, A. Marconi, C. Vignali 2015, MNRAS 449, 1526: “Extend-

ing Virial Black Hole Mass Estimates to Low-Luminosity or Obscured AGN: the

cases of NGC 4395 and MCG -01-24-012”

Moreover the γ-ray AGN follow-up program in which I have been involved in dur-

ing my PhD has led to the publication of a series of papers:

2. The blazar quest:

• F. Massaro, N. Alvarez Crespo, R. D’Abrusco, M. Landoni, N. Masetti, F. Ricci,

D. Milisavljevic, A. Paggi, V. Chavushyan, E. Jimenez-Bailon, V. Patino-Alvarez,

C. C. Cheung, J. Strader, L.Chomiuk, F. La Franca, Howard A. Smith, G. Tosti

2016, Ap&SS: “The Gamma-ray Blazar Quest: new optical spectra, state of art

and future perspectives”

• N. Alvarez Crespo, F. Massaro, R. D’Abrusco, M. Landoni, N. Masetti, V. Chavushyan,

E. Jimenez-Bailon, F. La Franca, D. Milisavljevic, A. Paggi, V. Patino-Alvarez, F.

Ricci, Howard A. Smith 2016, Ap&SS: “Optical archival spectra of blazar can-

didates of uncertain type in the 3rd Fermi Large Area Telescope Catalog”
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• N. Alvarez Crespo, F. Massaro, D. Milisavljevic, M. Landoni, V. Chavushyan, V.

Patino-Alvarez, N. Masetti, E. Jimenez-Bailon, J. Strader, L. Chomiuk, H. Kata-

giri, M. Kagaya, C. C. Cheung, A. Paggi, R. D’Abrusco, F. Ricci, F. La Franca,

Howard A. Smith, G. Tosti 2016, AJ, 151, 95: “Optical spectroscopic observa-

tions ofγ-ray blazar candidates VI. Further observations from TNG, WHT, OAN,

SOAR and Magellan telescopes”

• N. Alvarez Crespo, N. Masetti, F. Ricci, M. Landoni, V. Patino-Alvarez, F. Mas-

saro, R. D’Abrusco, A. Paggi, V. Chavushyan, E. Jimenez-Bailon, J. Torrealba, L.

Latronico, F. La Franca, Howard A. Smith, G. Tosti 2016, AJ, 151, 32: “Optical

Spectroscopic Observations of Gamma-ray Blazar Candidates V. TNG, KPNO

and OAN Observations of Blazar Candidates of Uncertain Type in the North-

ern Hemisphere”

The work that I have carried out during my PhD has been presented in the following

international conferences as speaker:

• September 2016, Active Galactic Nuclei 12: a Multi-Messenger perspective, Naples

(IT), Talk contribution: “The BH mass - K-bulge luminosity relation in type 2 AGN”;

• August 2016, Hidden Monsters: Obscured AGN and Connections to Galaxy Evo-
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(GR), Talk contribution: “Constraining the UV emissivity of AGN throughout cosmic
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• September 2015, Demographics and Environment of AGN from Multi-Wavelength

Surveys, Chania (GR), Talk contribution: “AGN feedback: kinetic and radiative effi-

ciencies”;

• June 2014, The Unquiet Universe, Cefalù (IT), Talk contribution: “Looking for the

broad emission lines in AGN2 with deep NIR spectroscopy and the measure of the

mass of Intermediate Mass BH”.
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1
ACTIVE GALACTIC NUCLEI

This Chapter aims at providing a very brief introduction on the physics of Active Galac-

tive Nuclei (AGN), and their evolution in the context of galaxy formation and evolution

models. A more detailed discussion can be found in Peterson (1997) and Krolik (1998)

textbooks. For the evolutionary topics, see also Merloni and Heinz (2013).

1.1. BASIC CONCEPTS

The term Active Galactic Nuclei (AGN) is used to describe galaxies with energetic phe-

nomena in their nuclei, or central regions, that cannot be clearly and directly attributed

to stellar activity. Seyfert galaxies and quasars represent the largest subclasses of AGN;

the fundamental difference between these two classes is the amount of emitted radia-

tion: while in a Seyfert galaxy the luminosity of the central source at visible wavelengths

is comparable to the luminosity of the whole galaxy, in a quasar the central source may

be up to 100 times brighter.

There are some peculiar features that are usually present in an AGN, although not nec-

essary at the same time, including:

• small, unresolved angular size;

• nuclear broad-band emission, over a wide portion of the electromagnetic spec-

trum;

• strong nuclear emission lines, mainly found in the infrared and optical/UV part of

the spectrum;

• variability, both in the continuum emission and in the emission lines, especially in

the X-rays;

• higher degree of polarization (0.5-2%) with respect to the normal galaxies.

1



2 1. ACTIVE GALACTIC NUCLEI

Figure 1.1: Optical spectrum of a typical Seyfert 1. The prominent broad and narrow emission lines are

labelled, as are strong absorption features of the host galaxy spectrum. The vertical scale is expanded in

the lower panel to show the weaker features. The FWHM of the broad components is about 5900 km s−1 ,

and the width of the narrow components is about 400 km s−1 . The strong rise short-ward of 4000 Å is the

long-wavelength end of the “small blue bump” feature which is a blend of Balmer continuum and Fe II line

emission (Ho et al., 1995).

AGN have been classified on the basis of their emission in the optical, X-ray and radio

band. In the optical/UV band, the classification is based on the shape of the emission

lines; it is possible to distinguish between two main groups:

Broad-line AGN (or type 1 AGN, AGN1) show two separate emission line systems:

broad lines corresponding to permitted transitions (e.g. Lyα, C IV, Mg II, Balmer hydro-

gen lines) in a gas with v ∼>103 km s−1 (ne ≥ 108 - 1012 cm−3), and narrow lines corre-

sponding to forbidden transitions (e.g. [Ne IV], [Ne V], [O II], [O III]) in an ionized gas

with low density (ne = 103 - 106 cm−3) and v ' 102 km s−1. An example of a typical spec-

trum of a type-1 AGN is shown in Figure 1.1.

Narrow-line AGN (or type 2 AGN, AGN2) are only characterized by narrow emission

lines, from both permitted and forbidden transitions. In type 2 AGN the continuum

emission is weaker with respect to the continuum seen in type 1 AGN, and is almost

flat. Figure 1.2 shows an example of a typical spectrum of a type 2 AGN.
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Figure 1.2: Optical spectrum of a typical Seyfert 2 (adapted from Hawkins 2004).

In the X-rays the absorption effect is weaker than in the optical/UV band, but it is still

able to induce variations in the spectrum. Obscuration in the X-rays is due to photoelec-

tric absorption, a process dominant for energies below ∼ 3 keV, and Compton scattering,

which instead dominate up to ∼ 30 keV. The obscuration in the X-ray band is usually

parametrized in term of the absorbing column density NH , which represents the number

density per unit area of hydrogen-equivalent atoms integrated along the line of sight.

The presence of this material induces a flattening in the low energy part of the X-ray

spectrum; the cut-off energy depends on the NH , and increases for increasing NH . AGN

with NH < 1022 cm−2 are usually defined as unobscured (or unabsorbed) AGN, while AGN

with NH > 1022 cm−2 are defined as obscured (or absorbed) AGN. The latter are further

divided in two classes of absorption.

The observed absorbed flux Fobs can be written as:

Fobs(λ) = Fi nt (λ)e−τ, (1.1)

where Fi nt is the intrinsic unabsorbed flux and τ is the optical depth:

τ=
∫
σT cosθn(r )dr = NHσT , (1.2)

where the integral is defined along the line of sight, n(r ) is the number density of hy-

drogen atoms (per unit area), θ is the angle to the normal and σT = 6.65×10−25 cm2 is

the Thomson cross-section. If τ >1, the source becomes optically-thick, and it is opaque

to the optical/UV and X-ray photons. This happens when NH ≥ 1/σT (∼ 1024 cm−2);

sources with NH >1024 cm−2 are therefore defined as Compton-thick AGN, while ab-
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sorbed sources with NH <1024 cm−2 are usually defined as Compton-thin AGN.

Even though the first QSOs were discovered in the radio (Schmidt, 1963), not all of

them present powerful radio emission. At radio wavelength, AGN have been divided in

two main groups, depending on the intensity of their radio emission. A fraction of ∼ 10%

of the AGN population is defined as radio-loud, while the remaining sources are radio-

quiet. In one of the first works with radio observations at 5 GHz on optically-selected

QSOs, a bimodal distribution in the radio-to-optical parameter R was reported (Keller-

mann et al., 1989), where sources having R > 10 were defined as radio-loud, while radio-

quiet sources showed R < 10. Soon after, a criterion based on the radio luminosity, with a

threshold at L5G H z ∼ 1025 W Hz−1 sr−1, was instead introduced to separate the two pop-

ulations (Miller et al., 1990). However, fifty years after the discovery of optically selected

QSOs, the distinction between radio-loud and radio-quiet is still being debated and a

single criterion to distinguish between these two classes is not well defined yet.

1.2. INNER STRUCTURE

The brightest AGN may emit bolometric luminosities (emitted across the whole electro-

magnetic spectrum) as high as 1048 erg s−1, in a volume that is significantly smaller than

a cubic parsec. The fundamental question about AGN is then how this great amount of

energy is generated.

It is widely accepted that the central engine of AGN consists in a supermassive black hole

(SMBH) surrounded by an accretion disk, where the material in gravitational infall dissi-

pates its kinetic energy. This accretion disk is then heated to high temperatures and it is

thus responsible of most of the observed radiation.

It is possible to estimate the mass of the SMBH and the maximal allowed energy out-

put under steady spherically symmetrical accretion of fully-ionized hydrogen gas, and

assuming that the central source is stable and isotropic. The radial component of the

gravitational force acting on an electron-proton pair, with masses me and mp respec-

tively, is:

Fg r av =−GM(mp +me )

r 2 '−GMmp

r 2 , (1.3)

where M is the mass of the central source. For high energy production rates, the radi-

ation pressure due to Thomson electron scattering become important on the accreting

gas. Under these circumstances, the radial component of the outward force on a single

electron1 due to radiation pressure is given by:

Fr ad =σT
L

4πr 2c
, (1.4)

1The Thomson cross section is reduced of (me /mp )2 for protons, thus the Thomson scattering only affect

the free electrons in the gas.
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where L is the luminosity of the source. When the outward pressure exceeds the inward

gravitational attraction (Fr ad > Fg r av ), the matter cannot fall onto the SMBH, hence the

accretion is quenched and the luminosity of the source decreases. The equilibrium con-

dition between the two forces sets the maximal luminosity at which the accretion is al-

lowed and the inflowing matter is not disintegrated. This maximal luminosity is called

the Eddington luminosity (LE dd ) :

LE dd = 4πGcmp M

σT
' 1.26×1038 M

M¯
er g s−1. (1.5)

If we consider sources with bolometric luminosity Lbol = 1046- 1048 erg s−1, a central mass

of 108-1010 M¯ is obtained from Equation 1.5.

Another key question is how efficiently the accreted mass is converted into radiated en-

ergy. The rate at which energy is emitted by the nucleus is

L = εṀc2, (1.6)

where ε is the radiative efficiency and Ṁ = dM/dt is the mass accretion rate.

The potential energy of a mass m at a distance r from the central source of mass M is

U =GMm/r , so the luminosity of the source can be written as:

L ' dU

d t
= GM Ṁ

r
. (1.7)

Combining Equations 1.6 and 1.7 we obtain:

ε= GM

c2r
= 1

2

RS

r
, (1.8)

where we have introduced the Schwarzschild radius RS = 2GM/c2. The bulk of the emis-

sion of the optical/UV emission from the accretion disk is believed to be produced at

r ' 5RS . Therefore, this simple calculation suggest that ε ' 0.1. With this radiative effi-

ciency, a relatively low accretion is requested to fuel even a fairly high luminosity source

(e.g. Ṁ ' 2 M¯yr−1 for L ' 1046 erg s−1). However, the value of the radiative efficiency

depends on how the accretion actually occurs, though ε' 0.1 is a fairly good approxima-

tion.

1.3. CONTINUUM EMISSION

The AGN Spectral energy distribution (SED) is quite complex, and spans a very wide range

of wavelengths, from radio to γ-rays. At a first order approximation, it can be described

with a power-law:

Fν∝ ν−α, (1.9)

where the energy index α is usually found in the range 0 <α< 1.

Even though the aforementioned power-law description is in general accurate, it is well
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Figure 1.3: SED from radio to X-rays of a Seyfert galaxy, a radio-loud quasar and a radio-quiet quasar

(adopted from Koratkar and Blaes, 1999, see also Elvis et al. 1994).

known that different AGN populations produce a variety of SEDs, particularly in the radio

frequencies (Elvis et al., 1994; Koratkar and Blaes, 1999). As an example, Figure 1.3 shows

typical SED of a Seyfert galaxy, a radio-loud quasar and a radio-quiet quasar. The gap in

the UV part of the spectrum, between 912 Å (the Lyman continuum edge) and ∼ 100 Å

is due to absorption by neutral hydrogen in our own Galaxy, which makes any detection

impossible at these wavelenghts.

While a power-law representation is a reasonable description of the SED when looking

over several decades of frequency, a deeper analysis reveals many features, suggesting

that the continuum emission is produced by diverse processes in different regions of the

spectrum.

A great amount of energy is emitted in a feature that dominates the spectrum at wave-

lengths shorter than 4000 Å and extends beyond 1000 Å, the so called big blue bump. In

the X-ray region, AGN spectra usually show a sharp rise with decreasing photon energy,

the soft X–ray excess, that may be the high energy end of this feature. The big blue bump

is attributed to a thermal emission with T∼105 K.

As a first order approximation we can assume that the accretion disk radiates locally like

a blackbody:

Bν = 2hν3

c2

1

ehν/kT (r ) −1
, (1.10)

where T (r ) is the disk temperature at a distance r from the centre. Under the assumption
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that the disk is geometrically thin (and optically thick), it is possible to obtain the total

specific luminosity of the disk by integrating over the full range of radii:

Lν = 4π2hν3 cos i

c2

∫ Rout

Ri n

r dr

ehν/kT (r ) −1
, (1.11)

where i is the inclination angle of the disk to the plane of the sky, and Ri n and Rout are

the inner and outer boundaries of the disk, respectively.

At low frequencies, hν¿ kT (Rout ), the emission follows the Rayleigh-Jeans approxima-

tion (i.e. Bν ∝ ν2), while in the high-frequency regime the Wien law holds (i.e. Bν ∝
ν3e−hν/kT ). The thermal spectrum at intermediate frequencies, where indeed most of

the energy is emitted, can be also approximated in a simple fashion, by assuming Rout À
Ri n . This approximation holds when there is a wide range of temperatures in the disk;

otherwise, the emitted spectrum should look fairly close to a single-temperature black-

body spectrum. If we further assume that Ri n ' RS and Rout →∞ we obtain from Equa-

tion 1.11 that Lν ∝ ν1/3. An important prediction of this simple model is that the UV

radiation and the optical radiation are emitted mostly in different parts of the disk.

The infrared continuum has probably a thermal origin, as supported by several pieces

of evidence. Most AGN show a local minimum in their SED around 1 µm, which may

represent the transition region between the hot thermal emission from the accretion

disk and a cooler (T <∼ 2000K ) thermal emission. Hot dust grains in the nuclear regions

have indeed a temperature around 2000 K; higher temperatures should induce sublima-

tion of dust grains. This temperature limit allows to explain the constancy of the fre-

quency where the infrared spectrum is weaker with a Wien cut-off of a 2000 K blackbody.

Some observations show that the far infrared spectrum decreases rather sharply at higher

wavelength, with a spectral index of α <∼−2.5. A thermal spectrum can produce a cut-off

this sharp because the emitting efficiency of dust grains has a strong dependence on the

frequency (Qν∝ νγ, with γ∼ 2). Therefore, the emitted spectrum can have a very strong

frequency dependence, Fν∝ ν2+γ.

The mid infrared part of the spectrum is also characterized by several emission bands

from Polycyclic Aromatic Hydrocarbons (PAH). PAH are carbon-based molecules that are

excited in the regions of star formation, and have characteristic infrared bands at 3.29,

6.2, 7.7, 8.7, 11.3 and 12.7 µm; other weaker features are present at other wavelengths,

in the range 3−15 µm. Silicates also play an important role at mid infrared wavelengths:

the features at 9.7 and 18 µm are predicted (and on average observed) in absorption in

type 2 obscured AGN while they are predicted in emission or weak absorption for type 1

and intermediate AGN. The relative strengths of these two silicate features can be used

as a diagnostic tool to understand the chemical composition (Sirocky et al., 2008) and

the geometry of the torus (Feltre et al., 2012).

The X-ray emission accounts for typically ∼ 10% of the bolometric luminosity of AGN.

With its rapid variability, on timescales of the order of a day, it provides a probe of the in-
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Figure 1.4: Average total X-ray spectrum (thick black line) of a type 1 AGN. Thin lines show the main com-

ponents of the spectrum (adopted from Risaliti and Elvis 2004).

nermost regions of the source. Historically, the X-ray region of the SED has been divided

in soft X-rays (∼ 0.1−2 keV) and hard X–rays (∼ 2−100 keV), due to the different technolo-

gies used in the observations. In X-ray astronomy, SEDs are usually fitted in photons per

keV rather than in energy per unit frequency, PE ∝ E−Γ ∝ ν−γ [photons s−1 keV−1]; in

units of energy flux we have:

Fν∝ ν−Γ+1 ∝ ν−α, (1.12)

where α is called energy index and Γ = α+1 is called photon index. Figure 1.4 shows

the average total X-ray spectrum of a type 1 AGN, as well as the various components

that contribute to the spectrum. Soft X-ray region is usually well fitted with a power law

with α >∼ 1, while in the hard X-ray region a flatter slope (α ∼ 0.7−0.9) is required. At

higher energies, fits to the X-ray spectrum of Seyfert galaxies suggest a high-energy cut-

off around a few hundreds keV. At even higher energies, mostly blazar-type sources (i.e.

those with a strong beamed component) and some misaligned AGN have been observed.

The origin of the X-ray emission is ascribed to inverse-Compton scattering of low energy

photons by more energetic electrons. The basic idea is that the optical/UV photons emit-

ted from the accretion disk are scattered to higher energies by hot (probably relativistic)

electrons in a corona surrounding the disk (this process is usually called Comptoniza-

tion).

In addition to the basic power-law described above, AGN spectra show several indepen-

dent features. As already discussed, in the soft X-ray region many AGN show a soft excess,
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usually explained as the Comptonized Wien tail of the big blue bump. At low energies

(hν <∼ 2 keV), absorption of heavy elements with column densities around ∼1022cm−2

are also often observed; these are commonly referred to as warm absorbers. In the high

energy region (hν >∼ 10 keV) AGN spectra rise above the power-law spectrum. This fea-

ture is attributed to Compton reflection of high energy photons on a lower energy elec-

tron gas, perhaps the disk itself.

The radio continuum has clearly a non-thermal origin, and it is associated to synchrotron

emission. There are at least two pieces of evidence for a non-thermal emission. The

spectral index is almost flat, but it becomes progressively steeper at shorter wavelengths.

This behavior is characteristic of optically thick sources that undergo continued injec-

tion of higher energy electrons. Low energy cut-offs, attributed to synchrotron self-

absorption, are detected in some sources, with a frequency dependence weaker than

expected (Fν ∝ ν5/2). This dependence, as well as the flatness of the spectral index, are

usually explained with the complexity of the source structure.

The specific intensity Iν of a radio source at a given frequency can be determined by

measuring the flux and angular size of the source. It is possible to associate to the source

an equivalent temperature TB (the brightness temperature), defined as the temperature

that the source would have if it was indeed radiating like a blackbody. At radio wave-

lengths, the Rayleigh-Jeans approximation holds for any temperature, so for an optically

thick thermal source the intensity is given by the Planck function Bν for hν¿ kT :

Iν = Fν
πθ2 = Bν = 2kTB

λ2 , (1.13)

where Fν is the observed flux at a frequencyν= c/λ and θ is the angular size of the source.

Measurements of Fν and θ for several compact extragalactic radio sources constrain TB

in the range 1011−1012 K, which clearly rules out a thermal origin for radio emission.

1.4. THE UNIFIED MODEL OF AGN
The presence of both strong high ionization and low ionization narrow lines is com-

mon to both types of AGN, and with similar line ratios. This suggested that all AGN are

powered by the same intrinsic engine and led to the formulation of the standard Unifed

Model for AGN (Antonucci 1993; Urry and Padovani 1995). In this scenario, the observed

differences between type 1 and type 2 AGN arise from orientation dependence, while the

basic source structure remains the same. There is indeed abundant evidence that AGN

have axisymmetric structure, and thus radiates anisotropically. The observed properties

of a particular source thus depend on the location of the observer.

The current paradigm is built around a central engine, that consists of an accretion disk

surrounding a supermassive black hole (MB H
>∼ 106M¯). In radio-loud AGN (roughly 15-

20% of the population), relativistic jets emerge from the central region along the disk

axis, emitting Doppler-boosted radiation via synchrotron emission and inverse Comp-
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ton scattering mechanisms. The broad lines observed in type 1 AGN are thought to be

produced in the Broad Line Region (BLR), a dense (ne
>∼ 109cm2) gas region nearby the

central source (within a few thousands gravitational radii), where the influence of the

gravitational field of the BH is strong. On parsec scales, the entire system is enshrouded

in an optically and geometrically thick dusty region, the torus that is opaque to most of

the electromagnetic radiation. Its inner radius is set by the dust sublimation temperature

(see e.g. Netzer and Laor, 1993; Netzer, 2015), and its geometry is subject of extensive re-

search, even though recently the torus is believed to be clumpy (Nenkova et al., 2008;

Hönig and Kishimoto, 2010). The torus plays a key role in the framework of the Unified

Model, since it allows the direct observation of the central region (including the BLR)

only along particular directions. Narrow lines are generated in distant (on torus scale),

rarefied gas regions, where the gravitational influence from the BH is less intense, the

Narrow Line Region (NLR).

Therefore, an observer looking at the AGN on the torus plane (i.e. edge-on) has the view

of the innermost regions (that produce the optical/UV and soft X-ray continuum) and of

the BLR obstructed by the intercepting material. Only narrow emission lines are directly

visible in this case. An observer looking along the axis has instead a direct view of both

the BLR and the NLR, as well as the accretion disk continuum emission (Figure 1.5).

Figure 1.5: The Unified Model of AGN. Green arrows show the lines of sight associated whit each class of

object.

One of the most convincing evidences in favour of this model is the detection of broad

optical lines in the polarized spectra of type 2 AGN. This suggests that the BLR is still

present in type 2 nuclei, but is actually hidden from our line of sight due to the obscur-
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ing material. However, the emitted light is scattered in our direction from material dis-

tributed on larger scales. Such reflected light is very weak compared to the light of the

galaxy, but it has a high degree of polarization, and therefore can be detected in the po-

larized spectrum.

Although this simple model has allowed to explain much of the complex AGN phenomenol-

ogy, there is evidence supporting that additional effects are requested to explain the dif-

ferences between type 1 and type 2 AGN, like the discovery of type 2 sources without

broad optical lines in the polarized spectrum.

1.5. NUMBER COUNTS AND LUMINOSITY FUNCTION

In order to describe how the AGN population has changed during cosmic time, several

statistical technique have been employed. The simplest observational tools that can be

used to describe the evolution of a sample of objects are the number counts. By number

counts one typically means the surface density in the sky of a given class of sources as a

function of the limiting flux of the observations.

More informations can be drawn from the luminosity function (LF), defined as the num-

ber of sources per unit volume and luminosity with luminosity in the range between L

and L+dL:

Φ(L) = d N

dV dL
(1.14)

Let us assume that the local universe is Euclidean and filled with sources with LF Φ(L).

Sources with luminosity L can be observed out to a distance r = (L/4πS)1/2, being S the

limiting flux of the observations. The number counts of sources over the solid angle Ω

are then:

N (> S) =
∫ ∞

Lmi n

1

3
Ωr 3Φ(L)dL = 1

3

Ω

(4π)3/2
S−3/2

∫ ∞

Lmi n

L3/2Φ(L)dL (1.15)

where Lmi n(r ) is the faintest luminosity that can be observed over a flux limit S out to a

distance rmax . Therefore, the slope of the cumulative number counts of a (non-evolving)

class of objects in an Euclidean universe is fixed to −3/2.

In a more general case, the correct relativistic expression for number counts differs from

Equation 1.15, due to cosmological effects. Radiation emitted at frequency ν′ is observed

at a redshifted frequency ν = ν′/(1+ z), and therefore the observed flux density depends

on the shape of the spectrum of the source. Moreover, curvature effects modify the vol-

ume element per unit redshift, making it smaller at increasing z.

The simplest general approach to describe the evolution of a LF is by defining two func-

tions fd (z) and fl (z) that take into account the evolution of the number density and lu-

minosity, respectively:



12 1. ACTIVE GALACTIC NUCLEI

Φ(L, z) = fd (z)Φ

(
L

fl (z)
, z = 0

)
. (1.16)

In the pure luminosity evolution (PLE; Mathez, 1976) scenario, the comoving number

density of sources is constant (so fd = cost ), but luminosity varies with cosmic time. In

the pure density evolution (PDE; Schmidt 1968) case the shape of the LF and the source

luminosity are fixed ( fl = cost ), while the comoving density of sources of any luminosity

varies.

Both the PLE and PDE should be basically considered as mathematical descriptions of

the evolution of the LF. There is no clear reason why the LF should behave only in one

of these two simple pictures, and indeed as wider and deeper surveys has been com-

pleted, larger samples have been collected and hence more complex models have been

developed throughout the years.

Probably the most accurate description of the overall evolution of the LF comes from

deep X-ray surveys. Thanks to the advent of deep surveys in the optical and in the X–ray

bands, the LF of both optically and X–ray selected AGN are nowadays usually described

by the luminosity dependent density evolution (LDDE) model (for the X–rays see e.g. Ueda

et al., 2003; Hasinger et al., 2005, and Bongiorno et al. 2007 for the first optical LF which

has been successfully modelled with the LDDE ). As in the PDE model, the redshift evo-

lution of the LF is described as

dΦ(LX , z)

dl og (LX )
= dΦ(Lx , z = 0)

dl og LX
e(LX , z), (1.17)

where the local LF is usually represented with a power-law with two different indexes, for

low and high luminosities:

dΦ(LX , z = 0)

dLX
=

{
ALγ1−γ2

? L−γ1

X LX ≤ L?

ALγ2

X LX > L?
(1.18)

and the evolution factor e(z) is defined as:

e(z) =
{

(1+ z)p1 z ≤ zc (LX )

e(zc )[(1+ z)/(1+ zc (LX ))]p2 z > zc .
(1.19)

The zc parameter represents the redshift at which the evolution stops. The parameters p1

and p2 characterize the rate of the evolution and the rate of counterevolution for z > zc

respectively.

The LDDE model is obtained by introducing a luminosity dependence of zc , assumed to

be a power-law (La Franca et al., 2005):

zc (LX ) =
{

z?c LX ≥ La

z?c (LX /La)α LX < La .
(1.20)



1.5. NUMBER COUNTS AND LUMINOSITY FUNCTION 13

Figure 1.6: The space density of AGN as a function of redshift in different luminosity bins. Solid lines show

the best-fit values in LDDE model with evolving NH depending on LX and z (La Franca et al., 2005).

In the last decade, hard X–ray surveys have allowed to select almost complete AGN sam-

ples (including both type-1 and type-2 objects). Thanks to these studies, the evolution of

the whole AGN population has been derived up to z ∼ 5 by many authors, all achieving

fairly consistent results (Ueda et al., 2003; La Franca et al., 2005; Brusa et al., 2009; Civano

et al., 2011; Ueda et al., 2014; Kalfountzou et al., 2014; Vito et al., 2014; Miyaji et al., 2015;

Georgakakis et al., 2015; Aird et al., 2015a,b). It has been shown that (a) the peak of the

AGN space density moves to smaller redshift with decreasing luminosity, and (b) the rate

of evolution from the local Universe to the peak redshift is slower for less luminous AGN

(downsizing; see Figure 1.6.)

It appears that SMBH generally grow in an anti-hierarchical fashion, i.e. while more

massive SMBH (107.5− 109M¯) in rare, luminous AGN could grow efficiently at z = 1−3,

smaller SMBH in more common, less luminous AGN had to wait longer to grow (z < 1.5).

There is also strong evidence on the redshift and luminosity dependence of the fraction

of obscured (NH>1022 cm−2) AGN, indeed it has been shown that this fraction increases

with decreasing luminosity (Lawrence and Elvis, 1982; Ueda et al., 2003; La Franca et al.,

2005; Treister and Urry, 2005; Brightman and Nandra, 2011; Ueda et al., 2014; Aird et al.,

2015a, but see Sazonov et al. 2015 for a discussion of selection biases) and increasing

redshift (La Franca et al., 2005; Treister and Urry, 2006; Hasinger, 2008; Ueda et al., 2014;

Vito et al., 2014, but see also Gilli et al. 2010).

Attempts to constrain models for galaxy formation and evolution from the optical and

X-ray luminosity functions were made in the last decade by several authors (see e.g.
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Granato et al. 2001; Granato et al. 2004; Di Matteo et al. 2005; Menci et al. 2004; Menci

et al. 2005). The predictions of these models are in good agreement with some of the

observations, like the downsizing trend; however, they overestimate by a factor of ∼ 2 the

space density of low-luminosity Seyfert-like AGN at z = 1.5−2.5.

1.6. X-RAY SURVEYS AND THE X-RAY BACKGROUND

AGN are powerful X-ray emitters. The discovery of the cosmic X-ray background (CXRB;

Giacconi et al. 1962) opened up a privileged window for the study of the energetic phe-

nomena associated with accretion onto black holes.

The X-ray sky is almost dominated by the AGN population, due to the relative weak-

ness of the other X-ray emitters (mostly X-ray binaries, but also magnetically active stars

and cataclysmic variables), at least down to the faintest fluxes probed by current X-ray

telescopes. The goal of reaching a complete census of evolving AGN has therefore been

intertwined with that of fully resolving the CXRB into individual sources.

In the last decade, the launch of modern X-ray telescopes like Chandra (NASA) and XMM-

Newton (ESA) has enabled strong observational progress. Sensitive imaging spectroscopy

in the 0.5−10 keV band with up to 50−250 times the sensitivity of previous missions, as

well as high quality positional accuracies (up to ∼ 0.3−1" for Chandra) were made avail-

able for X-ray astronomy studies. Deep extragalactic surveys have probed the X-ray sky

down to extremely faint fluxes (as low as ∼ 10−17 erg s−1 cm−2in the 0.5−2 keV band and

∼ 10−16 erg s−1 cm−2in the 2−8 keV band), thus making available large source samples

for statistical X-ray source population studies.

With these deeper and larger X-ray surveys that have been performed, a new genera-

tion of synthesis model for the CXRB has been developed (see Gilli et al. 2007; Treister

et al. 2009). These new models have progressively reduced the uncertainties in the NH

absorption distribution, providing an almost complete census of the unobscured and

moderately obscured AGN populations. These sources dominate the X-ray counts in the

lower energy band, where almost all the CXRB radiation has been resolved into individ-

ual sources.

However, at the peak energy of the CXRB (around ∼ 30 keV), only a small fraction (∼ 5%)

of the emission has been resolved into individual sources. CXRB synthesis models as-

cribe a substantial fraction of this unresolved emission to Compton-thick AGN. Gilli et al.

(2007) model requires a population of Compton-thick AGN as large as that of Compton

thin AGN to fit the residual background emission. Still, the redshift and luminosity distri-

bution of these sources is essentially unknown, due to their faintness even at hard X-ray

energies. The quest for the physical characterization of this missing AGN population

represents one of the last current frontiers of the study of AGN evolution.



1.7. SMBH GROWTH IN GALAXIES 15

Figure 1.7: Observed spectrum of the extragalactic CXRB from several X-ray satellites data. The solid ma-

genta line shows the prediction of the Gilli et al. (2007) model for AGN and galaxy clusters; red and blue

solid lines represent the contribution from unobscured and Compton-thin AGN respectively. These contri-

butions, shown in the left panel, are not enough to fully describe the data. In the right panel, the black line

marks the Compton-thick AGN contribution required to match the CXRB intensity above 30 keV. Adopted

from Gilli et al. (2007).

1.7. SMBH GROWTH IN GALAXIES

In the early 1990s, deep optical surveys of star-forming galaxies began to probe the cos-

mological evolution of the rate at which stars are formed within galaxies, thus providing

robust constraints for models of galaxy formation and evolution (see Madau et al. (1996)).

It was soon clear that the QSO (optical) luminosity density and the Star Formation Rate

(SFR) density evolved in a similar fashion, being much higher in the past, with a broad

peak around z∼2 (Boyle and Terlevich, 1998).

Direct measures of the SMBH masses can be obtained from stellar dynamics or spec-

tral analysis of circumnuclear dust and gas. However, it has been possible to perform

these measures only for a small (∼50) number of SMBH, due to limitations induced by

spatial resolution. With these measures available, it has been observed that the SMBH

mass (MB H ) correlates tightly with some structural parameters of the host galaxy, like the

host spheroid mass (Kormendy and Richstone 1995a; Marconi and Hunt 2003), luminos-

ity (Magorrian et al. 1998; Sani et al. 2011) and stellar velocity dispersion (Ferrarese and

Merritt 2000; Gebhardt et al. 2000).

Direct or indirect (from scaling relations) knowledge of the SMBH masses allows to test

the classical "Soltan argument" (Soltan, 1982), according to which the local mass budget

of SMBH in galactic nuclei should be accounted by integrating the overall energy den-

sity released by AGN, assuming an appropriate radiative efficiency parameter. The total

accreted mass can be computed as a function of redshift:

ρB H =
∫ zs

z
ρ̇B H (z)

d t

d z
d z, (1.21)
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where the black hole accretion rate density ρ̇B H (z) is given by:

ρ̇B H (z) = 1−ε
εc2

∫
Φ(Lbol , z)dLbol , (1.22)

wereΦ(Lbol , z) and Lbol =εṀc2 represent the bolometric LF and the bolometric luminos-

ity respectively.

This computation has been performed either using the CXRB as a "bolometer" to derive

the total energy density released by the accretion process (Fabian and Iwasawa, 1999),

or by considering evolving AGN luminosity functions (Yu and Tremaine 2002; Marconi

et al. 2004; Merloni and Heinz 2008). This approach represents a major success of the

standard paradigm of accreting black holes as AGN power-sources, as the radiative effi-

ciencies requested in order to explain the local relic population are within the range ε=

0.06−0.20, predicted by standard relativistic accretion disc theory.

These evidences suggest that a tight link should exist between SMBH growth and host

galaxy evolution. Many processes have been proposed which could forge this direct con-

nection, including galaxy major mergers, star formation winds and AGN-driven outflows.

From a physical point of view, these feedback mechanisms by which AGN can regulate

the growth of their host galaxies can be distinguished into two main modes.

The first mode is associated with the phases of fast SMBH growth in bright AGN. Star

formation and SMBH growth are fueled by the same cool gas located in the inner regions

of the galaxy. The fast, explosive energy injection from the central source can heat and

disperse this gas, thus quickly terminating both star formation and SMBH growth. In

this scenario (quasar mode feedback; see e.g. Menci et al., 2008), the triggering of such

bright phases is thought to be related to galaxy mergers, in which cold gas is injected.

The quasar mode efficiency must be proportional to the AGN fraction (i.e. the AGN lu-

minosity function versus the galaxy luminosity function) and to how efficiently the AGN

energy is released into the interstellar medium.

The second mode is related to the numerous, long-lived, low-luminosity AGN, that ac-

crete hot gas coming from the halo’s hot atmosphere continuously during cosmic time.

This accretion happens at very low rates (∼10−5M¯yr−1) in an inefficient regime, where

the cooling of the central source is dominated by advective processes rather than radi-

ation. The contribution of this accretion rate is too small to contribute significantly to

the bolometric output of the AGN. However, these sources can still drive powerful, colli-

mated outflows in the form of relativistic jets, which can perturb mechanically the sur-

rounding gas (radio mode feedback; Croton et al., 2006; Bower et al., 2006). This feedback

action has been observed in several systems; by combining radio (synchrotron jet emis-

sion) and Chandra X-ray (hot, bremsstrahlung emitting intracluster medium) images, it

has been observed that these jets are capable of excavate cavities in the intracluster gas

on sub-galactic scales (McNamara et al., 2000). The radio mode efficiency depends on

the total accreted mass (and then on the SMBH mass function).
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Both these feedback modes are then capable to release energy directly in the environ-

ment from which the SMBH grows: the cooling, star-forming gas in the central region

of the galaxy. This energy transfer not only reduces the rate at which the gas cools and

form stars, but it also reduce the rate of accretion onto the SMBH. Feedback from AGN

has been included in recent semi-analytical models of galaxy evolution to switch off star

formation in most massive galaxies, thus reproducing both the observed shape of the

galaxy LF and the red, early type, passive evolving nature of the local massive galaxies.

Quasar mode feedback is usually invoked to quench star formation at higher redshift,

while radio mode feedback is assumed to suppress the cooling flows in massive galaxies

at late times, thus maintaining the gas in a hot, tenuous state.





2
THE BLACK HOLE MASS OF AGN

The aim of this Chapter is to provide a brief review on the current status of AGN black

hole mass estimations and to discuss their main results and limits. For a more detailed

discussion on this topic see the reviews of Shen (2013); Peterson (2010); Vestergaard et al.

(2011) and references therein.

2.1. THE MASS OF THE BLACK HOLES HOSTED IN AGN
Today is widely accepted that the high energy phenomena involved in the AGN activity

have their origins in the accretion of matter onto a supermassive black hole (SMBH) at

the centre of the hosting galaxy. If SMBH grows mostly via this accretion process, its mass

growth rate is given by:

ṀB H =λE dd LE dd
(1−ε)

εc2 (2.1)

where ε is the radiative efficiency (i.e. the fraction of accreted mass energy converted into

radiation), λE dd = Lbol /LE dd is the Eddington ratio, Lbol is the bolometric luminosity of

the AGN and LE dd is the Eddington luminosity, defined as:

LE dd = 1.26 1038
(

MB H

M¯

)
[er g s−1]. (2.2)

If λE dd and ε are non-evolving in time, the BH mass increases on a characteristic time

scale, named Salpeter time, te :

te ≈ 4.5×108 ε

λE dd (1−ε)
yr (2.3)

If quasars do not radiate beyond the Eddington limit (λE dd =1), the observed luminos-

ity provides a lower limit on their BH mass. The discovery of high luminosity quasars

at redshift z > 6 suggests that the more massive BHs, with MB H >109M¯, formed first,

although they have had short time to evolve (cosmic downsizing).

19
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Supermassive black holes (with black hole masses MBH = 105 −109 M¯) are observed to

be common, hosted in the central spheroid in the majority of local galaxies. This discov-

ery, combined with the observation of striking empirical relations between BH mass and

host galaxy properties, opened in the last two decades an exciting era in extragalactic

astronomy. In particular the realization that BH mass correlates strongly with the stel-

lar luminosity, mass and velocity dispersion of the bulge (Dressler, 1989; Kormendy and

Richstone, 1995b; Magorrian et al., 1998; Ferrarese and Merritt, 2000; Gebhardt et al.,

2000; Marconi and Hunt, 2003; Sani et al., 2011; Graham, 2016, for a review) suggests that

SMBHs may play a crucial role in regulating many aspects of galaxy formation and evo-

lution (e.g. through AGN feedback, Silk and Rees, 1998; Fabian, 1999; Di Matteo et al.,

2005; Croton et al., 2006; Sijacki et al., 2007; Ostriker et al., 2010; Fabian, 2012; King,

2014). These remarkable scaling relations also suggest that the evolution of galaxies and

the growth of SMBHs are intricately tied together in a AGN/galaxy co-evolution scenario.

The Soltan argument (see Section 1.7) represents an elegant way to tie the local relic of

SMBH population to the past active population: if the SMBH grows mainly through a lu-

minous (or obscured) quasar phase, the accreted luminosity density of quasars at z = 0

should be equal to the local relic BH mass density (see Equations 1.21 and 1.22, Section

1.7), a reasonably good match between this two quantities can be achieved with an aver-

age radiative efficiency of ε∼0.1 (e.g. Yu and Tremaine 2002; Shankar et al. 2004; Marconi

et al. 2004). The Soltan argument and its variants have been used in recent years to model

the growth of SMBH.

As one of the few fundamental quantities describing a BH, the mass of AGN is of paramount

importance to essentially all AGN-related science, such as the evolution and phenomenol-

ogy of AGN, the accretion physics itself and also the relations and interplays between

SMBHs and their host galaxies through feedback processes. It is fundamental to be aware

of the current methodologies about the AGN BH mass estimations, their limits and bi-

ases.

2.2. METHODS FOR THE BH MASS ESTIMATION

2.2.1. VIRIAL MASS ESTIMATORS: FROM REVERBERATION MAPPING TO SINGLE-EPOCH

ESTIMATES

Reverberation mapping. One of the most reliable and direct way to measure the mass of

a SMBH residing in the nucleus of an active galaxy is reverberation mapping (RM, Bland-

ford and McKee, 1982; Peterson, 1993). The RM technique takes advantage of AGN flux

variability to constrain black hole masses through time-resolved observations, therefore

obviating any distance limitations. As previously introduced in Section 1.4, the BLR is

the region where broad emission lines are produced, photo-ionized by the primary UV

continuum. The emission line fluxes vary strongly in response to changes in the contin-

uum caused by the ionizing source. The broad lines respond to the varying ionizing con-
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tinuum with a time delay τ, offering the opportunity of estimating dimensions through

time-resolved observations. Indeed, the lag is proportional to the light travel time from

the ionizing source to the BLR, then it is possible to estimate the BLR size (RBLR ) by mea-

suring τ:

RBLR = c ·τ. (2.4)

Moreover, by mapping the response function of the broad emission line to continuum

variations it is possible in principle to reconstruct both the structure and the kinematics

of the BLR. The RM technique has become a powerful tool to study BLRs (see reviews by

Peterson 1993; Netzer and Peterson 1997; Horne et al. 2004), whose spatial extent (sub-

pc) is too small to be resolved by current instrumentation.

Under the assumption that the motion of the emitting clouds is dominated by the grav-

itational field of the BH and that the BLR is virialized, the mass of the BH can be deter-

mined by (Ho, 1999; Wandel et al., 1999; Kaspi et al., 2000):

MRM = V 2
vi r RBLR

G
= f

W 2RBLR

G
(2.5)

where Vvi r is the virial velocity, G is the gravitational constant and W is the width of the

broad emission lines. The latter can be used as an indicator of the virial velocity, assum-

ing that the width of the lines are Doppler-broadened by the virial motion of the emitting

gas. The quantity W 2RBLR /G is also called virial product.

The broad lines width can be measured using the FWHM or the σl i ne , both quantities

are taken from root-mean-square (rms) spectra of the monitoring period, in order to

have only the contribution of the variable part of the line to the width calculation.

The relation between the virial velocity and the line of sight (LOS) velocity inferred from

W is determined by the structure and geometry of the BLR, which is not known. To ac-

count for our ignorance, usually a geometrical factor f is introduced. This represent a

great simplification since the line profile is affected by both the geometrical structure

and the LOS, thus the line width W cannot fully describe the underlying kinematic. Sim-

ilarly it is an approximation to describe the BLR with a single radius RBLR since recent

studies have shown evidences of a BLR stratification.

In the last decade, the f factor has been studied by several authors, finding values in the

range 2.8 – 5.5 (if the line dispersion σline is used, see e.g. Onken et al., 2004; Woo et al.,

2010; Graham et al., 2011; Park et al., 2012; Grier et al., 2013). This quantity is statistically

determined by normalizing the RM AGN to the relation between BH mass and bulge stel-

lar velocity dispersion (MBH −σ? relation; see Ferrarese, 2002; Tremaine et al., 2002; Hu,

2008; Gültekin et al., 2009; Graham and Scott, 2013; McConnell and Ma, 2013; Kormendy

and Ho, 2013; Savorgnan and Graham, 2015; Sabra et al., 2015) observed in local inactive

galaxies with direct BH mass measurements (see Chapter 3 for a discussion of possible

selection effects present in the f determination). The determination of the f value re-

mains one of the major uncertainties in RM mass estimations and show a typical scatter
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of ∼0.4−0.5 dex.

Luminosity-Radius relation. In the framework of RM campaigns, the most remarkable

finding is a tight correlation between the measured BLR size and the adjacent optical

continuum luminosity (Lopt ) at 5100 Å, RBLR ∝ Lαopt (see Kaspi et al. 2000; Bentz et al.

2009a). To first order Lopt is proportional to the luminosity of the ionizing continuum

(Li on) that is described by the ionization parameter in a photoionized medium (U ):

U = Q(H)

4πr 2cne
, (2.6)

where Q(H) is the number of ionizing photons per second coming from the central source,

c is the speed of light and ne is the electron density. If both U and ne are constant in the

BLR, or if the BLR size is set by dust sublimation (Netzer and Laor, 1993), a slope of α=0.5

in the R −L relation is expected.

One of the most used R − L relations based on Hβ RM measurements is (Bentz et al.,

2009a):

log
R

li g ht d ay s
=−2.13+0.519log

λLλ(5100Å)

er g s−1 . (2.7)

Single−epoch (SE) virial BH mass estimators. Starting from the R−L relation it is possi-

ble to derive the BLR size through a single measure of the optical continuum luminosity

and, combining this information with the width of a broad line, to build a relation for the

BH mass estimate (MSE ):

log

(
MSE

M¯

)
= a +b log

(
L

1044er g s−1

)
+ c log

(
W

kms−1

)
. (2.8)

The latter has to be calibrated on the BH masses inferred from RM tecniques in order

to derive the values for a,b coefficients, while c = 2 as expected for virial motion. As

a consequence of photo-ionization arguments, it is also expected a value b = 0.5 given

the observed tight R −L relation. Based on the general similarity of AGN SEDs, different

luminosities have been used as an alternative to the Lopt in different versions of these

SE virial estimators: X–ray and rest frame UV continuum luminosities, as well as line

luminosities itself (Vestergaard 2002; Greene and Ho 2005a; Vestergaard and Peterson

2006; Greene et al. 2010; Shen and Liu 2012a). The uncertainty of SE virial relations is

estimated to be on the order of ∼0.5 dex. The virial RM and SE methods are currently

the most used techniques to estimate AGN BH masses.

2.2.2. NON VIRIAL METHODS

There are several other methods to estimate the BH masses of AGN, although they are

much less popular than the RM and SE. Nevertheless there are certain advantages in

further developing these alternative methods in order to provide complementary mass

estimates, consistency checks and quantify underlying systematics. In the following it

will be briefly discussed some of these non virial estimators.
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Photoionization method. Adopting the Woltjer’s postulation that the BLR gas is in virial

equilibrium in the gravitational potential of the central BH (Woltjer, 1959), an alternative

way to derive the BLR size was first developed by Dibai (1977). The author used Equa-

tion 2.5 to estimate the BH mass. The RBLR is measured by using the photoionization

argument:

L(Hβ) = 4π

3
R3 j (ne Te )εV , (2.9)

where L(Hβ) is the Hβ luminosity, j (ne Te ) is the volume emissivity in the Hβ line from

photoionized gas and εV is the volume filling factor of BLR clouds, which is small. Dibai

adopted constant values of ne ≈ 109 cm−3, Te ≈ 104 K and εV ≈ 10−3, and hence was able

to estimate the BH masses for more than ∼70 nearby Seyfert 1 galaxies and quasars, de-

riving the first plot of the distribution of AGN in the mass-luminosity plane. This method

can be considered as a SE estimator with an effective R −LHβ relation with α=1/3. Even

though there are simplified assumptions, Dibai BH mass estimates of local AGN are con-

sistent, within 0.3 dex, with the nowadays widely adopted RM masses.

The BLR size can be also estimated using another photoionization argument, based

on the parameter U (e.g. Wandel et al., 1999). This method can provide an intuitive un-

derstanding of the R −L relation. However both these photoionization methods require

to assume most of the (unknown) physical conditions of the BLR gas (i.e. density, cover-

ing factor, etc) in order to estimate the BLR size.

Accretion disk model fitting or SED fitting. Another way to infer the BH mass is by fit-

ting the SED of quasars. The development of accretion disk theory over the last four

decades (for a recent review, see Abramowicz and Fragile 2013) has enabled predictions

of continuum luminosity. By fitting the observed AGN continuum SED it is possible to

constrain the model parameters (such as BH mass, accretion rate, BH spin, inclination)

with adequate accretion disk models. Many studies have used this SED fitting method

to derive AGN BH masses (e.g. Calderone et al. 2012) assuming a standard thin accre-

tion disk model (Shakura and Sunyaev, 1973), that successfully reproduce the observed
′′Big Blue Bump′′, but do not have the capability to explain the full broad-band AGN

SED. The resulting BH mass constrain can be sensitive to deviations from standard ac-

cretion disk models. Moreover, due to the parameter degeneracies and model assump-

tions/simplifications in the SED fitting procedures, this method cannot provide an accu-

racy of better than a factor of ∼5 in BH mass estimates.

Direct dynamical BH masses. This is the starting sample on which the RM black hole

masses have their root. As a matter of fact, the RM masses are calibrated in order to re-

produce the tight scaling relations between the black hole mass and some properties of

the host, which are based upon these direct dynamical masses. The number of dynam-

ical black hole mass measurements has increased over the years, mostly thanks to the

launch of the Hubble Space Telescope (HST), whose first (conceptually but not chronolog-

ically) important contribution was to confirm the ground-based BH detections (the first



24 2. THE BLACK HOLE MASS OF AGN

dynamical BH discovery was in M32, see e.g. Tonry 1984, 1987) at ∼5 times higher spatial

resolution. However such samples still remain relatively small, of the order of ∼ 70-80

galaxies. This is due primarily to the difficulty of carrying out direct measurements with

the required depth and spatial resolution (see, e.g., Faber 1999; Ferrarese and Ford 2005,

for reviews on the challenges encountered in these observational campaigns). The di-

rect dynamical method is observationally challenging since usually the AGN continuum

dilutes the stellar absorption features. Nevertheless there have been several attempts to

get direct dynamical measurements of BH masses in type 1 AGN, using spatially resolved

stellar kinematics (Onken et al., 2007) or gas kinematic (Hicks and Malkan, 2008) down

to the sphere of influence of the black hole, RSI =GMB H /σ2.

Scaling relations. The well known correlations between BH mass and the bulge proper-

ties of the hosting galaxy are used to infer the BH mass in AGN. These scaling relations

are calibrated with known BH masses derived usually by direct methods, such as dynam-

ical measurements or RM campaigns, and they are usually applied also to non-broad

line AGN (type 2). All the scaling relations, which support the AGN/galaxy coevolution

scenario, are based on samples of local inactive galaxies. Hence applications of these

relations to predict the AGN BH masses at high redshift should be performed keeping in

mind that the scaling relations could be different (or be not valid) at such early times.

Moreover, caution should be paid in applying this method also in the local Universe,

especially on obscured AGN, since recent studies have demonstrated that these scaling

relations are unlikely to hold also for all AGN2 (see Graham 2008b and Kormendy et al.

2011). Furthermore, recently there have also been some studies in the local Universe

which showed that these scaling relations could depend on the bulge morphology of the

host (e.g. Kormendy and Ho 2013; Ho and Kim 2014). Indeed Kormendy and Ho (2013)

significantly updated the MBH−σ? relation for inactive galaxies, highlighting a large and

systematic difference between the relations for pseudo and classical bulges/ellipticals.

It should be noted that the classification of galaxies into classical and pseudo bulges is

a difficult task1, which depends on a number of selection criteria, which should not be

used individually (e.g. not only the Sersic index (Sersic, 1968) n < 2 condition to classify

a source as a pseudo bulge; see Kormendy and Ho, 2013; Kormendy, 2016).

These facts make the application of this technique to estimate BH masses not straight-

forward (see Chapter 3 for more details on this issue).

1Some authors have also discussed how could be neither appropriate nor possible to reliably separate bulges

into one class or another (Graham, 2014), and that in some galaxies there is evidence of coexistence of

classical bulges and pseudobulges (Erwin et al., 2015; Dullo et al., 2016).



2.3. CAVEATS, UNCERTAINTIES, AND BIASES OF VIRIAL BH MASSES 25

2.3. CAVEATS, UNCERTAINTIES, AND BIASES OF VIRIAL BH MASSES

2.3.1. THE VIRIAL ASSUMPTION

There is evidence supporting the virial assumption in RM in at least several AGN. In such

systems, RM lags have been successfully measured for multiple lines with different ion-

ization potentials and line widths (i.e. Hβ, C IV, He II) which, in the framework of a strat-

ified BLR model, are supposed to arise at different distances from the BH. The measured

lags and line widths fall close to the expected virial relation W ∝ R−0.5, although such

a velocity radius relation does not necessarily rule out other BLR models where the dy-

namics is not gravitationally-dominated by the central BH.

A possible way to test the virial assumption can be performed by monitoring if the vari-

ation of the line width in response to the continuum luminosity L can be described as:

∆ logW =−0.25∆ logL. (2.10)

Indeed, if the source luminosity increases, the BLR is expected to expand due to the

growth of radiation pressure. As a consequence, the medium responsible of the produc-

tion of the emission line gets away from the ionizing source thus producing a decrease

of the corresponding line width.

Tests like this are very useful to verify reliability of SE techniques. In effect, if the line

width does not vary accordingly to luminosity changes, the inferred SE BH mass val-

ues will be different for the same object, introducing a luminosity-dependent bias in the

mass estimates. Fig. 2.1 (Shen, 2013) shows an example of this test, which is performed

on a sample of type 1 AGN from the Sloan Digital Sky Survey (SDSS). The majority of this

objects do not span a large dynamic range in luminosity and they cluster near the centre.

Only for the low luminosity Hβ sample the median relation is consistent with the virial

relation (the solid lines in Figure 2.1). For the other samples, based on Mg II and C IV,

the line width does not seem to respond to luminosity changes as expected from the

virial relation. This difference could be a luminosity effect, but more detailed analyses

are needed (Shen, 2013).

As seen in Section 2.2.1 to relate the observed broad line width to the underlying virial

velocity it is necessary to make some assumptions on the geometry and kinematics of the

BLR, introducing in Equation 2.5 the geometric factor f . In principle the RM techniques

can provide such information, and determine the value of f . Unfortunately the current

RM data are still not good enough for such purposes. Early studies made assumptions

about the geometry and structure of the BLR in deriving RM masses (e.g. Kaspi et al.

2000) or SE virial masses. Actually, the average value of f is mostly determined em-

pirically by requiring that the RM masses are consistent with those predicted from the

MB H −σ? relation of local inactive galaxies ( f ∼1.4 if FWHM is used, Onken et al. 2004;

f ∼5.2 using σl i ne , Woo et al. 2010). Moreover, the use of the average value of the ge-

ometric factor 〈 f 〉 causes the overestimation or underestimation of the BH mass of the
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Figure 2.1: Test of the virial assumption: changes in line width as a function of changes in continuum lumi-

nosity of SDSS two-epoch spectroscopy for Hβ (upper), Mg II (middle) and C IV (bottom). The left column

shows the FWHM, while the right one contains the σl i ne . The red triangles are the median values in each

∆ logL bin (Shen, 2013), for every line as labelled in the rows.

single object, due to orientation effects.

2.3.2. LIMITATIONS ON VIRIAL ESTIMATORS

In the rest-frame UV to near infrared AGN continuum there are several emission lines

and, despite their different ionization potentials and probably different BLR structures,

many of them have been used in SE mass estimates. The most used are the Balmer lines,

expecially Hα and Hβ, but also Lyman and Paschen lines are used. Some other lines,

such as Mg II and the high ionized C IV, are also involved in these methods but, several

tests in which the different line widths are compared, have shown that SE mass esti-

mators based on Hydrogen lines are the most reliable ones (see Shen 2013 for a more

detailed description).

Another element to be taken into account is the adopted luminosity in the L−R relation.
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As introduced in Section 2.2.1 several SE estimator using continuum luminosities from

different bands (i.e. UV, IR or X–ray) have been calibrated. Indeed the luminosity that

enters the R −L relations and the SE estimators refers to the AGN continuum. In partic-

ular in low luminosity sources contamination by host starlight in the optical band can

be significant. This motivated the alternative uses of Balmer line luminosities, usually

preferred for radio-loud AGN where the continuum may be severely contaminated by

the non-thermal emission from the jet (Bentz et al., 2009a). For UV luminosities (L3000,

L1350 or L1450) the host contamination is usually negligible, but dust reddening which

significantly attenuate AGN UV luminosity could be a serious problem (see Chapter 3 to

a possible solution to these limitations).

Regardless of the choice of the SE estimator, a concern is that the AGN variability, which

spans a wide range of time scales, may affect the SE BH masses. However, as several stud-

ies have shown by using multi-epoch spectra of AGN samples, the changes in luminosity

do not introduce significant scatter (∼0.1 dex) to the SE mass estimates (Denney et al.

2009a; Park et al. 2012).

Last but not least, the current sample with RM BH mass estimates is not representative

of the general AGN population. In effect this estimator can be used only for local sources

(z < 0.3) and it poorly samples both the low- and high-luminosity regimes of AGN. These

limitations affect the reliability of extrapolations of locally calibrated SE relations to high

z and low/high luminosity quasars. Moreover the total number of RM AGN is small (∼50),

not enough to probe the diversity in BLR structure and other general quasar properties.

The current sample size and inhomogeneity of RM AGN represents another obstacle in

the development of accurate BH mass estimators based on virial methods.

2.3.3. PRACTICAL CONCERNS

Usually the continuum and line properties are measured either directly from the spec-

trum, or derived from χ2 fits to the spectrum, in which some functional forms for the

continuum and for the lines are applied. It is essential to measure these quantities in

a proper way, especially when using SE calibrations, because different methods some-

times can yield to systematically different results, in particular for the line width mea-

surements. Indeed single-component and multi-component line fits could differ signif-

icantly in some cases.

A detailed description of spectral fitting procedures can be found in some papers (e.g.

Greene and Ho 2005b; Shen and Liu 2012a). Basically the spectrum is first fitted with a

power-law in order to describe the continuum, and later an iron emission template is

added. The broad line region is then fitted with multiple Gaussians. Moreover there are

some additional problems that have to be taken into account:

• Narrrow emission line subtraction: as the NLR dynamics are not dominated by

the gravitational influence of the BH, in the velocity estimation of the BLR gas mo-
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tion the narrow component has to be removed. Broad Fe II emission in type 1 AGN

(AGN1) can add ambiguity in the determination of the optical continuum lumi-

nosity at 5100 Å.

• Galaxy contamination: in low-luminosity AGN, host galaxy starlight dilution can

severely affect the AGN ultraviolet and optical continuum emission. Therefore in

such sources it becomes very challenging, if not impossible at all, to isolate the

AGN contribution unambiguously.

• Remedy for absorption: sometimes there are absorption features superposed on

the spectrum and not accounting for them will bias both the continuum and line

measurements.

• Effects of low S/N: the quality of the estimated continuum luminosity and line

width measurements decreases as the quality of the spectrum degrades. In par-

ticular, the Hβ transition is at least a factor of three weaker than Hα and so from

considerations of S/N ratio alone, Hα, if available, is superior to Hβ. In practice,

in some cases Hα may be the only line with a detectable broad component in the

optical (such objects are known as Seyfert 1.9 galaxies; Osterbrock, 1981).

• Biases: the optical SE scaling relations are completely biased against type 2 AGN

(AGN2) which lack broad emission lines in the rest-frame optical spectra. However,

several studies have shown that most AGN2 exhibit faint components of broad

lines if observed with high (&20) S/N in the rest-frame near-infrared (NIR), where

the dust absorption is less severe than in the optical (Veilleux et al., 1997; Riffel

et al., 2006; Cai et al., 2010; Onori et al., 2017). Moreover, some studies have shown

that NIR lines (i.e. Paα and Paβ) can be reliably used to estimate the BH masses in

AGN1 (Kim et al., 2010, 2015a; Landt et al., 2013) and also for intermediate/type 2

AGN (La Franca et al., 2015, 2016).

2.4. APPLICATION TO STATISTICAL SAMPLES

Despite the many caveats of SE mass estimators discussed above, they have been ex-

tensively used in recent years to measure the super-massive BH mass, thus deriving the

black hole mass function (BHMF), the Eddington ratio function (BHERF), and the scaling

relations between BH and the hosting galaxy bulge properties. It is important to recog-

nize, however, that the uncertainty in these mass estimates deeply affects the interpreta-

tion of these measurements in view of statistical demographics studies.

2.4.1. DEMOGRAPHICS IN THE MASS-LUMINOSITY PLANE

The AGN distribution in the two dimensional BH mass-luminosity (MB H −L) plane in-

volves important information on the accretion process of the active SMBHs. In Figure
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Figure 2.2: Left: M −L plane for a sample of quasars with virial BH mass estimates. The green dots are BH

masses estimated with Hβ (z < 0.7), cyan dots with Mg II (0.7 < z < 1.9) and red dots with C IV (z > 1.9).

Symbols refer to different quasar samples. Solid and dashed lines show the Eddington and 0.1 Eddington

accretions. Right: Simulated M −L plane of an AGN population at z = 0.6, the red contours are the “true′′

distributions of quasars, determined by the intrinsic BHMF and Eddington ratio distributions (Shen and

Kelly, 2012), while the black contours are the distributions measured with Hβ SE masses. The flux limit of

the SDSS sample is shown with the solid black line (Shen, 2013).

2.2 the observed M −L plane (i.e. the one obtained from SE BH mass estimates) from an

SDSS AGN sample is compared with the simulated one at z = 0.6. In the left panel of Fig-

ure 2.2 it is shown the observed distribution for a sample of quasar whose masses have

been derived using virial methods in the range 0.7 < z < 7. In these cases several emis-

sion lines have been used, such as Hβ, Mg II and C IV. The observed distribution suffers

from the flux limit effect, indeed low Eddington ratio objects have a lower probability

to be selected into the sample. The best way to overcome this issue is to use a model-

ing approach in which an underlying distribution of simulated masses and luminosities

is specified and mapped to the observed mass-luminosity plane by imposing the flux

limit of the survey (see Kelly et al. 2009 and Kelly et al. 2010). The comparisons between

model and observed distributions constrain the model parameters. Shen and Kelly 2012

used forward modeling with Bayesian inference to model the observed distribution in

the mass luminosity plane of SDSS quasars, taking into account a possible luminosity

dependent bias to be constrained by the data. In the right panel of Figure 2.2 the com-

parison between the simulated M −L distribution (red contours) and the measured one

based on Hβ SE virial masses (black contours) is shown. The distribution based on SE

virial BH masses is flatter than the one based on true masses due to the scatter and to

the luminosity dependent bias of the SE masses. This flattening is due to the flux limit

that selects only the most luminous objects into the SDSS sample, missing the majority

of low Eddington ratio objects.

The M −L plane can be also used to measure the abundance of AGN and to study their

redshift evolution. This is a much more powerful way to study the cosmic evolution of
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Figure 2.3: Left: Quasar simulated M − L distribution at z = 0.6 with the source density shown with the

colour code contours. Right: LF (up) and BHMF (bottom). The two projections shows the “true′′ population

of broad line AGN (magenta) and the observed, flux limited one (green, Shen, 2013). The points are binned

observational data, adapted from Shen (2013).

quasars than traditional 1D distribution functions such as the LF and the quasar BHMF,

since the latter two are just the mono-dimensional projections of such plane. Figure 2.3,

taken from Shen (2013), shows the simulated quasar M −L plane at z = 0.6 constrained

using SDSS sources. The AGN abundance is shown with colour-coded contours, while

the LF and BHMF are shown in the right panels (top and bottom, respectively). The 1D

distribution functions loose information by collapsing in one dimension, and a better

way to study the AGN demography is to measure their abundance in 2D, since the AGN

mass and luminosity are physically linked via the Eddington ratio.



3
VIRIAL BLACK HOLE MASS

ESTIMATORS FOR LOW-L AND

OBSCURED AGN

Accurately weigh the masses of SMBHs in AGN is currently possible for only a small

group of local and bright broad-line AGN through RM. Statistical demographic studies

can be carried out considering the empirical scaling relation between the size of the BLR

and the AGN optical continuum luminosity. However, there are still biases against low

luminosity or reddened AGN, in which the rest-frame optical radiation can be severely

absorbed or diluted by the host galaxy and the BLR emission lines could be hard to de-

tect. The purpose of this Chapter is to widen the applicability of virial-based SE relations

to reliably measure the BH masses also for low-luminosity or intermediate/type 2 AGN

that are missed by current methodology.

3.1. INTRODUCTION

As already discussed in Section 2.2.1, operatively the RM BH mass is equal to f × Mvir,

where the virial mass Mvir is W 2RBLRG−1, and the geometrical factor f has been statis-

tically determined by normalizing the RM AGN to the local MBH −σ? relation. However,

recently Shankar et al. (2016) claimed that the previously computed f factors could have

been artificially increased by a factor of at least ∼3 because of a presence of a selection

bias in the calibrating samples, in favours of the most massive BHs.

The results on the MBH −σ? found by Kormendy and Ho (2013, see Section 2.2.2)

prompted Ho and Kim (2014) to calibrate the f factor separately for the two bulge popu-

lations (for a similar approach see also Graham et al., 2011, who derived different MBH −
σ? relations and f factors for barred and non-barred galaxies), getting fCB = 6.3±1.5 for

31
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elliptical/classical galaxies and fPB = 3.2±0.7 for pseudo bulges when the Hβ σline (not

the FWHM)1 is used to compute the virial mass.

However, RM campaigns are time-consuming and are accessible only for a handful of

nearby (i.e. z .0.1) AGN. The finding of a tight relation between the distance of the BLR

clouds R and the AGN continuum luminosity L (R ∝ L0.5, Bentz et al., 2006, 2013), has

allowed to calibrate new single-epoch (SE) relations that can be used on larger samples

of AGN. Although already discussed in Section 2.2.1, we recall here the equation usually

adopted to derive SE BH masses:

log

(
MBH

M¯

)
= a +b log

[(
L

1042 ergs−1

)0.5 (
FW H M

104 kms−1

)2]
; (3.1)

where the term log(L0.5 ×FW H M 2) is generally known as virial product (VP). These SE

relations have a typical spread of ∼ 0.5 dex (e.g. McLure and Jarvis, 2002; Vestergaard and

Peterson, 2006) and are calibrated using either the broad emission line or the continuum

luminosity (e.g. in the ultraviolet and optical, mostly at 5100 Å, L5100; see the review

by Shen, 2013, and references therein) and the FWHM (or the σline) of optical emission

lines2, such as Hβ, Mg II λ2798, C IV λ1549 (even though the latter is still debated; e.g.

Baskin and Laor, 2005; Shen and Liu, 2012b; Denney, 2012; Runnoe et al., 2013).

In an effort to widen the applicability of this kind of relations to classes of AGN that

would otherwise be inaccessible using the conventional methodology (e.g. galaxy-dominated

low-luminosity sources, type 1.9 Seyfert and type 2 AGN), La Franca et al. (2015) fitted

new virial BH mass estimators based on intrinsic (i.e. absorption corrected) hard, 14-195

keV, X–ray luminosity, which is thought to be produced by the hot corona via Compton

scattering of the ultraviolet and optical photons coming from the accretion disk (Haardt

and Maraschi, 1991; Haardt et al., 1994, 1997). Actually the X–ray luminosity LX is known

to be empirically related to the dimension of the BLR, as it is observed for the optical

continuum luminosity of the AGN accretion disk (e.g. Maiolino et al., 2007; Greene et al.,

2010). Thanks to these R−LX empirical scaling relations, also Bongiorno et al. (2014) have

derived virial relations based on the Hα width and on the hard, 2-10 keV, X–ray luminos-

ity, that is less affected by galaxy obscuration (excluding severely absorbed, Compton

Thick, AGN: NH > 1024 cm−2). Indeed in the 14-195 keV band up to NH < 1024 cm−2 the

absorption is negligible while in the 2-10 keV band the intrinsic X–ray luminosity can be

recovered after measuring the NH column density via X–ray spectral fitting.

Recently Ho and Kim (2015) showed that the BH masses of RM AGN correlates tightly

and linearly with the optical VP (i.e. FHWM(Hβ)2×L0.5
5100) with different logarithmic zero

points for elliptical/classical and pseudo bulges. They used the updated database of RM

1Note that if the FWHM instead of theσline is used, the virial coefficient f has to be properly scaled depend-

ing on the FWHM/σline ratio (see e.g. Onken et al., 2004; Collin et al., 2006, for details) .
2As the calibrating RM masses are computed by measuring the BLR line width and its average distance

R = cτ, the fit of Equation 3.1 corresponds, strictly speaking, to the fit of the τ versus L relation (e.g. Bentz

et al., 2006).
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AGN with bulge classification from Ho and Kim (2014) and adopted the virial factors

separately for classical ( fCB = 6.3) and pseudobulges ( fPB = 3.2).

Prompted by these results, in this analysis we present an update of the calibrations

of the virial relations based on the hard 14-195 keV X–ray luminosity published in La

Franca et al. (2015). We extend these calibrations to the 2-10 keV X–ray luminosity and

to the most intense optical and NIR emission lines, i.e. Hβ λ4862.7 Å, Hα λ6564.6 Å,

He I λ10830.0 Å, Paβ λ12821.6 Å and Paα λ18756.1 Å. In order to minimize the statistical

uncertainties in the estimate of the parameters a and b of the virial relation (Equation

3.1), we have verified that reliable statistical correlations do exist among the hard X–ray

luminosities, L2−10keV and L14−195keV, and among the optical and NIR emission lines (as

already found by other studies: Greene and Ho, 2005b; Landt et al., 2008; Mejía-Restrepo

et al., 2016). These correlations allowed us 1) to compute, using the total dataset, average

FWHM and LX for each object and then derive more statistically robust virial relations

and 2) to compute our BH mass estimator using any combination of LX and optical or

NIR emission line width.

The Chapter is divided as follows: Sect. 3.2 presents the RM AGN dataset; in Sect.

3.3 we will test whether the optical (i.e. Hα and Hβ) and NIR (i.e. Paα, Paβ and He I

λ10830 Å, hereafter He I) emission lines probe similar region in the BLR; in Sect. 3.4 new

calibrations of the virial relations based on the average hard X–ray luminosity and the

average optical/NIR emission lines width, taking (or not) into account the bulge classi-

fication, are presented; finally Sect. 3.5 addresses the discussion of our findings and the

conclusions.

3.2. DATA

As we are interested in expanding the applicability of SE relations, we decided to use

emission lines that can be more easily measured also in low luminosity or obscured

sources, such as the Hα or the Paα, Paβ and He I. Moreover, we want also to demon-

strate that such lines can give reliable estimates as the Hβ (see e.g. Greene and Ho, 2005b;

Landt et al., 2008; Kim et al., 2010; Mejía-Restrepo et al., 2016). For this reason, we built

our sample starting from the database of Ho and Kim (2014) that lists 43 local RM AGN

(i.e. ∼90% of all the RM black hole masses available in the literature), all having bulge

type classifications based on the criteria of Kormendy and Ho (2013, Supplemental Ma-

terial). In particular, Ho and Kim (2014) used the most common condition to classify as

pseudo bulges those galaxies having Sersic index (Sersic, 1968) n < 2. However when the

nucleus is too bright this condition is not totally reliable due to the difficulty of carefully

measure the bulge properties. In this case Ho and Kim (2014) adopted the condition that

the bulge-to-total light fraction should be . 0.2 (e.g. Fisher and Drory, 2008; Gadotti,

2009, but see Graham and Worley 2008 for a discussion on the uncertainties of this selec-

tion criterion). In some cases, additional clues came from the detection of circumnuclear
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Table 3.2: Properties of the additional AGN1 database used in the emission line relation analysis.

Galaxy FWHM Hβ FWHM Hα FWHM Paα FWHM Paβ FWHM He I ref

[km s−1] [km s−1] [km s−1] [km s−1] [km s−1] OPT/NIR

(1) (2) (3) (4) (5) (6) (7)

H 1821+643 6615 5051 . . . 5216 4844 L08

H 1934-063 1683 1482 1354 1384 1473 L08

H 2106-099 2890 2368 1723 2389 2553 L08

HE 1228+013 2152 1857 1916 1923 1770 L08

IRAS 1750+508 2551 2323 . . . 1952 1709 L08

Mrk 877 6641 4245 . . . . . . . . . K00,P04

PDS 456 3159 . . . 2022 2068 . . . L08

SBS 1116+583A 3668 2059 . . . . . . . . . B09,B10

Notes. Columns are: (1) galaxy name; (2) to (6) are the FWHMs of Hβ, Hα, Paα, Paβ and He I; (7)

references for the optical and NIR emission lines, where: L08 is Landt et al. (2008), K00 is Kaspi

et al. (2000) and P04 is Peterson et al. (2004), B09 is Bentz et al. (2009b) and B10 is Bentz et al.

(2010).

rings and other signatures of ongoing central star formation.

It should be noted that an offset (∼0.3 dex) is observed in the MBH −σ? diagram both

when the galaxies are divided into barred and unbarred (e.g. Graham, 2008a; Graham

et al., 2011; Graham and Scott, 2013) and into classical and pseudobulges (Hu, 2008).

However, the issue on the bulge type classification and on which host properties better

discriminate the MBH−σ? relation is beyond the scope of this work, and in the following

we will adopt the bulge type classification as described in Ho and Kim (2014).

Among this sample, we selected those AGN having hard X–ray luminosity and at least

one emission line width available among Hβ, Hα, Paα, Paβ and He I. The data of 3C

390.3 were excluded since it clearly shows a double-peaked Hα profile (Burbidge and

Burbidge, 1971; Dietrich et al., 2012), a feature that could be a sign of non virial motions

(in particular of accretion disk emission, e.g. Eracleous and Halpern, 1994, 2003; Gezari

et al., 2007). Therefore our dataset is composed by:

1. Hβ sample. The largest sample considered in this work includes 39 RM AGN with

Hβ FWHM coming either from a mean or a single spectrum. By requiring that

these AGN have an X–ray luminosity measured either in the 2-10 keV or 14-195

keV band reduces the sample to 35 objects.

2. Hα sample. Thirty-two3 AGN have Hα FWHM. Among this sample, only Mrk 877

and SBS 1116+583A do not have an LX measurement available. Thus the final sam-

ple having both Hα FWHM and X–ray luminosity includes 30 galaxies.

3The AGN having Hα FWHM are 33, but we excluded the source Mrk 202 as the Hα FWHM is deemed to be

unreliable (Bentz et al., 2010).
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3. NIR sample. The FWHM of the NIR emission lines were taken from Landt et al.

(2008, 2013, i.e. 19 Paα, 20 Paβ and 16 He I). We added the measurements of

NGC 3783 that we observed simultaneously in the ultraviolet, optical and NIR with

Xshooter (Onori et al., 2017). Therefore the total NIR sample, with available X–ray

luminosity, counts: 19 Paα, 21 Paβ and 17 He I.

The total number of RM AGN is 37, twelve of them have all the five emission lines, five

of them have available four emission line measurements, six of them have three optical

or NIR broad lines, ten of them shows two measurements in literature and four of them

have only one emission line available. The details of each RM AGN are reported in Table

3.1. The intrinsic hard X–ray luminosities have been taken either from the SWIFT/BAT

70 month catalog (14-195 keV, L14−195keV; Baumgartner et al., 2013), or from the CAIXA

catalog (2-10 keV, L2−10keV; Bianchi et al., 2009). PG 1411+442 has public 2-10 keV lumi-

nosity from Piconcelli et al. (2005), while Mrk 1310 and NGC 4748 have public XMM ob-

servations, therefore we derived their 2-10 keV luminosity via X–ray spectral fitting. Both

X–ray catalogs list the 90% confidence level uncertainties on the LX and/or on the hard

X–ray fluxes, which were converted into the 1σ confidence level. For PG 1411+442, as the

uncertainty on the L2−10keV has not been published (Piconcelli et al., 2005), a 6% error

(equivalent to 10% at the 90% confidence level) has been assumed. All the FWHMs listed

in Table 3.1 have been corrected for the instrumental resolution broadening. When pos-

sible, we always preferred to use coeval (i.e. within few months) FWHM measurements of

the NIR and optical lines. This choice is dictated by the aim of verifying whether the opti-

cal and NIR emission lines are originated at similar distance in the BLR. The virial masses

have been taken mainly from the compilations of Grier et al. (2013) and Ho and Kim

(2014), and were computed from the σline(Hβ), measured from the rms spectra taken

during RM campaigns, and the updated Hβ time lags (see Zu et al., 2011; Grier et al.,

2013). For 3C 273 and Mrk 335 the logarithmic mean of the measurements available (Ho

and Kim, 2014) were used.

To the data presented in Table 3.1, we also added six AGN1 from Landt et al. (2008,

2013) (see Table 3.2) without neither RM MBH nor bulge classification, that however have

simultaneous measurements of optical and/or NIR lines. They are, namely: H 1821+643,

H 1934-063, H 2106-099, HE 1228+013, IRAS 1750+508, PDS 456. Table 3.2 also lists the

optical data of Mrk 877 and SBS 1116+583A. These additional eight sources that do not

appear in Table 3.1 are used only in the next Section in which emission line relations are

investigated.

3.3. EMISSION LINE RELATIONS

As suggested by several works (e.g. Greene and Ho, 2005b; Shen and Liu, 2012b; Mejía-

Restrepo et al., 2016), the strongest Balmer lines, Hα and Hβ, seem to come from the

same area of the BLR. If we confirm that a linear correlation between H I and He I opti-
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Figure 3.1: Linear relations between the FWHM of Hα and the FWHM either of Hβ, Paα, Paβ or He I, from left

to right and top to bottom. Red filled circles denote simultaneous observations of the two lines, while black

filled circles describe non-simultaneous line measurements. Grey open squares indicate the measurements

that are classified as outliers (see text for more details) and are not considered in the fits. The black dotted

line shows the 1:1 relation in all panels. In the top left panel, the best-fit relation computed on the coeval

sample is shown as a red solid line. The relations from Greene and Ho (2005b, dashed cyan) and Mejía-

Restrepo et al. (2016, dashed blue) are also reported.

cal and NIR lines (i.e. Paα, Paβ and He I) does exist, this has two consequences: it will

indicate i) that these lines come from the same region of the BLR, and ii) that the widely

assumed virialization of Hβ also implies the virialization of Hα and of the NIR lines.

Figure 3.1 shows the results of our analysis, by comparing the FWHM of Hα with the

FWHMs of the Hβ, Paα, Paβ and He I lines. In all panels the coeval FWHMs are shown by

red filled circles while those not coeval by black filled circles. Although in some cases the

uncertainties are reported in the literature, following the studies of Grupe et al. (2004),



38 3. VIRIAL BLACK HOLE MASS ESTIMATORS FOR LOW-L AND OBSCURED AGN

Vestergaard and Peterson (2006), Landt et al. (2008), Denney et al. (2009b), we assumed

a common uncertainty of 10% on the FWHM measurements.

The top left panel of Fig. 3.1 shows the relation between the two Balmer emission

lines. We find a good agreement between the FWHMs of Hα and Hβ. Using the sub-

sample of 23 sources with simultaneous measurements, the Pearson correlation coef-

ficient results to be r ' 0.92, with a probability of being drawn from an uncorrelated

parent population as low as ∼ 6×10−10. The least-square problem was solved using the

symmetrical regression routine FITEXY (Press et al., 2007) that can incorporate errors on

both variables and allows to account for intrinsic scatter. We fitted a log-linear relation

to the simultaneous sample and found

logFW H M(Hα) = logFW H M(Hβ)− (0.075±0.013) . (3.2)

The above relation means that Hβ is on average 0.075 dex broader than Hα, with a

scatter of ∼0.08 dex. This relation has a reduced χ2
ν ' 1.68. We performed the F-test

to verify the significance of this non-zero offset with respect to a 1:1 relation, getting

a probability value of ∼2e-4 that the improvement of the fit was obtained by chance4.

Therefore in this case the relation with a non-zero offset resulted to be highly significant.

We also tested whether this offset changes according to the bulge classification, when

available. No significant difference was found, as the offset of the pseudo bulges resulted

to be 0.076±0.020 and for the classical/elliptical 0.074±0.020.

Equation 3.2 is shown as a red solid line in the top left panel of Fig. 3.1. Our result

is in fair agreement (i.e. within 2σ) with other independent estimates, that are shown

as cyan (Greene and Ho, 2005b) and blue (Mejía-Restrepo et al., 2016) dashed lines. If

instead we consider the total sample of 34 AGN having both Hα and Hβ measured (i.e.

including also non coeval FWHMs), we get an average offset of 0.091±0.010 with a larger

scatter (∼0.1 dex). Also in this case, the offset does not show a statistically significant de-

pendence on the bulge classification, as the offset of elliptical/classical bulges resulted

to be 0.102±0.014 and for pseudo bulges it resulted to be 0.080±0.019. In all the afore-

mentioned fits, three outliers5 have been excluded even though the FWHMs were mea-

sured simultaneously. The excluded galaxies namely are Mrk 1310, Mrk 590 and NGC

5548. The first one has been excluded because the Hα measurement is highly uncertain

(561+960
−136 km s−1, Bentz et al., 2010), the latter two have extremely broader Hβ than either

Hα, Paα, Paβ and He I. This fact is due to the presence of a prominent “red shelf” in the

Hβ of these two sources (Landt et al., 2008). This red shelf is also most likely responsible

for the average trend observed between Hβ and Hα, i.e. of Hβ being on average broader

than Hα (Equation 3.2). Indeed it is well known (e.g. De Robertis, 1985; Marziani et al.,

1996, 2013) that the Hβ broad component is in part blended with weak Fe II multiplets,

4Throughout this Chapter in the F-test we use a threshold of 0.012, corresponding to a 2.5σ Gaussian devi-

ation, in order to rule out the introduction of an additional fitting parameter.
5The outlier values are marked with a dag in Table 3.1.



3.4. VIRIAL MASS CALIBRATIONS 39

He II λ4686 and He I λ4922, 5016 (Véron et al., 2002; Kollatschny et al., 2001). The si-

multaneous sample gives a relation with lower scatter than the total sample. Indeed,

the non-simultaneous measurements introduce additional noise due to the well-known

AGN variability phenomenon. Therefore in the following Sections we will use the average

offset between the FWHM of Hα and Hβ computed using the coeval sample (i.e. Equa-

tion 3.2), which also better agrees with the relations already published by Greene and Ho

(2005b) and Mejía-Restrepo et al. (2016).

The other three panels of Fig. 3.1 show the relations between the Hα and the NIR

emission lines Paα (19 objects) , Paβ (22) and He I (19). When compared to Hα, the sam-

ples have Pearson correlation coefficient r of 0.92, 0.94 and 0.95, with probabilities of

being drawn from an uncorrelated parent population as low as ∼ 2×10−8,9×10−11 and

5×10−10 for the Paα, Paβ and He I, respectively. No significant difference is seen between

the emission line widths of Hα and the NIR lines. This is not surprising as already Landt

et al. (2008) noted that there was a good agreement between the FWHM of the Paβ and

the two strongest Balmer lines, though an average trend of Hβ being larger than Paβ was

suggested (a quantitative analysis was not carried out). We fitted log-linear relations to

the data and always found that the 1:1 relation is the best representation of the sample.

We found a reduced χ2
ν of 1.54, 1.12 and 1.14 for Paα, Paβ and He I, respectively. The

F-test was carried out in order to quantitatively verify whether the equality relation is

preferred with respect to relations either with a non-zero offset or also including a free

slope. The improvements with a relation having free slope resulted not to be highly sig-

nificant, and therefore the more physically motivated 1:1 relation was preferred. These

best fitting relations are shown as black dotted lines in the remaining three panels of Fig-

ure 3.1. The relation between Hα and the Paβ emission line has been fitted using the

whole sample, while for the Paα and He I correlations we excluded the sources: NGC

7469 (for the Paα), Mrk 79 and NGC 4151 (for the He I; shown as grey open squares in the

bottom-right panel of Fig. 3.1). Although these three sources have simultaneous optical

and NIR observations (Landt et al., 2008), all show significantly narrower width of the

Paα or He I than all the other available optical and NIR emission lines.

3.4. VIRIAL MASS CALIBRATIONS

In the previous Section we showed that the Hα FWHM is equivalent to the widths of the

NIR emission lines, Paα, Paβ and He I, while it is on average 0.075 dex narrower than

Hβ. In order to minimize the uncertainties on the estimate of the zero point and slope

that appear in Equation 3.1 we used the whole dataset listed in Table 3.1. This is pos-

sible because, beside the linear correlations between the optical and NIR FWHMs, also

the intrinsic hard X–ray luminosities L2−10keV and L14−195keV are correlated. Indeed, as

expected in AGN, we found in our sample a relation between the two hard X–ray lumi-
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nosities,

logL2−10keV = logL14−195keV − (0.567±0.004) , (3.3)

which corresponds to an average X–ray photon index 〈Γ〉 ' 1.67 ( fν ∝ ν−(Γ−1)). We can

therefore calculate, for each object of our sample, a sort of average VP, which has been

computed by using the average FWHM of the emission lines (the Hβ has been converted

into Hα by using Equation 3.2) and the average X–ray luminosity (converted into 2-10

keV band using Equation 3.3). When computing the average FWHM, the values that in

the previous Section were considered outliers were again excluded. However we note

that each RM AGN has at least one valid FWHM measurement, therefore none of the

AGN has been excluded.

This final RM AGN sample is the largest with available bulge classification (Ho and

Kim, 2015) and hard LX and counts a total of 37 sources, 23 of which are elliptical/classical

and 14 are pseudo bulges6.

We want to calibrate the linear virial relation given in Equation 3.1, where MBH is the

RM black hole mass, which is equal to f ×Mvir, a is the zero point and b is the slope of the

average VP. We fitted Equation 3.1 for the whole sample of RM AGN assuming one of the

most updated virial factor 〈 f 〉 = 4.31 (Grier et al., 2013), which does not depend on the

bulge morphology. The data have a correlation coefficient r = 0.838 which corresponds

to a probability as low as ∼ 9×10−11 that they are randomly extracted from an uncorre-

lated parent population. As previously done in Sect. 3.3, we performed a symmetrical

regression fit using FITEXY (Press et al., 2007). We first fixed the slope b to unity finding

the zero point a = 8.032± 0.014. The resulting observed spread εobs is 0.40 dex, while

the intrinsic spread εintr (i.e. once the contribution from the data uncertainties has been

subtracted in quadrature) results to be 0.38 dex. We also performed a linear regression,

allowing the slope b to vary. The F-test was carried out to quantitatively verify whether

our initial assumption of fixed slope had to be preferred to a relation having free slope.

The F-test gave a probability of ∼ 0.07 which is not significantly small enough to demon-

strate that the improvement using a free slope is not obtained by chance. Therefore, the

use of the more physically motivated relation (having slope b = 1) that depends only lin-

early on the VP was preferred. The resulting best fitting parameters are reported in Table

3.3, while the virial relation is shown in the top-left panel of Fig. 3.2 (black solid line).

We then splitted the sample into elliptical/classical (23) and pseudo (14) bulges, adopt-

ing the same virial factor 〈 f 〉 = 4.31. The two samples have correlation coefficient r > 0.7

with probabilities lower than ∼ 10−3 that the data have been extracted randomly from an

uncorrelated parent population (see Table 3.3). Again we first fixed the slope b to unity,

6This sample is made of all sources having hard X–ray luminosity measurements among those of Ho and

Kim (2014), whose sample of bulge-classified RM AGN includes ∼90% of all the RM black hole masses

available in the literature.
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Figure 3.2: Virial relations between the BH mass MBH = f × Mvir and the average VP given by the mean

FWHM (once the Hβ has been converted into Hα) and the mean L2−10keV (using Equation 3.3 to convert

L14−195keV). In the top panels the black hole masses have been calculated assuming 〈 f 〉 = 4.31 (Grier et al.,

2013), while in the bottom panels two different f -factors fCB = 6.3 for classical bulges and fPB = 3.2 for

pseudo bulges (Ho and Kim, 2014) have been adopted to determine MBH. All the VPs are normalized as

specified in Equation 3.1 (see Tables 3.3-3.4 for the resulting best-fit parameters). In the left panels the total

calibrating sample is shown, while in the middle and right panels the sub samples of classical (red filled

squares) and pseudo bulges (blue open squares) are shown separately. The black lines show the best fitting

virial relations derived for the total sample, whereas the red and blue lines show the relations fitted for the

sub samples of classical and pseudo bulges, respectively.

obtaining the zero points a = 8.083±0.016 and a = 7.911±0.026 for classical and pseudo

bulges, respectively. We also performed a linear regression allowing a free slope. The F-

test was carried out and gave probabilities greater than 0.05 for both the classical and the

pseudo bulges samples. Therefore the more physically motivated relations that depend

linearly on the VP were preferred, as previously found for the whole sample. Top-middle

and top-right panels of Fig. 3.2 show the resulting best-fit virial relations for classical (in

blue) and pseudo bulges (in red). It should be noted that the average difference between

the zero points a of the two bulge type populations is ∼0.2 dex.

Obviously, the same fitting results, using these two sub-samples separately, are obtained

if the recently determined different f factors of 6.3 and 3.2 for classical and pseudo

bulges (Ho and Kim, 2014) are adopted. However, as expected, the difference between

the zero points of the two populations becomes larger (∼0.5 dex) as the zero points result

to be a = 8.248±0.016 and a = 7.782±0.026 for the classical and pseudo bulges, respec-
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Table 3.3: Results of the fits of the virial relations.

MBH vs V P (〈FW H M(Hα)〉,〈L2−10keV〉)

sample a b N r Prob(r) εobs εi ntr

(1) (2) (3) (4) (5) (6) (7) (8)

All 8.032 ± 0.014 1a 37 0.838 9×10−11 0.40 0.38

Clas 8.083 ± 0.016 1a 23 0.837 7×10−7 0.38 0.37

Pseudo 7.911 ± 0.026 1a 14 0.731 3×10−3 0.40 0.38

Allb 8.187 ± 0.021 1.376 ± 0.033 37 0.831 2×10−10 0.49 0.48

Notes. Best fitting parameters of the virial relations (see Equation 3.1) between the MBH =
f × Mvir, with 〈 f 〉 = 4.31 (Grier et al., 2013), and the average VP given by the mean FWHM

(once the Hβ has been converted into Hα) and the mean L2−10keV (using Equation 3.3 to con-

vert L14−195keV). Columns are: (1) sample bulge type, (2) and (3) zero point and slope of the virial

relation, (4) number of objects of each sample, (5) and (6) Pearson correlation coefficient with its

t-student probability, (7) logarithmic spread of the data on the MBH axis, (8) intrinsic logarithmic

spread of the data on the y axis as before.
aFixed value.
bIn this sample different virial factors for classical/elliptical and pseudo bulges have been used:

fCB = 6.3, fPB = 3.2 (Ho and Kim, 2014).

tively.

Finally we performed a calibration of Equation 3.1 for the whole sample adopting the

two virial factors fCB = 6.3 and fPB = 3.2, according to the bulge morphological classifi-

cation. The data result to have a correlation coefficient r = 0.831 with a probability as

low as ∼ 10−10 to have been drawn randomly from an uncorrelated parent population.

As previously described, we proceeded fixing the slope b to unity and then fitting a free

slope. The F-test gave a probability lower than 0.01, therefore the solution with slope7

b = 1.376±0.033 was in this case considered statistically significant (see Table 3.3). The

observed and intrinsic spreads resulted to be ∼0.5 dex (see Table 3.3). The bottom pan-

els of Fig. 3.2 show the virial relations that we obtained for the whole sample (left panel,

black dot-dashed line) and separately for classical (middle panel, red dashed line) and

pseudo bulges (right panel, blue dotted line), once the two different virial factors f are

adopted according to the bulge morphology.

We note that it is possible to convert our virial calibrations (which were estimated

using the mean line widths, once converted into the Hα FWHM, and the mean X–ray

luminosity, once converted into the L2−10keV) into other equivalent relations based on

either the Hβ, Paα, Paβ and He I FWHM and the L14−195keV, by using the correlations

shown in Equations 3.2 and 3.3. To facilitate the use of our virial BH mass estimators, we

7It should be noted that a slope different than unity implies that the LX −R relation (R∝Lα) has a power

α 6= 0.5, contrary to what found by Greene et al. (2010).
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list in Table 3.4 how the virial zero point a changes according to the couple of variables

that one wish to use. Moreover, as shown in the virial relation in the top part of Table

3.4, it is possible to convert the resulting BH masses for different assumed virial f fac-

tors adding the term log( f / f0), where f0 is the virial factor that was assumed when each

sample was fitted. The values of f0 are also reported in Table 3.4 for clarity. Note that, in

the last case where a solution was found for the total sample using separate f -factors for

classical and pseudobulges, the log( f / f0) correction cannot be used. However, this last

virial relation is useful in those cases where the bulge morphological type is unknown

and one wish to use a solution which takes into account the two virial factors for classi-

cal and pseudobulges as measured by Ho and Kim (2014). Otherwise, the virial BH mass

estimator calculated fitting the whole dataset assuming a single 〈 f 〉 = 4.31 can be used

(and if necessary converted adopting a different average f factor).

We compared the virial relation derived by La Franca et al. (2015) using the Paβ and

the L14−195keV with our two new virial relations, which depends on the VP given by the

Hα FWHM and the L14−195keV, obtained using the total sample, and assuming either 1)

an average virial factor 〈 f 〉 = 4.31 (as used in La Franca et al., 2015) or 2) the two different

f , separately for classical and pseudobulges. It results that our two new virial relations

give BH masses similar to the relation of La Franca et al. (2015) at MBH ∼ 107.5 M¯, while

they predict 0.3 (0.8) dex higher BH masses at MBH ∼ 108.5 M¯ and 0.2 (0.7) dex lower

masses at MBH ∼ 106.5 M¯, assuming the average 〈 f 〉 = 4.31 (the two f -factors fCB = 6.3,

fPB = 3.2). These differences are due the samples used: our dataset includes 15 AGN with

MBH & 108 M¯, while in the La Franca et al. (2015) sample there are only three, and at

MBH . 107 M¯ our dataset is a factor two larger.

The same comparison was carried out using the VP given by the Hα FWHM and the

L2−10keV with the analogous relation in Bongiorno et al. (2014). All the relations predict

similar masses in the MBH ∼ 107.5 M¯ range, while our new calibrations give 0.1 (0.2) dex

smaller (higher) masses at MBH ∼ 108.5 M¯ and 0.2 (0.1) dex bigger (lower) BH masses at

MBH ∼ 106.5 M¯, assuming the average 〈 f 〉 = 4.31 (the two f -factors fCB = 6.3, fPB = 3.2).

Finally our analysis shows some similarities with the results of Ho and Kim (2015),

who recently calibrated SE optical virial relation based on the Hβ FWHM and L1500, using

the total calibrating sample of RM AGN and separated according to the bulge morphol-

ogy into classical and pseudo bulges. They found that in all cases the MBH depends on

the optical VP with slope b = 1 and with different zero points a for classical and pseudob-

ulges. This difference implies that BH hosted in pseudo bulges are predicted to be 0.41

dex less massive than in classical bulges. When we adopt the same f -factors used by Ho

and Kim (2015), we do similarly find that the zero point a of classical bulges is ∼0.5 dex

greater than for pseudo bulges. However we do not confirm their result obtained using

the total sample, as we find that the best fitting parameter b of our VP should be different

than one. At variance when the same average 〈 f 〉 = 4.31 is adopted, both in the total and

in the sub-samples of classical and pseudo bulges, we find slope b = 1 relations, while
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the zero points of classical and pseudo bulges still show an offset of ∼0.2 dex.

3.5. DISCUSSION AND CONCLUSIONS

This work was prompted by the results of Ho and Kim (2015) who have calibrated optical

different virial relations according to the bulge morphological classification into classi-

cal/elliptical and pseudo bulges (Ho and Kim, 2014). In order to provide virial relations

to be used also for moderately absorbed AGN, following La Franca et al. (2015), we ex-

tended the approach of Ho and Kim (2015) using the intrinsic hard X–ray luminosity and

NIR emission lines. We thus obtained similar virial relations for the two bulge classes but

with an offset between the two zero points of ∼0.2 dex if the same average 〈 f 〉 = 4.31 is

used. If instead two different virial factors fCB = 6.3 and fPB = 3.2 are assumed, the offset

becomes linearly larger by a factor of ∼2, confirming the results by Ho and Kim (2015).

Neglecting the morphological information leads to a systematic uncertainty of ∼0.2-

0.5 dex, that is the difference we observe when we split the sample according to the host

bulge type. This uncertainty will be difficult to eliminate because of the current chal-

lenges at play when attempting to accurately measure the properties of the host, espe-

cially at high redshift and/or for luminous AGN. As already stated by Ho and Kim (2015),

AGN with MBH & 108 M¯ are most probably hosted by elliptical or classical bulges, as

suggested also by the current BH mass measures in inactive galaxies (e.g. Ho and Kim,

2014). Similarly, MBH . 106 M¯ are very likely hosted in pseudo bulges (e.g. Greene et al.,

2008; Jiang et al., 2011). However, the two populations significantly overlap in the range

106 . MBH/M¯ . 108 and therefore without bulge classification the BH mass estimate

is accurate only within a factor of ∼0.2-0.5 dex. Probably accurate bulge/disk decompo-

sition will be available also for currently challenging sources once extremely large tele-

scopes such the EELT become operative for the community. Indeed the high spatial res-

olution that can be achieved with sophisticated multiple adaptive optics will enable to

probe scales of few hundreds of parsecs in the centre of galaxies at z ∼ 2 (Gullieuszik

et al., 2016).

Obviously, the above results depend on the bulge morphological classification. As

discussed in the introduction, this classification should be carried out carefully, and the

reliability increases by enlarging the number of selection criteria used (Kormendy and

Ho, 2013; Kormendy, 2016). It should also be noted that according to some authors the

main selection criterion should instead be based on the presence or not of a bar (Gra-

ham and Li, 2009; Graham, 2014; Savorgnan and Graham, 2015). As a matter of fact it is

interesting to remark that an offset of 0.3 dex is also observed in the MBH −σ? diagram

when the galaxies are divided into barred and unbarred (e.g. Graham, 2008a; Graham

et al., 2011; Graham and Scott, 2013). Moreover, Ho and Kim (2014) note that although

the presence of a bar does not correlate perfectly with bulge type, the systematic differ-

ence in f between barred and unbarred galaxies qualitatively resembles the dependence
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on bulge type that they found.

Recently, Shankar et al. (2016) claimed that all the previously computed f factors

could have been artificially increased by a factor of at least ∼3 because of a presence

of a selection bias in the calibrating samples, in favours of the more massive BHs. This

result would imply that all the previous estimate of the virial relations, including those

presented in this work, suffer from an almost average artificial offset. If, as discussed by

Shankar et al. (2016), the offset is not significantly dependent on MBH, then it is sufficient

to rescale our results by a correction factor log( f / f0). The same correction term can also

be used to convert our relations assuming virial factors different than those used in this

work.

By testing whether the Hα probes a velocity field in the BLR consistent with the Hβ

and the other NIR lines Paα, Paβ and He I, we widened the applicability of our proposed

virial relations. Indeed assuming the virialization of the clouds emitting the Hβ implies

the virialization also of the other lines considered in this work. Moreover, these lines

can be valuable tools to estimate the velocity of the gas residing in the BLR also for in-

termediate (e.g. Seyfert 1.9) and reddened AGN classes, where the Hβ measurement is

impossible by definition. The use of these lines coupled with a hard X–ray luminosity

that is less affected by galaxy contamination and obscuration (which can be both cor-

rectly evaluated if LX > 1042 erg s−1 and NH < 1024 cm−2, Ranalli et al., 2003; Mineo et al.,

2014), assures that these relations are able to reliably measure the BH mass also in AGN

where the nuclear component is less prominent and/or contaminated by the hosting

galaxy optical emission. We can conclude that our new derived optical/NIR FWHM and

hard X–ray luminosity based virial relations can be of great help in measuring the BH

mass in low luminosity and absorbed AGN and therefore better measuring the complete

(AGN1+AGN2) SMBH mass function. In this respect, in the future, a similar technique

could also be applied at larger redshift. For example, at redshift ∼2-3 the Paβ line could

be observed in the 1-5 µm wavelength range with NIRSPEC on the JamesWebb Space

Telescope. While, after a straightforward recalibration, the rest frame 14-195 keV X-ray

luminosity could be substituted by the 10-40 keV hard X-ray band (which is as well not

so much affected by obscuration for mildly absorbed, Compton Thin, AGN). At redshift

∼2-3, in the observed frame, the 10-40 keV hard band roughly corresponds to the 2-10

keV energy range which is typically observed with the Chandra and XMM-Newton tele-

scopes.

The work presented in this Chapter has been published in A&A online: F. Ricci, F. La

Franca, F. Onori, S. Bianchi, 2017 (arXiv:1610.03490): “Novel calibrations of virial black

hole mass estimators in active galaxies based on X–ray luminosity and optical/near-infrared

emission lines”.



4
DETECTION OF FAINT BROAD

EMISSION LINES IN TYPE 2 AGN: I.

NEAR INFRARED OBSERVATIONS AND

SPECTRAL FITTING

The following Chapters 4 and 5 focus on a sample of local hard X-ray selected AGN2,

whose spectra have been collected in the framework of a systematic study of the AGN2

near infrared spectral properties and have been executed using ISAAC/VLT, X-shooter/VLT

and LUCI/LBT, reaching an average S/N ratio of ∼30 per resolution element. For those

objects observed with X-shooter we also obtained simultaneous optical and UV spec-

troscopy.

In particular, this Chapter presents a detailed spectral fitting analysis whose aim is to

detect and characterise faint virialized broad lines in hard X-ray selected AGN2. These

broad virialized components will be used in Chapter 5 to derive a virial BH mass estimate

using the virial relations calibrated in Chapter 3.

To this end, we present medium resolution near infrared spectroscopic observations

of 41 obscured and intermediate class AGN (type 2, 1.9 and 1.8; AGN2) with redshift

z .0.1, selected from the Swift/BAT 70-month catalogue.

4.1. INTRODUCTION

The dusty torus plays a key role in the framework of the Unified Model (Antonucci, 1993;

Urry and Padovani, 1995, see Section 1.4), since it enables the direct observation of the

central region (including the BLR) only along particular directions. Narrow lines are gen-

erated in distant (on torus scale), rarefied gas regions, where the gravitational influence

47
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from the black hole is less intense, the Narrow Line Region (NLR). Therefore, an AGN2

is observed in the torus plane (i.e. edge-on) and then the view of the innermost regions

of the BLR is obstructed by the intercepting material of the torus. Only narrow emission

lines are directly visible in this case. AGN1, instead, are believed to be observed with the

torus nearly face-on and then they show in their rest-frame optical spectra both the BLR

and the NLR emission lines.

The “zeroth order” AGN unified model implies that AGN with the same intrinsic (i.e.

corrected for absorption) luminosity have the same properties (e.g. same BH masses,

same accretion rates). Nevertheless, nowadays there is growing evidence that AGN1 and

AGN2 are intrinsically different populations (see e.g. Elitzur, 2012), having, on average,

different luminosities (smaller for AGN2; Lawrence and Elvis, 1982; Ueda et al., 2003; La

Franca et al., 2005; Ueda et al., 2014), different accretion rates (smaller for AGN2; Win-

ter et al., 2010), different Eddington ratios (Lusso et al., 2012), different clustering, envi-

ronment and halo mass properties (Allevato et al., 2014; Jiang et al., 2016b; DiPompeo

et al., 2016). Since their discovery, there have been many attempts, using several meth-

ods (e.g. polarimetric and/or high S/N spectroscopy, both in the optical and NIR bands)

to find evidence of the presence of the BLR also in AGN2. As already anticipated in Sec-

tion 2.3.3,several studies have shown that some AGN2 exhibit faint components of broad

lines if observed with high S/N in the NIR, where the dust absorption is less severe than

in the optical (Veilleux et al., 1997; Riffel et al., 2006; Cai et al., 2010). These studies have

found evidence of faint BLR components only in few cases. However these works have

not been carried out systematically on statistically well defined samples.

This Chapter is dedicated to the study of the AGN2 population using NIR and optical

spectra, together with multi-wavelength photometric observations, of a sub-sample of

AGN2 extracted from the Swift/BAT 70-month AGN X-ray catalogue (Baumgartner et al.,

2013). In this Chapter we describe the NIR observations and, through a detailed spec-

tral analysis we investigate the presence of BLR components in the NIR, and (if data are

available) optical bands. In the framework of this analysis, as nowadays used in many

statistical studies on X–ray selected AGN samples, AGN2 refers to those X-ray selected

AGN where no evident BLR emission component (or even no line at all, as in the case

of the X-ray Bright Optically Normal Galaxies: XBONG) was identified in their optical

spectra (see e.g. Comastri et al., 2002; Civano et al., 2007).

The method and the results for NGC 4395, NCG 6221 and MCG −01−24−012 have

already been partially presented in La Franca et al. (2015, 2016). In section 6.3 and 4.3 the

sample and the observations are described, while in section 4.4 the line fitting method

and the results are shown. Section 4.5 is dedicated to a study of possible selection effects

and in section 4.6 the conclusions are presented.
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4.2. THE SAMPLE

The Swift Gamma-ray burst observatory was launched in November 2004, and has been

continually observing the hard X-ray sky in the 14–195 keV band with the Burst Alert

Telescope (BAT), a large coded-mask telescope optimised to detect transient Gamma ray

bursts. The wide field of view, the broad sky coverage and the improved sensitivity with

respect to the previous Swift/BAT surveys, allowed the construction of the 70-month

catalogue, one of the most uniform and complete hard X-ray surveys, almost unbiased

against Compton-thin (NH ∼1022–1024 cm−2) X-ray absorbed AGN (Baumgartner et al.,

2013). The 70-month catalogue contains 1210 hard X-ray sources in the 14–195 keV band

down to a significance level of 4.8 σ and among these 711 are classified as AGN.

In order to look for the faint BLR components in the NIR, we selected a sample of

41 obscured and intermediate class AGN (type 2, 1.9 and 1.8, as classified in Baumgart-

ner et al. (2013)1; in the following AGN2) with redshift .0.1 from the 312 AGN2 of the

Swift/BAT 70-month catalogue. The first 33 objects were observed with LUCI/LBT (10)

and ISAAC/VLT (23) and were randomly extracted from the parent sample according to

the observability conditions at the telescopes, while 10 objects were observed with X-

shooter/VLT and chosen in order to better cover the X-ray luminosity range of the sample

(40.79<logL14−195 <44.60 erg s−1). Two sources (LEDA 093974 and MCG −05−23−016)

were observed by both ISAAC/VLT and X-shooter/VLT. We have also observed one well

known AGN1 with X-shooter (NGC 3783) in order to test our method.

Our sample of 41 AGN2 and 1 AGN1 is listed in Table 4.1 along with the 14–195 keV

luminosity (in the following hard X luminosity), the column density (NH), the optical

classification and the spectrograph used. As shown in Table 4.1, for most of the sources

the NH values have been retrieved from the literature, while for 5 sources publicly avail-

able X-ray data were analysed. For 3XMM J112716.3+190920 the XMM-Newton EPIC-

pn data (exposure time of ≈6.2 ks) plus Swift/BAT were used, while for ESO 157−G023,

ESO 374−G44, 2MASX1830+0928 and ESO 234−G50 the X-ray coverage was provided

by multiple Swift/XRT and BAT observations; the final exposure time in XRT was ≈10.8,

18.5, 26.5 and 10.7 ks, respectively. To derive the NH and intrinsic (i.e., absorption-

corrected) AGN luminosity of all of these sources we adopted as a baseline model an

absorbed powerlaw plus a scattering component (for the soft X-ray emission); only for

3XMM J112716.3+190920 an iron Kα emission line (with equivalent width of ≈80 eV)

was detected. In the left panel of Figure 4.1 the redshift of the 41 observed AGN2 and

the total 70-month Swift/BAT AGN1 and AGN2 samples, as a function of the hard X-ray

luminosity, are shown, while in the right panel the hard X-ray luminosity distribution is

reported.

1The classification present in the 70 month catalogue is based on the association of BAT hard X-ray sources

to counterparts identified by examining archival X-ray observations from Swift-XRT, Chandra, XMM-

Newton, Suzaku, and ASCA. X-ray sources with an extrapolated flux above the BAT detection threshold

were checked against SIMBAD and NED to determine a source name and type.
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Table 4.1: General properties of the observed sample.

Name RA DEC z logLX logNH Cl Instr.
(1) (2) (3) (4) (5) (6) (7) (8)

2MASX J06411806+3249313 06:41:18.0 +32:49:32 0.0470 44.26 23.09 (P12) 2 LUCI
2MASX J09112999+4528060 09:11:30.0 +45:28:06 0.0268 43.42 23.42 (T08) 2 LUCI
2MASX J11271632+1909198 11:27:16.3 +19:09:20 0.1059 44.65 21.79 1.8 LUCI
3C 403 19:52:15.8 +02:30:24 0.059 44.46 23.60 (T08) 2 LUCI
Mrk 417 10:49:30.9 +22:57:52 0.0327 43.90 23.60 (T08) 2 LUCI
NGC 3079 10:01:57.8 +55:40:47 0.00372 42.00 24.73 (A12) 2 LUCI
NGC 4138 12:09:29.8 +43:41:07 0.0029 41.76 22.90 (T08) 1.9 LUCI
NGC 4388 12:25:46.7 +12:39:44 0.0084 43.64 23.63 (T08) 2 LUCI
NGC 4395 12:25:48.8 +33:32:49 0.0013 40.79 22.30 (T08) 1.9a LUCI
NGC 4686 12:46:39.9 +54:32:03 0.0167 43.24 21.37 (V13) XBONGb LUCI
2MASX J05054575−2351139 05:05:46.5 −23:51:22 0.0350 44.24 23.50 (E09) 2 ISAAC
3C 105 04:07:16.4 +03:42:26 0.089 44.74 23.43 (T08) 2 ISAAC
CGCG 420−015 04:53:25.7 +04:03:42 0.0294 43.75 24.16 (A12) 2 ISAAC
ESO 005−G004 06:05:44.0 −86:37:57 0.0062 42.46 23.88 (T08) 2 ISAAC
ESO 157−G023 04:22:24.2 −56:13:33 0.0435 43.97 22.80 2 ISAAC
ESO 297−G018 01:38:39.3 −40:00:40 0.0252 44.00 23.84 (T08) 2 ISAAC
ESO 374−G044 10:13:20.4 −35:59:07 0.0284 43.57 23.71 2 ISAAC
ESO 416−G002 02:35:14.1 −29:36:26 0.0592 44.29 <19.60 (T08) 1.9 ISAAC
ESO 417−G006 02:56:21.6 −32:11:26 0.0163 43.26 22.80 (HG15) 2 ISAAC
Fairall 272 08:23:01.1 −04:56:05 0.0218 43.70 23.50 (B11) 2 ISAAC
LEDA 093974 10:40:22.3 −46:25:26 0.0239 43.35 22.96 (T08) 2 ISAAC
MCG −01−24−012 09:20:46.2 −08:03:22 0.0196 43.55 22.80 (T08) 2 ISAAC
MCG −05−23−016 09:47:40.3 −30:57:10 0.0085 43.51 22.47 (T08) 2 ISAAC
Mrk 1210 08:04:06.2 +05:06:31 0.0135 43.35 23.34 (M12) 2 ISAAC
NGC 612 01:33:59.3 −36:29:41 0.0298 44.05 23.70 (T08) 2 ISAAC
NGC 788 02:01:06.4 −06:48:57 0.0136 43.52 23.48 (T08) 2 ISAAC
NGC 1052 02:41:04.8 −08:15:21 0.005 42.22 23.30 (G00) 2 ISAAC
NGC 1142 02:55:12.3 −00:11:02 0.0289 44.23 23.38 (T08) 2 ISAAC
NGC 1365 03:33:38.0 −36:08:31 0.0055 42.63 23.60 (T08) 1.8 ISAAC
NGC 2992 09:45:42.1 −14:19:35 0.0077 42.55 22.00 (T08) 2 ISAAC
NGC 3081 09:59:29.1 −22:49:23 0.0080 43.07 23.52 (T08) 2 ISAAC
NGC 3281 10:31:52.1 −34:51:13 0.0107 43.34 24.30 (T08) 2 ISAAC
PKS 0326−288 03:28:36.8 −28:41:57 0.108 44.60 20.49 (I12) 1.9 ISAAC
ESO 263−G013 10:09:48.2 −42:48:40 0.0333 43.96 23.43 (M13) 2 X-sh
LEDA 093974 10:40:22.3 −46:25:26 0.0239 43.35 22.96 (T08) 2 X-sh
MCG −05−23−016 09:47:40.3 −30:57:10 0.0085 43.51 22.47 (T08) 2 X-sh
2MASX J18305065+0928414 18:30:50.6 +09:28:41 0.0190 42.40 23.26 2 X-sh
ESO 234−G050 20:35:57.8 −50:11:32 0.0088 42.29 23.95 2 X-sh
NGC 4941 13:04:13.1 −05:33:06 0.0037 41.79 21.38 (V13) 2 X-sh
NGC 4945 13:05:27.3 −49:28:04 0.0019 42.35 24.60 (T08) 2 X-sh
NGC 5643 14:32:40.8 −44:10:29 0.0040 41.80 23.85 (G04) 2 X-sh
NGC 6221 16:52:46.3 −59:13:01 0.0050 42.05 22.00 (B06) 2 X-sh
NGC 7314 22:35:46.2 −26:03:01 0.0048 42.42 21.79 (T08) 1.9 X-sh

NGC 3783 11:39:01.7 −37:44:18 0.0097 43.58 22.47 (T08) 1 X-sh

Notes. Columns are: (1) Source name; (2) and (3) R.A. and Dec. (J2000); (4) Redshift (Baumgartner et al., 2013);
(5) 14–195 keV luminosity (erg s−1); (6) Intrinsic hydrogen column density (cm−2; A12 = Ajello et al. 2012; B06 =
Beckmann et al. 2006; B11 = Burlon et al. 2011; E09 = Eguchi et al. 2009; G00,G04 = Guainazzi et al. 2000, 2004;
HG15 = Hernández-García et al. 2015; I12 = Ichikawa et al. 2012; M12 = Marinucci et al. 2012; M13 = Molina
et al. 2013; P12 = Parisi et al. 2012, T08=Tueller et al. 2008; V13=Vasudevan et al. 2013b); (7) SWIFT/BAT AGN
classification; (8) Instrument used.

aSy1.8 from Véron-Cetty and Véron 2006
bX-Ray Bright Optically Normal Galaxy
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Table 4.2: Journal of observations

Object name Obs. Date UT Exposure Seeing Airmass Extraction Scale
[hh:mm] [s] [′′] [′′] [pc]

(1) (2) (3) (4) (5) (6) (7) (8)
LUCI Observations

1′′×2.8′ slit width; Filter: z Jspec; Grating: 200 H+K

2MASX J06411806+3249313 20 Oct 2012 08:15 8×350 1.47 1.52 1.5 1402
2MASX J09112999+4528060 20 Oct 2012 10:57 8×350 0.75 1.39 1.5 801
2MASX J11271632+1909198 06 Dec 2012 11:06 8×350 0.53 1.10 1.5 3146
3C 403 25 Oct 2012 02:14 2×350 1.33 1.21 1.5 1778
NGC 3079 24 Oct 2012 12:24 8×350 1.08 1.26 1.5 117
NGC 4138 06 Dec 2012 10:55 8×350 0.54 1.37 1.5 93
NGC 4388 19 Feb 2013 09:36 8×350 0.74 1.07 0.5 82
NGC 4395 05 Dec 2012 12:09 8×350 0.54 1.21 1.5 33
NGC 4686 07 Dec 2012 11:16 8×350 1.05 1.42 1.5 509
Mrk 417 05 Dec 2012 10:03 8×350 0.73 1.38 1.5 972

ISAAC Observations
0.8′′×120′′ slit width; Filter: J ; Grating: LR and MR

2MASX J05054575−2351139 03 Nov 2011 03:41 6×180 0.90 1.41 0.6 413
3C 105 21 Oct 2011 07:22 6×180 0.76 1.15 0.9 1593
CGCG 420−015 19 Dec 2011 06:04 6×180 0.71 1.45 0.6 349
ESO 005−G004 04 Nov 2011 03:04 6×180 1.36 2.30 0.9 100
ESO 157−G023 19 Oct 2011 07:41 6×180 1.03 1.17 0.9 159
ESO 297−G018 13 Oct 2011 04:34 6×180 1.22 1.04 0.6 62
ESO 374−G044 22 Jan 2012 01:59 6×180 0.98 1.82 0.9 102
ESO 416−G002 08 Oct 2011 02:37 6×180 1.05 1.48 0.6 703
ESO 417−G006 11 Oct 2011 06:37 6×180 1.00 1.01 0.9 286
Fairall 272 22 Dec 2011 04:49 6×180 0.96 1.26 0.6 253
LEDA 093974 08 Jan 2012 04:51 6×180 0.85 1.38 0.6 277
MCG −01−24−012 07 Jan 2012 03:06 6×180 1.19 1.67 0.9 341
MCG −05−23−016 01 Jan 2012 04:39 6×180 0.82 1.29 0.6 92
Mrk 1210 19 Dec 2011 07:56 6×180 0.69 1.24 0.6 156
NGC 612 13 Oct 2011 02:43 6×180 1.12 1.15 0.9 353
NGC 788 07 Oct 2011 02:09 6×180 1.06 1.69 0.9 245
NGC 1052 04 Nov 2011 01:14 6×180 0.90 1.54 0.9 90
NGC 1142 09 Oct 2011 04:53 6×180 0.90 1.20 0.9 517
NGC 1365 13 Oct 2011 05:56 6×180 0.87 1.03 0.6 60
NGC 2992 07 Jan 2012 04:32 6×180 1.14 1.28 0.9 127
NGC 3081 06 Jan 2012 03:55 6×180 1.16 1.59 0.4 58
NGC 3281 14 Nov 2011 07:26 6×180 1.09 1.64 0.9 178
PKS 0326−288 07 Oct 2011 03:01 6×180 0.88 1.55 0.9 1943



52 4. NIR BROAD LINES DETECTION IN AGN2

Tab
le

4.2:C
o

n
tin

u
ed

.

O
b

jectn
am

e
O

b
s.D

ate
U

T
E

xp
o

su
re

Seein
g

A
irm

ass
E

xtractio
n

Scale

U
V

B
V

IS
N

IR

[h
h

:m
m

]
[s]

[s]
[s]

[ ′′]
[ ′′]

[p
c]

(1)
(2)

(3)
(4)

(5)
(6)

(7)
(8)

X
-sh

o
o

ter
O

b
servatio

n
s

slitw
id

th
:1.0 ′′×

11 ′′fo
r

U
V

B
an

d
a

0.9 ′′×
11 ′′fo

r
V

IS
an

d
N

IR

E
SO

263−
G

013
11

Feb
2013

00:47
2×

50
2×

50
2×

150
1.2

1.93
1.5

980

LE
D

A
093974

11
Feb

2013
08:03

2×
225

2×
250

2×
300

0.92
1.28

1.5
693

M
C

G
−

05−
23−

016
11

Feb
2013

01:10
2×

130
2×

163
2×

200
0.85

1.56
1.5

231

2M
A

SX
J18305065+0928414

05
Ju

n
2014

04:15
10×

225
10×

259
10×

291
0.70

1.42
1.0

397

E
SO

234-G
050

25
Ju

n
2014

06:38
10×

225
10×

259
10×

291
0.78

1.11
1.0

172

N
G

C
3783

11
Feb

2013
08:21

2×
230

2×
263

2×
300

0.94
1.09

1.5
181

N
G

C
4941

21
Ju

l2014
22:54

10×
225

10×
259

10×
291

0.84
1.29

1.0
68

N
G

C
4945

23
A

p
r

2014
04:47

10×
225

10×
259

10×
291

1.07
1.14

1.0
26

N
G

C
5643

20
Ju

n
2014

03:50
10×

225
10×

259
10×

291
1.14

1.24
1.0

71

N
G

C
6221

24
A

p
r

2014
06:07

10×
225

10×
259

10×
291

1.01
1.25

1.0
92

N
G

C
7314

25
Ju

n
2014

07:50
10×

225
10×

259
10×

291
0.67

1.01
1.0

98

N
o

tes.C
o

lu
m

n
s

are:(1)
So

u
rce

n
am

e;(2)
D

ate
o

fo
b

servatio
n

;(3)
Startin

g
U

T
o

facq
u

isitio
n

;(4)
N

u
m

b
er

o
facq

u
isitio

n
s

an
d

exp
o

-
su

re
tim

e
fo

r
each

acq
u

isitio
n

;
(5)

Seein
g;

(6)
A

irm
ass;

(7)
W

id
th

o
f

th
e

1d
sp

ectra
extractio

n
;

(8)
Size

o
f

th
e

n
u

clear
regio

n
co

rre-
sp

o
n

d
in

g
to

th
e

extractio
n

w
id

th
.T

h
e

slitw
id

th
,fi

lter
an

d
gratin

g
o

fth
e

in
stru

m
en

ts
are

also
listed

.



4.3. OBSERVATIONS AND DATA REDUCTION 53

Figure 4.1: Left: Hubble diagram of the Swift/BAT 70-month sample: AGN1 (green open squares), AGN2

(black crosses), AGN2 observed in the framework of our campaign (red filled dots) and those observed

‘Broad AGN2’, showing BLR components (BAGN2; blue filled triangles). The AGN1 NGC 3783, which has

also been observed, is shown by a cyan filled triangle. Right:Histogram of the 14–195 keV luminosity of

the Swift/BAT AGN1 (green line), Swift/BAT AGN2 (black line) and our subsample of NIR spectroscopically

observed AGN2 (red line).

4.3. OBSERVATIONS AND DATA REDUCTION

The observations have been carried out at ESO/VLT and at LBT in the period between

October 2011 and June 2014. All the spectra were taken under a clear sky but with dif-

ferent seeing and airmass conditions (see Table 4.2). Targets acquisition was carried out

paying attention to centre the galaxy’s nucleus at the best and, when possible, the slit has

been rotated in order to include also a star for better OH telluric absorption correction.

For each target the individual spectrum was obtained using the nodding technique in

the standard ABBA sequence, in order to obtain a good quality sky correction during the

data reduction phase. We have also observed a bright star (O, B, A or Solar spectral type)

within 30 minutes to the target observations, which was used for the flux calibration and

for correction of the OH absorptions every time the telluric star was not available. Flats

and arcs were taken within one day of the observations. In the following three sections

we describe the spectrographs and the observational set-up used for the acquisition.

4.3.1. LUCI/LBT OBSERVATIONS

The LBT NIR Spectrograph Utility with Camera and Integral-Field Unit for Extragalac-

tic Research (LUCI; Seifert et al., 2003) is a NIR spectrograph and imager, mounted on

the bent Gregorian focus of the SX mirror of the telescope at LBT observatory (LBTO) in

Arizona. The instrument is equipped with Rockwell HAWAII-2 HdCdTe 2048×2048 px2

array and it works in the wavelength range from 0.85 µm to 2.5 µm, corresponding to the

photometric z, J , H and K bands.

We observed a total of 10 AGN2 of our sample in the period October 2012 - February

2013, having 0h< α <22h and δ > −10◦. All the objects have been acquired in the z J
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(0.92−1.5 µm) band using the grating 200 H+K in combination with the z Jspec filter.

For each object 8 images were taken, with exposures of 350 s each. A 1′′×2.8′ slit was

used, corresponding to a resolution R = λ/∆λ = 1360 and to a velocity uncertainty of σv

= 220 km s−1 for the J band (λc∼11750 Å) in the rest-frame.

4.3.2. ISAAC/VLT OBSERVATIONS

The VLT Infrared Spectrometer And Array Camera (ISAAC; Moorwood et al., 1998) is an

IR (1−5 µm) imager and spectrograph mounted at the Nasmyth A focus of the UT3 of the

VLT in Chile. It has two arms, one equipped with the 1024×1024 Hawaii Rockwell array,

used for short wavelength mode (SW; 1−1.5 µm), and the other with a 1024×1024 InSb

Aladdin array, used for long wavelength mode (LW; 3−5 µm). In spectroscopic mode

ISAAC is equipped with two gratings, for Low and Medium resolution spectroscopy (LR

and MR, respectively).

Twenty-three AGN2 of our sample, having 0h <α< 12h and δ<10◦, were observed in

SW mode in the period October 2011 - January 2012. All the targets have been observed

in the J band (1.1−1.4 µm), using both LR and MR modes. In particular, in the MR mode

the wavelength range was centred where either the Paβ or the He I λ10830 Å emission

lines were expected, according to the redshift of the source. For each object we acquired

6 LR images with exposures of 180 s each and 4 MR images with exposures of 340 s each.

A 0.8′′×2′ slit was used, corresponding to a spectral resolution R = 730 and R = 4700 (at

λc∼1.2 µm) and to a velocity uncertainty of σv = 430 km s−1and σv = 60 km s−1 (in the

rest-frame) for LR and MR, respectively.

4.3.3. X-SHOOTER/VLT OBSERVATIONS

X-shooter (Vernet et al., 2011) is a single slit spectrograph mounted to the Cassegrain fo-

cus of the VLT UT3, covering in a single exposure the spectral range from the UV to the K

band (300−2500 nm). The instrument is designed to maximize the sensitivity in the spec-

tral range by splitting the incident light in three arms with optimized optics, coatings, dis-

persive elements and detectors. It operates at intermediate resolutions, R = 4000−18000,

depending on wavelength and slit width. The three arms are fixed format cross-dispersed

échelle spectrographs and operate in parallel.

We have observed 10 AGN2 and one AGN1 from our sample, with 10h <α< 22h and

δ <10◦. The first set of observations (4 sources) has been carried out in visitor mode

on February 2013 and for each object we acquired 2 images with exposures, in the NIR

band, in the range of 150–300 s each. The second set of X-shooter observations, including

7 sources, has been performed in service mode between April 2014 and June 2014. For

each object we acquired 10 images with exposures, in the NIR band, of ∼290 s each.

For both set of observations, a 1.0′′×11′′ slit for the UVB arm and a 0.9′′×11′′ slit for

the VIS and NIR arms were used, corresponding to a spectral resolution R = 4350 for the

UVB arm, R = 7450 for the VIS arm and R = 5300 for NIR arm, and to a velocity uncertainty

of σv∼70/40/60 km s−1 at zero redshift, in the UVB/VIS/NIR arms, respectively.
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4.3.4. DATA REDUCTION

The data reduction was carried out using standard IRAF (Tody, 1986) tasks and included

flat field correction, cosmic ray cleaning, wavelength calibration, extraction of spectra

from science frames using the optimized method by Horne (1986), telluric absorption

correction and flux calibration. The wavelength calibrations made use of Xe and Ar arc

lamps as a reference, and were eventually compared to the OH sky lines in order to ap-

ply, when necessary, small offsets due to instrument flexures during the observations.

Telluric correction and flux calibration have been carried out by observing bright O, B, A

or Solar spectral class type stars, just after or before the science observations (Maiolino

et al., 1996; Vacca et al., 2003). In some cases, when possible, the calibration star has

been put in the slit of the science observations, for a better telluric correction. As far as

the X-shooter data are concerned, the above data reduction steps were carried out using

the REFLEX X-shooter pipeline (Freudling et al., 2013).

4.4. THE EMISSION LINE MEASUREMENTS
We have identified and analysed in our spectra the most important NIR and optical emis-

sion lines, as listed in Table 4.3. The vacuum rest-frame wavelengths were used. In Fig-

ures 4.2 to 4.5, all the 42 spectra (41 AGN2 and 1 AGN1), divided according to the in-

strument used, are shown. We have looked for faint broad components both in the Paβ

and the He I10830 Å emission lines as they are the most prominent permitted emission

lines visible in the NIR J band. For those objects observed with X-shooter the Hα and

Hβ spectral regions were also analysed. Moreover for those objects observed with either

LUCI or ISAAC, where a BLR component was detected in the NIR, optical data taken from

the literature were also studied.

The 1σ uncertainties provided by the data reduction pipelines, or estimated from

featureless regions of the spectra, were used to carry out the fitting using XSPEC 12.7.1

(Arnaud, 1996). The local continuum was always modelled with a power-law and sub-

tracted, then all significant (using the F-test) components were modelled with Gaussian

profiles. All measurements were performed in the redshift corrected spectrum (i.e. in

the object rest frame). All the redshifts were taken from the Swift/BAT 70-month cata-

logue (Baumgartner et al., 2013). We have identified as narrow (N) all the components

having widths less than ∼500 km s−1, well centred with the wavelength expected from

the systemic redshift, and compatible with the forbidden lines widths. At variance, the

largest components of the permitted H I and He I lines, significantly larger than the nar-

row components, have been classified as broad (B). In some cases other intermediate (I)

width components, blueshifted with respect to the narrow components, were also iden-

tified. When possible, the narrow component of the permitted lines (H I and He I) has

been modelled by imposing the same FWHM (in velocity space) found for the narrow

component of the forbidden lines in the same spectral band. In the optical we have

imposed that the intensity ratios between the [O III]4959 Å and [O III]5007 Å and be-

tween [N II]6548 Å and [N II]6583 Å satisfied the 1:2.99 relation (Osterbrock and Ferland,

2006). When intermediate components were found, we have fixed their FWHM and their

blueshift ∆v to be equal to that measured in the corresponding intermediate compo-

nents of the most intense forbidden line, observed in the same spectral region. We have
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Table 4.3: Observed optical and NIR emission lines.

Optical NIR

Element Vacuum Wavelength Element Vacuum wavelength

[Å] [Å]

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

[Ne V] 3346.79 [S III] 9069.0

[Ne V] 3426.85 [S III] 9531.0

[O II] 3728.38 Paε 9548.6

[O II] 3729.86 [C I] 9853.0

[Fe VIII] 3759.69 [S VIII] 9911.1

[Ne III] 3869.86 Paδ 10052.1

[[Fe V] 3896.33 He II 10122.0

[Ne III] 3968.59 He I 10830.0

Hγ 4341.69 Paγ 10938.0

He II 4687.02 O I 11287.0

Hβ 4862.68 [P II] 11886.0

[O III] 4960.30 [S IX] 12523.0

[O III] 5008.24 [Fe II] 12570.0

[Fe VII] 5722.30 Paβ 12821.6

He I 5877.25 [Fe II] 16436.0

[Fe VII] 6087.98

[O I] 6302.05

[O I] 6365.54

[N II] 6549.84

Hα 6564.61

[N II] 6585.23

[S II] 6718.32

[S II] 6732.71

[O II] 7322.01

[Fe XI] 7894.0



4.4. THE EMISSION LINE MEASUREMENTS 57

Figure 4.2: Near infrared spectra, obtained with LUCI/LBT, corrected for redshift. The rest frame wavelength

position of some of the most relevant emission lines are shown by dashed vertical lines. The spectra are flux

calibrated, but are shown with arbitrary normalization.

found significant broad line components in 13 out of 41 observed AGN2. In Figures 4.6

to 4.18 the fitting models of the spectral regions including the Paβ, He I, Hα and Hβ lines

of these 13 AGN2 are shown. The corresponding fitting parameters (FWHM, not yet cor-

rected for the instrumental resolution, EW and∆v) are listed in Tables 4.4 and 4.5, while

the FWHM values, corrected for instrumental broadening, are listed in Table 4.7. In Sec-

tion 4.7 more detailed descriptions of the line fittings are discussed, while in appendix

A.1 the spectral fitting of those objects without (secure) evidence of a broad component

in the region of the Paβ or He I lines (when the Paβ region was not observed) are shown.

In appendix A.2 we report the main fitting parameters for all the analysed emission lines

of all the 42 spectra: FWHM (not corrected for the instrumental resolution), EW and line

flux are listed (Tables A.1 to A.15).
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Figure 4.3: Low resolution NIR spectra, obtained with ISAAC/VLT, corrected for redshift. The rest frame

wavelength position of some of the most relevant emission lines are shown by dashed vertical lines. The

spectra are flux calibrated, but are shown with arbitrary normalization.
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Figure 4.3 Continued
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Figure 4.4: Redshift corrected NIR spectra obtained with X-shooter/VLT. The spectrum of the AGN1 NGC

3783 is shown in red on the top. The rest frame wavelength position of some of the most relevant emission

lines are shown by dashed vertical lines. Wavelength regions of bad atmospheric transmission have been

masked out. The spectra are flux calibrated, but are shown with arbitrary normalization.
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Figure 4.5: UVB+VIS spectra obtained with X-shooter/VLT, corrected for redshift. The spectrum of the AGN1

NGC 3783 is shown in red on the top. The rest frame wavelength position of some of the most relevant emis-

sion lines are shown by dashed vertical lines. The spectra are flux calibrated, but are shown with arbitrary

normalization.
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Figure 4.6: Near infrared and optical spectra of NGC 4395, corrected for redshift (see also La Franca et al.,

2015). Top-left: Paβ+[Fe II] region. Top-right: He I+Paγ region. Bottom-left: Hα+[N II] region. Bottom-right:

Hβ+[O III] region. The narrow, intermediate and broad components are shown with green-dashed, blue and

red lines, respectively. The magenta-dashed line shows the total fitting model.

Figure 4.7: Near infrared and optical spectra of 2MASX J05054575−2351139, corrected for redshift. Top:

Paβ+[Fe II] region. Bottom-left: He I+Paγ region. Bottom-middle: Hα+[N II] region. Bottom-right: Hβ+[O III]

region. The lines are colour-coded as in Fig. 4.6.
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Figure 4.8: Redshift corrected NIR and optical spectra of ESO 374−G044. Top-left: Paβ+[Fe II] region. Top-

right: He I+Paγ region. Bottom-left: Hα+[N II] region. Bottom-right: Hβ+[O III] region. The lines are colour-

coded as in Fig. 4.6.

Figure 4.9: Near infrared and optical spectra of MCG −01−24−012, corrected for redshift (see also La Franca

et al., 2015). Top-left: Paβ+[Fe II] region. Top-right: He I+Paγ region. Bottom-left: Hα+[N II] region. Bottom-

right: Hβ+[O III] region. The lines are colour-coded as in Fig. 4.6.
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Figure 4.10: Near infrared and optical spectra of MCG −05−23−016, corrected for redshift. Top-left: ISAAC

MR Paβ+[Fe II] region. Top-right: ISAAC LR He I+Paγ region. Center-left: X-shooter Paβ+[Fe II] region.

Center-right: X-shooter He I+Paγ region. Bottom-left: X-shooter Hα+[N II] region. Bottom-right: X-shooter

Hβ+[O III] region. The lines are colour-coded as in Fig. 4.6.

Figure 4.11: Near infrared spectrum of Mrk 1210, corrected for redshift. Top: Paβ+[Fe II] region. Bottom:

He I+Paγ region. The lines are colour-coded as in Fig. 4.6.
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Figure 4.12: Near infrared and optical spectra of NGC 1052, corrected for redshift. Top-left: Paβ+[Fe II] re-

gion. Top-right: He I+Paγ region. Bottom-left: Hα+[N II] region. Bottom-right: Hβ+[O III] region. The lines

are colour-coded as in Fig. 4.6.

Figure 4.13: Near infrared and optical spectra of NGC 1365, corrected for redshift. Top-left: Paβ region.

Top-right: He I+Paγ region. Bottom-left: Hα+[N II] region. Bottom-right: Hβ+[O III] region. The lines are

colour-coded as in Fig. 4.6.
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Figure 4.14: Near infrared and optical spectra of NGC 2992, corrected for redshift. Top-left: Paβ+[Fe II] re-

gion. Top-right: He I+Paγ region. Bottom-left: Hα+[N II] region. Bottom-right: Hβ+[O III] region. The lines

are colour-coded as in Fig. 4.6.

Figure 4.15: Near infrared and optical spectra of 2MASX J18305065+0928414, corrected for redshift. Top: He I

region. Bottom-left: Hα+[N II] region. Bottom-right: Hβ+[O III] region. The lines are colour-coded as in Fig.

4.6.
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Figure 4.16: Near infrared and optical spectra of ESO 234−G050, corrected for redshift. Top-left: Paβ+[Fe II]

region. Top-right: He I+Paγ region. Bottom-left: Hα+[N II] region. Bottom-right: Hβ+[O III] region. The lines

are colour-coded as in Fig. 4.6.

Figure 4.17: Near infrared and optical spectra of NGC 6221, corrected for redshift (see also La Franca et al.,

2016). Top-left: Paβ+[Fe II] region. Top-right: He I+Paγ region. Bottom-left: Hα+[N II] region. Bottom-right:

Hβ+[O III] region. The lines are colour-coded as in Fig. 4.6.
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Figure 4.18: Near infrared and optical spectra of NGC 7314, corrected for redshift. Top-left: Paβ+[Fe II] re-

gion. Top-right: He I+Paγ region. Center-left: Hα+[N II] region. Center-right: Hβ+[O III] region. Bottom-left:

[O III]λ4959 region. Bottom-right: [O III]λ5007 region. The lines are colour-coded as in Fig. 4.6.
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Table 4.4: Line measurements of the optical emission lines of the ‘broad’ AGN2

2MASX J05054575−2351139 (Jones et al. 2009a); R = 1000 (σv ∼300 km s−1)

Comp Hβ [O III]4959Å [O III]5007Å [N II]6548Å Hα [NII ]6583Å

FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)

N 466+4
−4 - 13.9 466+4

−4 - 23.9 466+4
−4 - 70.2 413+6

−6 - 6.8 413+6
−6 - 54.3 413+6

−6 - 20.7

2MASX J18305065+0928414 X-shooter (UVB;VIS); R = 4350/7350 (σv ∼70/40 km s−1)

Comp Hβ [O III]4959Å [O III]5007Å [N II]6548Å Hα [NII ]6583Å

FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 176+7
−8 - 0.8 176+7

−8 - 4.4 176+7
−8 - 13.3 216+12

−9 - 2.6 216+12
−9 - 3.3 216+12

−9 - 7.8

I - - 663+74
−65 134 2.3 663+74

−65 134 7.0 - - - - - - - - -

B - - - - - - - - - - - - 2660+500
−460 - 9.8 - - -

I - - - - - - - - - - - - 6194+160
−160 1103 90.9 - - -

ESO 234-G050 X-shooter (UVB;VIS); R = 4350/7350 (σv ∼70/40 km s−1)

Comp Hβ [O III]4959Å [O III]5007Å [N II]6548Å Hα [NII ]6583Å

FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 172+2
−2 - 10.7 172+2

−2 - 8.9 172+2
−2 - 26.8 113+3

−4 - 1.5 113+3
−4 - 29.7 113+3

−4 - 4.5

I 481+2
−2 50 10.0 481+2

−2 62 15.4 481+2
−2 62 46.3 327+7

−10 25 3.8 327+7
−10 25 56.2 327+7

−10 25 11.5

B - - - - - - - - - - - - 972+124
−104 - 20.7 - - -

ESO 374-G044 (Jones et al. 2009a); R = 1000 (σv ∼300 km s−1)

Comp Hβ [O III]4959Å [O III]5007Å [N II]6548Å Hα [NII ]6583Å

FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 640+5
−10 - 10.5 640+5

−10 - 46.3 640+5
−10 - 140.4 669+9

−9 - 11.8 669+9
−9 - 45.9 669+9

−9 - 35.9

MCG -01-24-012 (Jones et al. 2009a); R = 1000 (σv ∼300 km s−1)

Comp Hβ [O III]4959Å [O III]5007Å [N II]6548Å Hα [NII ]6583Å

FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 440+8
−10 - 6.5 440+8

−10 - 18.7 440+8
−10 - 56.2 371+14

−13 - 4.4 371+14
−13 - 23.7 371+14

−13 - 13.3

I - - 926+80
−70 189 5.6 926+80

−70 189 16.8 926+80
−70 111 3.4 926+80

−70 111 8.2 926+80
−70 111 10.4

MCG -05-23-016 X-shooter (UVB;VIS); R = 4350/7350 (σv ∼70/40 km s−1)

Comp Hβ [O III]4959Å [O III]5007Å [N II]6548Å Hα [NII ]6583Å

FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 221+4
−3 - 3.3 221+4

−3 - 14.1 221+4
−3 - 42.2 215+2

−2 - 5.4 215+2
−2 - 19.4 215+2

−2 - 16.0

B - - - - - - - - - - - - 2232+36
−38 - 34.2 - -

NGC 1052 (Torrealba et al. 2012); R = 2800 (σv ∼80 km s−1)

Comp Hβ [O III]4959Å [O III]5007Å [N II]6548Å Hα [NII ]6583Å

FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 967+49
−40 - 11.6 1091+16

−16 - 12.2 1091+16
−16 - 36.7 682+7

−7 - 9.0 682+7
−7 - 22.6 682+7

−7 - 26.8

B - - - - - - - - - - - 2193+51
−45 - 69.6 - -

NGC 1365 (Jones et al. 2009a); R = 1000 (σv ∼300 km s−1)

Comp Hβ [O III]4959Å [O III]5007Å [N II]6548Å Hα [NII ]6583Å

FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)

N 389+7
−8 - 9.1 389+7

−8 - 6.1 389+7
−8 - 18.3 371+3

−3 - 5.2 371+3
−3 - 34.8 371+3

−3 - 15.8

B 1586+517
−413 - 2.7 - - - - - - - 1701+31

−32 - 53.4 - - -

NGC 2992 (Jones et al. 2009a); R = 1000 (σv ∼300 km s−1)

Comp Hβ [O III]4959Å [O III]5007Å [N II]6548Å Hα [NII ]6583Å

FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 375+10
−10 - 4.1 375+10

−10 - 10.1 375+10
−10 - 30.4 358+13

−13 - 5.1 358+13
−13 - 18.2 358+13

−13 - 15.2

I - - - 766+35
−33 230 5.6 766+35

−33 230 17.9 766+35
−33 174 4.7 766+35

−33 174 13.8 766+35
−33 174 12.7

B - - - - - - - - - - - - 3153+436
−354 - 24.5 - - -
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Table 4.4: Continued

NGC 4395 (Ho et al. 1995); R = 2600 (σv ∼115 km s−1)

Comp Hβ [O III]4959Å [O III]5007Å [N II]6548Å Hα [NII ]6583Å

FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 151+1
−1 - 32.3 151+1

−1 - 88.9 151+1
−1 - 264.0 119+2

−2 - 7.1 119+2
−2 - 79.4 119+2

−2 - 21.1

I 258+11
−12 257 5.2 258+11

−12 257 14.2 258+11
−12 257 42.3 199+81

−98 148 1.8 - - - 199+81
−98 148 5.5

I 1145+87
−90 381 30.7 - - - - - - - - - - - - - -

B - - - - - - - - - - - 633+20
−18 - 120.0 - - -

NGC 6221 X-shooter (UVB;VIS); R = 4350/7350 (σv ∼70/40 km s−1)

Comp Hβ [O III]4959Å [O III]5007Å [N II]6548Å Hα [NII ]6583Å

FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 79+2
−1 - 4.7 177+4

−2 - 2.1 177+4
−2 - 6.5 90+4

−3 - 9.9 90+4
−3 - 48.0 90+4

−3 - 29.9

I 146+2
−4 31 12.9 125+5

−5 166 0.6 125+5
−5 166 2.0 192+8

−13 21 8.8 192+8
−13 21 50.9 192+8

−13 21 26.6

I 541+13
−13 195 7.8 212+3

−4 346 1.4 212+3
−4 346 4.3 500+12

−7 172 11.3 500+12
−7 172 45.7 500+12

−7 172 33.9

I - - - 851+16
−10 261 3.0 851+16

−10 261 9.5 77+16
−8 375 0.4 77+16

−8 375 1.1 77+16
−8 375 1.1

B - - - - - - - - - - - - 1630+12
−11 - 59.0 - - -

NGC 7314 X-shooter (UVB;VIS); R = 4350/7350 (σv ∼70/40 km s−1)

Comp Hβ [O III]4959Å [O III]5007Å [N II]6548Å Hα [NII ]6583Å

FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 56+1
−1 - 17.9 56+1

−1 - 83.6 56+1
−1 - 250.4 89+1

−1 - 13.5 89+1
−1 - 45.2 89+1

−1 - 40.6

I 68+1
−1 47 5.5 68+1

−1 47 23.1 68+1
−1 47 69.1 187+2

−2 63 8.5 270+2
−2 63 66.8 187+2

−2 63 25.5

I 213+1
−1 67 29.5 213+1

−1 67 120.5 213+1
−1 67 361.0 - - - - - - - - -

B 1097+57
−63 - 31.2 - - - - - - - - 1330+5

−4 - 223.0 - - -

Notes. Columns are: (1) Line components. B: BLR, N: NLR, I: intermediate (see sect 4.4 for the

classification criteria); (2) to (19) FWHM [km s−1] (not deconvolved for the instrumental reso-

lution), wavelength shift of the component’s center relative to its narrow component [km s−1],

component’s equivalent width [Å]. The object name, the reference of the optical spectrum, the

instrumental resolution and the corresponding velocity resolution σv [km s−1] are also reported.
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Table 4.5: Line measurements of the NIR emission lines of the ‘broad’ AGN2

2MASX J05054575-2351139, ISAAC/VLT (MR/LR), R = 4700/R = 730 (σv ∼60/430 km s−1)

Comp He I Paγ [Fe II]12570Å Paβ
FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

N 507+49
−40 - 20.5 507+49

−40 - 5.1 - - - 145+30
−26 - 2.0

I - - - - - - 413+40
−38 - 4.8 405+67

−49 - 4.8
B 1823+419

−318 - 16.7 - - - - - - - - -

2MASX J18305065+0928414, X-shooter/VLT, R = 5300 (σv ∼57 km s−1)

Comp He I Paγ [Fe II]12570Å Paβ
FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 216+12
−9 - 1.3 - - - - - - - - -

B 3513+232
−213 - 18.6 - - - - - - - - -

ESO 234-G050, X-shooter/VLT, R = 5300 (σv ∼57 km s−1)

Comp He I Paγ [Fe II]12570Å Paβ
FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 122+12
−11 - 10.9 122+12

−11 - 1.9 122+12
−11 - 3.9 167+11

−13 - 10.4
I 434+7

−7 55 40.9 272+26
−24 19 5.7 490+26

−23 9 14.8 343+63
−57 35 10.2

B 1111+63
−59 - 16.4 - - - - - - 1305+381

−322 - 7.1

ESO 374-G044, ISAAC/VLT (MR/LR), R = 4700/R = 730 (σv ∼60/430 km s−1)

Comp He I Paγ [Fe II]12570Å Paβ
FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 632+29
−36 - 48.9 632+29

−36 - 7.0 - - - 450+27
−42 - 12.2

I - - - - - - 652+74
−56 - 10.2 - -

B 1202+383
−221 - 16.3 - - - - - - 1413+318

−294 - 4.2

MCG -01-24-012, ISAAC/VLT (MR/LR), R = 4700/R = 730 (σv ∼60/430 km s−1)

Comp He I Paγ [Fe II]12570Å Paβ
FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 616+28
−27 - 31.9 616+28

−27 - 4.0 381+78
−117 - 8.3 245+17

−16 - 7.7
I 1325+347

−251 806 7.9 1325+347
−251 806 2.2 857+121

−273 - 3.1 1325+347
−251 806 1.5

B - - - - - - - 2070+300
−280 - 8.9

MCG -05-23-016, ISAAC/VLT (MR/LR), R = 4700/R = 730 (σv ∼60/430 km s−1)

Comp He I Paγ [Fe II]12570Å Paβ
FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

N - - - - - - - - - 247+19
−18 - 3.1

B 1223+90
−80 - 29.8 1451+134

−149 - 19.5 - - - 1165+27
−18 - 27.4

I 3855+172
−158 - 84.7 - - - - - - 3695+335

−196 227 46.1

MCG -05-23-016, X-shooter/VLT, R = 5300 (σv ∼57 km s−1)

Comp He I Paγ [Fe II]12570Å Paβ
FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 233+15
−15 - 9.2 233+15

−15 - 1.4 560+80
−77 - 0.5 560+80

−77 - 10.7
B 2474+67

−64 - 87.4 1911+105
−79 - 34.3 - - - 2134+93

−89 - 55.7
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Table Continued

Mrk 1210, ISAAC/VLT (MR/LR), R = 4700/R = 730 (σv ∼60/430 km s−1)

Comp He I Paγ [Fe II]12570Å Paβ
FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 564+8
−8 - 141.4 - - - 414+18

−18 - 15.1 414+18
−18 - 19.5

I - - - 791+122
−116 - 22.0 902+114

−61 136 21.1 902+114
−61 136 26.7

B 1374+73
−32 - 258.0 - - - - - - 1937+118

−225 - 21.14

NGC 1052, ISAAC/VLT (MR/LR), R = 4700/R = 730 (σv ∼60/430 km s−1)

Comp He I Paγ [Fe II]12570Å Paβ
FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 792+61
−51 - 10.4 - - - 693+20

−20 - 9.5 - -
B 2455+143

−128 - 40.9 - - - - - - - -

NGC 1365, ISAAC/VLT (MR/LR), R = 4700/R = 730 (σv ∼60/430 km s−1)

Comp He I Paγ [Fe II]12570Å Paβ
FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N - - - - - - - - - 787+8
−8 - 15.7

B 1243+100
−92 - 21.3 1363+67

−54 - 19.3 - - - 1972+85
−75 - 15.4

NGC 2992, ISAAC/VLT (MR/LR), R = 4700/R = 730 (σv ∼60/430 km s−1)

Comp He I Paγ [Fe II]12570Å Paβ
FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

N 528+56
−58 - 22.8 528+56

−58 - 3.4 254+3
−8 - 7.7 254+3

−8 - 5.4
I - - - - - - 869+34

−56 111 5.4 869+34
−56 111 2.1

B 3186+586
−400 - 50.9 2989+660

−488 - 21.2 - - - 2056+29
−30 - 22.2

NGC 4395, LUCI/LBT; R = 1360 (σv ∼220 km s−1)

Comp He I Paγ [Fe II]12570Å Paβ
FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 348+5
−6 - 104.1 348+5

−6 - 16.1 235+7
−6 - 13.2 235+7

−6 - 16.9
I - - - - - - - -
B 1350+93

−70 - 58.7 1591+310
−245 - 16.3 - - 879+29

−34 - 40.6

NGC 6221, X-shooter/VLT, R = 5300 (σv ∼57 km s−1)

Comp He I Paγ [Fe II]12570Å Paβ
FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 141+1
−1 - 10.7 141+1

−1 - 8.6 141+1
−1 - 5.9 141+1

−1 - 18.6
I 343+9

−9 52 21.7 343+9
−9 213 2.0 483+12

−12 176 10.3 483+12
−12 176 9.5

B 2142+110
−141 - 29.6 1433+70

−70 - 9.2 - - - 2257+99
−93 - 20.5

NGC 7314, X-shooter/VLT, R = 5300 (σv ∼57 km s−1)

Comp He I Paγ [Fe II]12570Å Paβ
FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW FWHM ∆v EW

N 84+2
−2 - 11.7 84+2

−2 - 3.3 84+2
−2 - 1.4 84+2

−2 - 6.4
I 361+10

−9 55 41.0 361+10
−9 55 5.6 392+13

−13 42 1.4 392+13
−13 42 13.0

B 1428+46
−38 - 114.0 1430+78

−99 - 50.9 - - - 1348+15
−15 - 74.9

Notes. Columns are: (1) Line components. B: BLR, N: NLR, I: intermediate (see sect 4.4 for the
classification criteria); (2) to (13) FWHM [km s−1] (not deconvolved for the instrumental reso-
lution), wavelength shift of the component’s center relative to its narrow component [km s−1],
component’s equivalent width [Å]. The object name, the instrument used for the observations,
the instrumental resolution and the corresponding velocity resolution σv [km s−1] are also re-
ported.
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4.4.1. AGN2 CLASSIFICATION

As the activity classification of our AGN sample has been taken from the inhomoge-

neous compilation of Baumgartner et al. (2013), we decided to use our line measures

to independently re-determine the AGN classes through the line ratio diagnostic dia-

grams (e.g. BPT diagrams: Baldwin et al., 1981). The narrow line ratios [O III]5007/Hβ,

[O I]6003/Hα, [O III]5007/[O II]3728, [N II]6583/Hα and [S II]6716,6731/Hα (in the opti-

cal) and [Fe II]/Paβ (in the NIR; see Veilleux et al. 1997) were used. The line ratios were

computed using the fluxes reported in Tables A.12 and A.15, for the X-shooter AGN,

while we used the EW reported in Table 4.4 and 4.5, for the non-X-shooter broad AGN2

(for which optical spectra were taken from the literature). The diagnostic diagrams are

shown in Figure 4.19. The pure star formation (blue dashed line) and extreme starburst

(red dashed line) regions were defined according to Kauffmann et al. (2003) and Kew-

ley et al. (2001), respectively. The separation between AGN2 and LINERS was carried

out according to Kewley et al. (2006, purple solid line). Moreover, in the diagram show-

ing the [O III]5007/[O II]3728 ratio, the starburst region as defined by Kewley et al. (2006,

dot-dashed red line) was used. The line ratio diagnostic analysis confirms in general the

AGN activity nature of the sources. However, it results that both NGC 1365 and NGC 6221

fall in the high excitation part of the H II-AGN composite galaxy region, confirming the

presence of a strong starburst component in their spectra, as already suggested by other

authors (for NGC 6221 see La Franca et al. 2016, and references therein, and for NGC

1365 see Trippe et al. 2010). Interestingly, also ESO 234−G050 is placed in a intermediate

zone between the Seyfert and the H II region. The activity classification results, in addi-

tion to our new spectroscopic redshift estimates (which agree, within the uncertainties,

with the values listed by Baumgartner et al. 2013), are summarized in Table 4.6.
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Figure 4.19: Line ratio diagnostic diagrams. The X-shooter objects are shown by black filled squares. Green

filled circles are the broad AGN2 observed with ISAAC and LUCI, whose diagnostics were derived using

the optical spectra taken from literature. Lines define the regions: extreme starbursts (Kewley et al., 2001,

red dashed), pure star formation (Kauffmann et al., 2003, blue dashed), Seyfert-LINER (Kewley et al., 2006,

purple), Seyfert-H II+Composite galaxies (Kewley et al., 2006, red dot dashed). In the [O III]5007/Hβ versus

[Fe II]/Paβ diagram, as no activity region definition was available, we used as a reference those computed

for the [O III]5007/Hβ versus [S II]6716,6731/Hα diagram.



4.4. THE EMISSION LINE MEASUREMENTS 75

Table 4.6: Activity classification and new spectroscopic redshifts

Object Redshift Swift/BAT Classification Classification
(1) (2) (3) (4)

2MASX J05054575−2351139 0.035 2 AGN2
2MASX J06411806+3249313 0.048 2 -
2MASX J09112999+4528060 0.0269 2 -
2MASX J11271632+1909198 0.1057 1.8 -
2MASX J18305065+0928414 0.0193 2 AGN2
3C 105 0.0884 2 -
3C 403 0.0589 2 -
CGCG 420−015 0.029 2 -
ESO 005−G004 0.006 2 -
ESO 157−G023 0.044 2 -
ESO 234−G050 0.0088 2 AGN2/Starburst
ESO 263−G013 0.0334 2 AGN2
ESO 297−G018 0.0253 2 -
ESO 374−G044 0.0284 2 AGN2
ESO 416−G002 0.059 1.9 -
ESO 417−G006 0.0163 2 -
Fairall 272 0.022 2 -
LEDA 093974 0.0239 2 AGN2
MCG −01−24−012 0.0197 2 AGN2
MCG −05−23−016 0.0084 2 AGN2
Mrk 417 0.0327 2 -
Mrk 1210 0.014 2 -
NGC 612 - 2 -
NGC 788 0.0135 2 -
NGC 1052 0.0047 2 AGN2
NGC 1142 0.0294 2 -
NGC 1365 0.005 1.8 AGN2/Starburst
NGC 2992 0.0077 2 AGN2
NGC 3079 0.0036 2 -
NGC 3081 0.0077 2 -
NGC 3281 0.0113 2 -
NGC 4138 - 1.9 -
NGC 4388 0.0089 2 -
NGC 4395 0.0014 1.9 AGN2
NGC 4686 - XBONG -
NGC 4941 0.0038 2 AGN2
NGC 4945 0.0017 2 -
NGC 5643 0.0040 2 AGN2
NGC 6221 0.0045 2 AGN2/Starburst
NGC 7314 0.0047 1.9 AGN2
PKS 0326−288 0.1096 1.9 -

Notes. Columns are: (1) Source name; (2) spectroscopic redshift (this work); (2) Swift/BAT Clas-
sification (Baumgartner et al., 2013); (4) line ratio diagnostic classification (see sect. 4.4.1).
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Table 4.7: FWHM of the BLR Components

FWHM [km s−1]

Object (Instr.) Redshift Cl Hα He I Paβ

(1) (2) (3) (4) (5) (6)

2MASX J05054575−2351139 (I) 0.035 2 - 1772+419
−318 -

2MASX J18305065+0928414 (X) 0.0193 2 2660+500
−460 3513+232

−213 -

ESO 234−G050 (X) 0.0088 2 971+124
−104 1110+63

−59 1304+381
−322

ESO 374−G044 (I) 0.0284 2 - 1123+383
−221 1412+318

−294

MCG −01−24−012 (I) 0.0197 2 - - 2069+300
−280

MCG −05−23−016 (X) 0.0084 2 2232+36
−38 2474+67

−64 2133+93
−89

Mrk 1210 (I) 0.014 2 NA 1305+73
−32 1936+118

−225

NGC 1052 (I) 0.0047 2 2192+51
−45 2417+143

−128 -

NGC 1365 (I) 0.005 1.8 1674+47
−46 - 1971+85

−75

NGC 2992 (I) 0.0077 2 3139+436
−354 3157+586

−400 2055+29
−30

NGC 4395 (L) 0.0014 1.9 622+20
−18 1332+93

−70 851+29
−34

NGC 6221 (X) 0.0045 2 1630+12
−11 2141+110

−141 2256+99
−82

NGC 7314 (X) 0.0047 1.9 1328+4
−5 1427+46

−38 1347+46
−39

Notes. Columns are: (1) Object (Instrument used. X: X-shooter, I: ISAAC, L: LUCI); (2) Redshift

as reported in Table 4.6; (3) AGN spectral classification according to Baumgartner et al. (2013);

(4) to (6) FWHM of the BLR component deconvolved for the instrumental spectral resolution.

The FWHM of the optical lines of the objects not observed with X-shooter have been obtained by

analysis of spectra retrieved using the NEDa database.

aNASA/IPAC Extragalactic Database: https://ned.ipac.caltech.edu

4.4.2. THE INTRINSIC FWHM OF THE BLR COMPONENTS

In summary, we have found significant evidence of the presence of BLR components in

13 out of 41 AGN2 spectra (in the following called broad AGN2). However, in order to

derive the real width of the lines it is necessary to deconvolve the FWHM measurements

with the broadening due to the spectral resolution of the instruments used. In Table 4.7

we list the intrinsic FWHM of the broad components of the Hα, He I and Paβ lines, once

corrected for the instrumental broadening. The measured FWHM of the Paβ ranges from

∼800 km s−1(NGC 4395) to ∼2250 km s−1(NGC 6221).

According to Baumgartner et al. (2013), three out of our 13 classified broad AGN2

had been previously classified as intermediate (NGC 1365, NGC 4395 and NGC 7314) in

the optical, and indeed we detected a faint BLR Hα component in all of them. Moreover,

four other optically intermediate class AGN have not shown a significant BLR component

in their NIR spectra (2MASX J11271632+1909198, NGC 4138, ESO 416−G002 and PKS

0326−288). It should also be noted that a BLR component of the Hα was detected in 10

https://ned.ipac.caltech.edu
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Figure 4.20: Left. Best fit FWHM of the broad components of the Paβ line as a function of the FWHM of

the Hα line. The open red squares shows those two objects lacking a Paβ measurement and whose FWHM

value has been replaced by the He I measurement (see text). Right. Best fit FWHM of the broad components

of the Paβ line as a function of the FWHM of the He I line. Blue circles: X-shooter; Green triangles: ISAAC;

Red, up side down triangles: LUCI. In both panels the black dotted line shows the 1:1 locus, while the black

dots show the FWHM (corrected for instrumental broadening) distribution of a sample of AGN1 from Landt

et al. (2008).

out of the 13 broad AGN2. For 8 (7) sources we found a BLR detection on both the Paβ

and the He I (Hα) lines. In Figure 4.20 we show the comparison between the FWHM of

the Hα, He I and Paβ lines when measured on the same object. As already found in other

studies (see the data by Landt et al., 2008, in Figure 4.20) a fair agreement is found (if

the ∼10% uncertainties are taken into account) among all these measurements (for an

exhaustive analysis on this issue for AGN1 see Section 3.3).

4.5. ANALYSIS OF POSSIBLE SELECTION EFFECTS

As we have found evidence of BLR components in 13 out of 41 AGN2, it is relevant to

investigate whether some selection effect could affect the sample of AGN2 where the

BLR was found, or if there are some physical differences between the samples of AGN2

showing (or not) faint BLR components. We have therefore analysed the distributions of

the spectral S/N ratio, J-band magnitude, X-ray flux, X-ray luminosity, hydrogen column

density NH, and the orientation (a/b = major axis/minor axis) of the hosting galaxy (as

reported in Hyperleda2; Makarov et al., 2014, see Table 4.8).

In Figure 4.21 the 14–195 keV flux as a function of the 2MASS J-band magnitude for

the ‘broad’ and ‘non-broad’ AGN2 samples is shown: no significant difference between

the two samples is found. The ‘broad’ AGN2 sample has an average J-band magnitude

value (13.1±0.4) which is undistinguishable from that of the ‘non-broad’ AGN2 sample

(13.1±0.2; see Table 4.8). Moreover, also the average X-ray flux (logFX = 1.5±0.1 10−12 erg

2http://leda.univ-lyon1.fr/

http://leda.univ-lyon1.fr/
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Table 4.8: Average diagnostic values of the samples

Sample J logFX logNH logLX log(a/b) S/N

[mag] [10−12 erg s−1 cm−2] [cm−2] erg s−1

(1) (2) (3) (4) (5) (6) (7)

Non Broad AGN2 13.1±0.2 1.6±0.1 23.1±0.2 43.5±0.2 0.27±0.05 32.8±2.5

N. Objects 29 29 29 29 26 29

Broad AGN2 13.1±0.4 1.5±0.1 22.8±0.2 42.7±0.2 0.26±0.05 35.8±3.5

N. Objects 13 13 13 13 13 13

Broad AGN2a 13.6±0.4 1.5±0.2 22.8±0.2 42.9±0.3 0.30±0.06 31.7±3.4

N. Objects 9 9 9 9 9 9

aExcluding those objects showing a substantial starburst component (NGC 1365, NGC 6221, ESO 234−G050)

and the LINER galaxy NGC 1052 (see sec. 4.4.1).

Notes. Columns list: (1) Sample; (2) average J-band magnitude (from 2MASS); (3) average 14–

195 keV flux (from SWIFT70M); (4) average hydrogen column density; (5) average 14–195 keV

luminosity; (6) average axis ratio (a/b = major-axis/minor-axis) at the B-band isophote 25

mag/arcsec2 (from Hyperleda; Makarov et al., 2014); (7) average spectral signal to noise ratio.

The number of objects is also reported.

s−1 cm−2) is almost identical to that of the ‘non-broad’ AGN2 sample (logFX = 1.6±0.1

10−12 erg s−1 cm−2).

In Figures 4.22 and 4.23 we show the dependence of the EW and FWHM of the BLR

components as a function of the spectral S/N ratio. For each of the 13 ‘broad’ AGN2

the values of the Paβ line, when found (10 sources), are shown, otherwise the values

obtained for the He I line (3 sources) are shown. Indeed, as shown in Figure 4.20 and

according to Landt et al. (2008), no significant difference is observed among the FWHM

measurements of the Paβ and He I lines. No evidence is found of a dependence of the

EW and FWHM measurements from the S/N ratio. More precisely, on the contrary of

what it could be expected, it is not observed that the smallest EW were measured in the

highest S/N spectra.

In Figure 4.24 the S/N ratio as a function of the 14–195 keV luminosity, of the ‘non

broad’ and the ‘broad’ AGN2 samples, is shown. The ‘broad’ AGN2 sample has an average

S/N ratio (35.8±3.5) which is undistinguishable from that of the ‘non broad’ AGN2 sam-

ple (32.8±2.5). Nonetheless, it should be noted that there is marginal (2σ) evidence for

the ‘broad’ AGN2 sample having, on average, lower X-ray luminosities (logLX = 42.7±0.2

erg s−1) than the ‘non-broad’ AGN2 sample (logLX = 43.5±0.2 erg s−1). This difference

could be ascribed to the intrinsic differences among the different observed samples.

The 11 objects observed with X-shooter (the most efficient instrument for this project: 5

‘broad’ AGN2 found) were chosen to be among the less luminous of the Swift/BAT sam-

ple.
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Figure 4.21: J-band magnitude as a function of the 14–195 keV flux of the ‘non-broad’ (black open squares)

and the ‘broad’ (red filled circles) AGN2 samples .

Figure 4.22: Equivalent widths of the broad components as a function of the spectral S/N ratio.

Figure 4.23: FWHM of the broad components as a function of the spectral S/N ratio.
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Figure 4.24: Spectral S/N ratio as a function of the 14–195 keV luminosity of the ‘non-broad’ (black open

squares) and the ‘broad’ (red filled circles) AGN2 samples.

In Figure 4.25 the host galaxy axis ratio (a/b = major-axis/minor-axis) as a function

of the 14–195 keV luminosity is shown. The axis ratio has been evaluated at the isophote

25 mag/arcsec2 in the B-band. No significant difference between the two samples was

found. The ‘broad’ AGN2 sample shows an average axis ratio log(a/b) = 0.26±0.05 while

the ‘non-broad’ AGN2 sample has an average axis ratio log(a/b) = 0.27±0.05.

In Figure 4.26 the hydrogen column density, NH, as a function of the 14–195 keV lu-

minosity is shown. There is marginal (2σ) evidence that the ‘broad’ AGN2 have, on aver-

age, lower NH (logNH = 22.8±0.2 cm−2) than measured in the ‘non-broad’ AGN2 (logNH

= 23.1±0.2 cm−2). The largest column density measured in the ‘broad’ AGN2 sample is

logNH = 23.7 cm−2, while there are 7 ‘non-broad’ AGN2 with logNH >23.7 cm−2.

Finally, Figure 4.27 shows the FWHM as a function of their EW , of all line compo-

nents (both broad and narrow) detected in the whole sample of the 41 studied AGN2.

For comparison, the Paβ emission line fitting values of a sub-sample of 24, low redshift,

AGN1 (Landt et al., 2008), from the Swift/BAT 70-month catalogue, and our measure-

ment of the AGN1 NGC 3783, are also shown. As is seen, AGN1 show, on average, larger

FWHM and EW than the AGN2. In particular, AGN1 have an average FWHM = 3350±310

km s−1and an average EW = 80±7 Å, while AGN2 have an average FWHM = 1680±610

km s−1and an average EW = 39±8 Å. It should be noticed that, as expected from the

AGN X-ray Luminosity Function (see introduction; the samples come from an hard X-

ray flux limited survey), AGN1 are, on average, about one dex more luminous than AGN2:

logLX = 44.0±0.9 erg s−1and logLX = 42.9±1.0 erg s−1, respectively. The detection limits

for our observations in the EW -FWHM plane (black solid line in Figure 4.27) has been

derived through simulations with our spectra on the detection of emission lines having

different EW s and FWHMs. According to this analysis, the observed difference on the

FWHM and EW measurements among the AGN1 and AGN2 samples is not due to se-

lection biases, as FWHM and EW values as large as measured in the AGN1 population
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Figure 4.25: The axis ratio (a/b = major axis/minor axis) of the AGN2 host galaxies as a function of the 14–

195 keV luminosity for the ‘non-broad’ AGN2 sample (black open squares) and for the ‘broad’ AGN2 sample

(red filled circles). The axis ratio has been evaluated at the isophote 25 mag/arcsec2 in the B-band (from

Hyperleda; Makarov et al., 2014).

Figure 4.26: Hydrogen column density, NH, as a function of the 14–195 keV luminosity of the ‘non-broad’

(black open squares) and the ‘broad’ (red filled circles) AGN2 samples.

could have been easily detected also in the AGN2 sample, if present.

We have also tested whether the results of the above described analyses would change

if those AGN2 having relevant starburst or LINER component in their spectra (see sect.

4.4.1) were excluded. As is shown in Table 4.8 no difference was found.

4.6. CONCLUSIONS

Thanks to NIR spectroscopy with LUCI/LBT, ISAAC/VLT and X-shooter/VLT we have been

able to detect faint BLR components in 13 out of 41 AGN2 drawn from the Swift/BAT 70-

month catalogue.

The sample of AGN2 where the BLR components have been found does not show

significant differences in spectral S/N ratio, X-ray fluxes and galaxy orientation, from the
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Figure 4.27: FWHM of the most relevant line components of all 42 AGN analysed in this work as a function

of their EW . The broad AGN2 components are shown by red filled circles, squares and triangles for the Paβ,

He I and Paγ lines, respectively. Broad Paβ measurements of a control sub-sample of AGN1 (Landt et al.,

2008), from the Swift/BAT 70-month catalogue, are shown by filled blue circles. Other narrow components

are in black as explained in the legend. The black solid line shows the lower detection limit for the Paβ

emission line, according to the average S/N ratio and spectral resolution of the observations.

rest of the AGN2. The possibility can therefore be excluded that relevant selection effects

affect the AGN2 sample where the BLR lines have been detected.

The only significant differences are instead physical: a) no BLR was found in the most

(heavily, log(NH) >23.7 cm−2) X-ray obscured sources and b) AGN2 show smaller FWHMs

and EW s if compared to AGN1. The first result most likely implies that, as expected by

the AGN unification models, the absence of the BLR in the optical and NIR spectra is

linked to the presence of strong obscuration of the central parts of the AGN, where the

BLR is located. As far as the second result is concerned, according to the virial methods,

where the black hole mass depends on the square of the BLR FWHM (and on the square

root of the luminosity), smaller broad line region FWHM (and luminosity) values of the

AGN2, if compared to the AGN1 population, imply that AGN2 have smaller black hole

masses than AGN1. The study of the differences on the black hole mass distributions,

Eddington ratios, and host galaxy properties of the AGN1 and AGN2 populations is be-

yond the scope of this work and will be discussed in following papers (Onori et al. in

prep; Ricci et al. in prep.).
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The work presented in this Chapter has been published in MNRAS: F. Onori, F. La

Franca, F. Ricci, M. Brusa, E. Sani, R. Maiolino, S. Bianchi, A. Bongiorno, F. Fiore, A. Mar-

coni, C. Vignali, 2017, 464, 1783: “Detection of faint broad emission line components in

hard X-ray selected Type 2 AGN: I. Observations and spectral fitting”.

4.7. NOTES ON INDIVIDUAL SOURCES FOR THE BLR BEST FIT MOD-

ELS

NGC 4395

NGC 4395 is a nearby, small bulgeless (Sd) galaxy, known to host one of the smallest

super massive BH (104-105 M¯) ever found. Filippenko and Sargent (1989) classified the

nucleus of NGC 4395 as a type 1.8 or type 1.9 Seyfert using the relative intensities of

the narrow and broad components. On the basis of the appearence of the Balmer lines,

Véron-Cetty and Véron (2006) classified it as a type 1.8 Seyfert.

The best fit of the most relevant emission lines of NGC 4395 are shown in Figure 4.6. In

the optical spectrum, besides the narrow and broad components, evidence was found of

intermediate components in the [O III] and [N II] lines which are blueshifted of 259 km

s−1and 291 km s−1, respectively. In the J-band spectrum it was not necessary or possible

to include a similar intermediate component due to the lower velocity resolution of LUCI

(∆v ∼ 220 km s−1).

2MASX J05054575−2351139

2MASX J05054575−2351139 is a nearby galaxy hosting a Seyfert 2 nucleus. The optical

spectrum analysed by Parisi et al. (2009) shows very narrow Hα and Hβ emission lines,

confirming the Seyfert 2 classification. In the X-ray band, using XMM data, Vasudevan

et al. (2013a) found a complex X-ray spectrum indicating a partially covered absorption.

The authors also suggested only moderate variations in the intrinsic luminosity and in

the column density. Moreover, Ricci et al. (2014) reported the detection of Fe Kα emission

in Suzaku data.

The best fit of the most relevant emission lines of 2MASX J05054575−2351139 are

shown in Figure 4.7. The ISAAC J-band LR spectrum shows an intense He I line, well

separated from a faint Paγ line. The Paβ and [Fe II]12570Å lines have been also ob-

served in MR mode. The Paβ line shows a narrow component with FWHM = 145+30
−26

km s−1and a wider intermediate component with FWHM = 405+67
−49 km s−1. In contrast,

the [Fe II]12570Å line can be modelled only by a single intermediate component with

FWHM = 413+40
−38 km s−1(compatible with the width of the intermediate component of

the Paβ line). A narrow component of FWHM = 337 km s−1was also added to take into

account for the [Fe II]12791Å blending to the Paβ. The He I line shows a narrow compo-

nent having FWHM = 507+49
−40 km s−1(FWHM∼269 km s−1if the instrumental resolution is

deconvolved) and a broad component having FWHM = 1823+419
−318 km s−1(FWHM ∼ 1772
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km s−1if the instrumental resolution is deconvolved). The need of adding a broad He I

component can be seen in figure 4.28 where the fits with residuals, with or without the

broad He I component, are shown. The Paγ line shows only a single narrow component.

We have also analysed the 6dF optical spectrum of 2MASX J05054575−2351139, having a

spectral resolution R = 1000 (Jones et al., 2009a). All the lines show only a narrow com-

ponent (< 400 km s−1if the instrumental resolution is subtracted).

In summary, we found a broad component only in the LR He I line, having FWHM∼1820

km s−1, while, although the Paβ line has been observed with a higher resolution (in the

MR mode), it shows no signs of a broad component. Nevertheless both the Hα+[N II]

and Hβ+[O III] are well represented only by single components, all having FWHM in the

range 413–466 km s−1, in agreement with what was found in the optical by Parisi et al.

(2009). As the broad He I component is significantly larger than the other components,

it can be attributed to the BLR.

ESO 374−G044

ESO 374−G044 is a nearby SBa galaxy in the Antlia galaxy cluster hosting a Seyfert 2 nu-

cleus (Véron-Cetty and Véron, 2010).

The best fit of the most relevant emission lines of ESO 374−G044 are shown in Figure

Figure 4.28: Left: Best fit of the He I and Paγ lines of 2MASX J0505−2351 including the broad (FWHM = 1736

km s−1) He I component. Right: Same as before without including the broad He I component. Lower panels

show the data to model ratio.
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4.8. The MR spectrum in the region of the Paβ line has been fitted by three components:

the narrow (FWHM = 450 km s−1) Paβ, the broad (1413 km s−1) Paβ and an intermediate

(FWHM = 652 km s−1) [Fe II]12570Å . The LR spectrum of the He I region has been fitted

by three components: the narrow (FWHM = 632 km s−1; 463 km s−1if deconvolved for

the instrumental resolution) and broad (1202 km s−1; 1122 km s−1if deconvolved for the

instrumental resolution) He I and the narrow Paγ. The optical spectrum does not show

evidence of broad (or intermediate) line components, confirming the Seyfert 2 optical

classification of Véron-Cetty and Véron (2010). The need for the broad Paβ component

can be seen in Figure 4.29, where the fits with residuals, including or not the broad Paβ

component, are shown. The F test gives a probability of 0.06/0.01 that the improvement

obtained with the inclusion of a broad Paβ component is due to statistical fluctuations.

We therefore conclude that the presence of these faint broad components in both He I

and Paβ lines should not be ignored.

Figure 4.29: Left: Best fit of the Paβ lines of ESO 374−G044 including a broad (FWHM = 1413 km s−1) Paβ

component. Right: Same as before without including the broad Paβ component. Lower panels show the

data to model ratio.

MCG −01−24−012

MCG −01−24−012 is a nearby spiral galaxy hosting a Compton-thin (NH ∼ 7×1022 cm−2)

Seyfert 2 nucleus (Véron-Cetty and Véron, 2006). It was detected in the hard X-rays by

Malizia et al. (2002) with BeppoSAX/PDS observations, and it was identified as the coun-
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Figure 4.30: Left: Best fit of the Paβ lines of MCG −01−24−012 including a broad (FWHM = 2070 km s−1)

Paβ component. Right: Same as before without including the broad Paβ component. Lower panels show

the data to model ratio.

terpart of the X-ray source H0917−074, detected by Piccinotti et al. (1982). Interestingly,

the X-ray spectrum shows the presence of a Fe Kα emission line and an absorption fea-

ture at ∼8.7 keV which cannot be explained with the presence of a warm absorber. From

HST images, Schmitt et al. (2003) found a resolved emission in the [O III] which was ex-

plained as an extended (1.15 arcsec × 2.3 arcsec; 460 pc × 910 pc) NLR with the major

axis along PA = 75◦. From WiFeS observation Dopita et al. (2015) traced further the ex-

tended NLR out to 3.7×2.5 kpc and found a faint ring of H II regions of about 3 kpc in

radius surrounding the NLR.

The best fit of the most relevant emission lines of MCG −01−24−012 is shown in Figure

4.9. The 6dF optical spectrum (R = 1000; Jones et al., 2009a) shows evidence of intermedi-

ate components having a blueshift of ∆v = 189 km s−1 in the [O III] lines and of ∆v = 111

km s−1 in the [N II]+Hα lines with respect to the NLR components. Similarly, in the NIR

spectrum an intermediate component having a blueshift of ∆v = 806 km s−1 is present

in the LR He I and Paγ lines and in the MR Paβ line. Moreover the inclusion of a broad

(FWHM = 2070 km s−1) Paβ component is necessary. In Figure 4.30 the fit with and with-

out the inclusion of this broad Paβ component is shown. The F test gives a probability

of 2×10−15 that the improvement of the fit obtained with the inclusion of a broad Paβ

component is due to statistical fluctuations.
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MCG −05−23−016

MCG −05−23−016 is a nearby X-ray bright S0 galaxy, optically classified as a Seyfert 1.9

(Veron et al., 1980). Moreover, clear evidence was found for a broad Hα in the polar-

ized flux (Lumsden et al., 2004). Its X-ray spectrum resembles a classical Compton-thin

Seyfert 2 galaxy and it shows both narrow and broad components in the iron Kα line

(Reeves et al., 2007).

The best fit of the most relevant emission lines of MCG −05−23−016 is shown in Fig-

ure 4.10. In the X-shooter optical spectrum, beside the narrow component, a clear evi-

dence was found for a HαBLR component with FWHM = 2232 km s−1, while no evidence

for a BLR component in Hβ was found. Furthermore, both the ISAAC and X-shooter NIR

spectra show clear evidence for a BLR component in the Paβ and in the He I (FWHM =

2134 km s−1and FWHM = 2474 km s−1, respectively).

Mrk 1210

Mrk 1210 is a nearby Sa galaxy, hosting a Seyfert 2 nucleus (Véron-Cetty and Véron, 2010).

The spectral energy distribution peaking near 60 µm made it a member of the sample

of the so-called 60 µm peakers galaxies (60PKs, Heisler and De Robertis 1999). In the

optical, Storchi-Bergmann et al. (1998) found Wolf-Rayet features in the central 200 pc

of the galaxy, indicating the presence of a circumnuclear starburst. Moreover, broad Hα

and Hβ components (FWHM∼2400 km s−1) were detected in the polarized light (Tran

et al. 1992; Tran 1995). Near infrared spectra reported by Veilleux et al. (1997) show a

Paβ profile characterized by a strong narrow component on top of a broad base with

FWHM∼1600 km s−1, suggesting the presence of a hidden broad line region. However,

Mazzalay and Rodríguez-Ardila (2007) found broad components of similar shape both in

permitted (Hβ and Paβ) and in forbidden ([O III] and [Fe II]) emission lines, suggesting

that the broad permitted component is not produced in a genuine high density BLR. In

the X-ray band, Mrk 1210 is one of the very few cases of an AGN in transition between

a Compton-thick, reflection dominated state, and a Compton-thin state. This transition

could be attributed to a clumpy structure in the torus (Guainazzi et al., 2002).

The ISAAC LR spectrum of Mrk 1210 shows an intense He I line, well separated from the

Paγ line. The region of the Paβ+[Fe II]12570Å lines has been observed in MR mode. In

this region we have found six components: the Paβnarrow, broad and intermediate com-

ponents, the [Fe II]12570Å narrow and intermediate components and the [Fe II]12791Å

narrow component blended with the Paβ line. The narrow components have a FWHM =

414+18
−18 km s−1, while the intermediate components have a FWHM = 902+114

−61 km s−1 and

show a blueshift of 136 km s−1 with respect to its narrow line components. The broad

Paβ line has a FWHM = 1937+118
−225 km s−1. In Figure 4.31 the fits with and without the in-

clusion of the broad Paβ component are shown. The F test gives a probability of 1×10−24

that the improvement of the fit is due to statistical fluctuations.
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Figure 4.31: Left: Best fit of the Paβ lines of Mrk 1210 including a broad (FWHM = 2019 km s−1) Paβ com-

ponent. Right: Same as before without including a broad Paβ component. Lower panels show the data to

model ratio.

In summary, we found evidence for a broad component in the Paβ, having FWHM∼1900

km s−1, that can be attributed to the BLR emission. This finding is also supported by the

detection of broad Hα and Hβ in polarized light, indicating the presence of a hidden

broad line region. Furthermore, the detection of a blueshifted intermediate component

both in the [Fe II] and in the Paβ could be attributed to the presence of outflows in the

NLR which are compatible to the observations of the [O III] and [Fe II] line profiles by

Mazzalay and Rodríguez-Ardila (2007).

NGC 1052

NGC1052 is morphologically classified as an elliptical (E4) galaxy and it is the brightest

member of the Cetus I cluster. It has long been considered one of the prototypical LIN-

ERs and, after the detection of a faint broad component in the Hα, it was classified as

a LINER1.9 by Ho et al. (1997). Moreover, a broad component in the Hα emission line

(FWHM∼2100 km s−1) was detected also in polarization by Barth et al. (1999). Further-

more, Mould et al. (2012) presented a NIR spectrum of NGC 1052, with prominent Paβ

and [Fe II] emission lines. NGC 1052 shows H2O megamaser emission (Claussen et al.,

1998) and variability in radio and X-rays (Vermeulen et al. 2003; Hernández-García et al.

2013). Radio observations of NGC 1052 revealed a double sided jet emerging from the
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nucleus (Kellermann et al., 1998). The X-ray spectrum is flat with a high absorbing col-

umn density (NH ∼ 2×1023 cm−2 Guainazzi et al., 2000) and there is a clear indication

for the presence of an unresolved nuclear source in the hard bands (Satyapal et al. 2005).

González-Martín et al. (2014) suggested that this object might be more similar to a Seyfert

than to a LINER galaxy, from the X-ray point of view.

The optical spectrum of NGC 1052 was taken with FOS/HST, and has a spectral resolu-

tion R = 2800, corresponding to a σv ∼ 80 km s−1 (Torrealba et al., 2012). All the typi-

cal narrow [O III] and [N II] lines are fairly well modelled by single components having a

FWHM of 1091 km s−1 and 682 km s−1 respectively. These FWHM values are larger than

observed in the typical narrow lines (see sect. 3), possibly due to the presence of unre-

solved outflow components. The Hα shows a broad component of FWHM = 2193 km s−1,

in agreement with previous observations. The ISAAC LR spectrum shows an intense He I

with evidence of a broad component having a FWHM of 2455 km s−1 (FWHM = 2417 km

s−1 if the instrumental resolution is subtracted). We attributed this detection to the BLR

emission. Finally we notice that, although the [Fe II]12570Å is quite intense, there is no

evidence for the Paγ and Paβ emission lines (even in the MR observations), in contrast

with what was found by Mould et al. (2012).

NGC 1365

NGC 1365 is a SB galaxy hosting a Seyfert 1.9 nucleus (Trippe et al., 2010). It displays

strong X-ray variability (on time scales of hours to years) and evidence for a relativisti-

cally broadened iron line, indicative of a a rapidly rotating black hole (Risaliti et al. 2009;

Risaliti et al. 2013). Furthermore, it displayed a complex and variable absorption, with

rapid variations in column density, attributed to an occultation event originating in the

BLR clouds (Risaliti et al. 2005; Risaliti et al. 2007). In the optical spectra of NGC 1365

there is some evidence of variability. Veron et al. (1980) classified it as a Seyfert 1.5 on

the basis of a strong Hα detected in the nucleus. Moreover, Schulz et al. (1999) detected

a broad component in Hβ with a FWHM∼1900 km s−1. However, Trippe et al. (2010)

found an extremely faint component in Hα and a purely narrow Hβ that appears to be

enhanced with respect to the [O III] lines, indicating a very strong starburst emission

component.

In the optical spectrum of Jones et al. (2009a) we have found clear indication of a

BLR component both in Hβ and in Hα (FWHM∼1586 km s−1and FWHM∼1700 km s−1,

respectively), in agreement with the results of Schulz et al. (1999). The ISAAC MR NIR

spectrum of NGC 1365 shows evidence of a broad Paβ component having a FWHM =

1972 km s−1. In Figure 4.32 the fit with and without the inclusion of this broad Paβ com-

ponent is shown. The F test gives a probability of 1×10−89 that the improvement of the

fit is due to statistical fluctuations. We attribute this component to the BLR emission.

The He I line, was observed with ISAAC in LR mode and has been fitted by a single large

component having a FWHM = 1243 km s−1(1166 km s−1if the instrumental resolution is
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subtracted). However, as the line is placed at the lower wavelength limit of the spectrum

and it is not fully covered, we preferred not to include its best fit measurements in the

dataset of the (secure) BLR detections (see Table 4.7). Finally, using line ratio diagnostic

diagrams (see Section 4.4.1), we found some indication of a starburst component beside

the AGN emission, in agreement with Trippe et al. (2010).

Figure 4.32: Left: Best fit of the Paβ lines of NGC 1365 including a broad (FWHM = 1791 km s−1) Paβ com-

ponent. Right: Same as before without including a broad Paβ component. Lower panels show the data to

model ratio.

NGC 2992

NGC 2992 is a nearby Sa galaxy, highly inclined to our line of sight (about 70◦), showing

a broad disturbed lane of dust in the equatorial plane. It is an interacting system, linked

to NGC 2993 by a tidal tail with a projected length of 2.9 arcmin. Such an interaction

could have induced a starburst activity (Glass, 1997). It is optically classified as Seyfert

1.9 (Veron et al., 1980), but its classification type has been observed to vary conspic-

uously in the past, leading to classifications ranging from Seyfert 2 to Seyfert 1.9 on the

basis of a broad Hαwith no corresponding Hβ component in its nuclear spectrum (Ward

et al., 1980), suggesting the existence of an obscured BLR. This was also confirmed later

in the infrared by the detection of a broad component (FWHM∼2900 km s−1) in the Paβ

(Goodrich et al. 1994; Veilleux et al. 1997). Gilli et al. (2000) correlated the presence (or

the absence) of the broad component of Hα with the nuclear X-ray flux, suggesting that
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the observed optical variations were due to different phases of rebuilding of the central

accretion disk (see also Trippe et al. 2008). The X-ray flux and spectrum were observed

to vary along 16 years of observations. These spectral variations were interpreted as ev-

idence for radiation reprocessed by the molecular, obscuring torus and as an indication

of a re-emergence of the AGN nuclear emission. (Gilli et al., 2000).

The optical spectrum of Jones et al. (2009a) shows a broad component in Hα, having

FWHM = 3153 km s−1, and a purely narrow Hβ. The ISAAC MR spectrum of NGC 2992

shows intense [Fe II]12570Å and Paβ lines with evidence of a strong broad Paβ compo-

nent having FWHM = 2056 km s−1. We therefore attribute it to the BLR emission. In order

to properly reproduce the line profiles, it was necessary to include (likewise observed for

the [O III] and [N II] optical lines) two intermediate [Fe II] components, tied together both

in velocity and FWHM, having a velocity offset of 111 km s−1 with respect to the narrow

component. Some other [Fe II] lines were also included (see Figure 4.14).

2MASX J18305065+0928414

2MASX J18305065+0928414 is a nearby galaxy, classified as a Seyfert 2 on the basis of

the detection of pure narrow Hα and Hβ in the optical spectra by Masetti et al. (2010).

The X-shooter NIR spectrum of 2MASX J18305065+0928414 shows a faint He I with the

signature of a broad component which falls near a telluric absorption band (see Figure

4.15). Moreover there is no evidence of the [Fe II]12570Å and Paβ emission lines. The He I

broad component has a FWHM of 3513 km s−1 while the narrow component is associated

with the FWHM = 216 km s−1 component found in the optical [N II] lines. In Figure 4.33

the fit with and without the inclusion of this broad He I component is shown. The F

test gives a probability of 1×10−121 that the improvement of the fit is due to statistical

fluctuations.

In the Hα region of the optical spectrum, beside the standard NLR components, there

is a very broad component having a FWHM of 6194 km s−1 and blueshifted by 1103 km

s−1 with respect to the narrow component. However, in order to properly fit the spec-

trum, it is necessary to include also a broad Hα component having FWHM = 2660 km

s−1, with the same center of the NLR component, which we attribute to the BLR. The F

test gives a probability of 6×10−8 that the improvement of the fit obtained including this

last BLR Hα line is due to statistical fluctuations.

ESO 234−G050

ESO 234−G050 is a blue compact dwarf (BCD) elliptical galaxy hosting a Seyfert 2 nucleus

(Aguero, 1993). No detection of broad components in the permitted lines was reported

so far. In our optical X-shooter spectra we have found no evidence for broad components

in the Hβ, while a faint broad Hα having FWHM∼970 km s−1 has been detected.

The Paβ has been fitted by three components: the NLR component having FHWM = 167

km s−1, an intermediate component having FWHM = 343 km s−1and blueshifted by 35
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km s−1 with respect to the NLR (similarly as observed in the optical band) and a BLR com-

ponent having FWHM = 1305 km s−1 , with the same center of the NLR component. In

Figure 4.34 the fit with and without the inclusion of the broad Paβ component is shown.

The F test gives a probability of 1×10−60 that the improvement of the fit is due to sta-

tistical fluctuations. We therefore attribute it to the BLR emission. Finally, using line ratio

diagnostic diagrams (see Section 4.4.1), we found some indication of a starburst compo-

nent beside the AGN emission.

NGC 6221

NGC 6221 is a nearby, spiral galaxy classified as SBc(s) by de Vaucouleurs et al. (1991).

The bar is clearly visible in the optical and in the infrared and lies at a PA of 118◦ with a

length of ∼6 kpc. NGC 6221 forms an apparent physical pair with the spiral galaxy NGC

6215, which is ∼110 kpc distant, and is also possibly interacting with two nearby galax-

ies (Koribalski and Dickey, 2004). While its optical spectrum resembles that of a typical

reddened (AV =3) starburst galaxy (Storchi-Bergmann et al., 1995), in the X-ray band NGC

6221 shows a typical type 2 AGN spectrum, variable on timescales of days and years, with

a 2–10 keV intrinsic luminosity of L2−10 = 6.6×1041 erg s−1(Levenson et al. 2001, Bianchi

et al. in prep.). The presence of a sign of non-stellar activity in the optical band (the

[O III] shows a component broader and blueshifted with respect to the Hβ) and the early

detection of NGC 6221 as an X-ray source (Marshall et al., 1979), motivated Veron et al.

(1981) to propose a composite Seyfert 2/starburst classification for this object.

No indications of broad (FWHM>1000 km s−1) permitted emission lines were found

both in the optical and in the NIR (see Levenson et al. 2001 and reference therein). The

optical X-shooter spectrum of NGC 6221 is quite complex. Beside the NLR components

both in the Hβ and Hα regions, three intermediate components having a blueshift in the

range 20–380 km s−1 have been fitted (see Figure 4.17). It was also necessary to add a BLR

Hα component having FWHM = 1630 km s−1. The F test gives a probability of 1×10−256

that the improvement of the fit is due to statistical fluctuations. Beside the presence of

the NLR and one intermediate component (FWHM = 483 km s−1) blueshifted by 176 km

s−1, the Paβ line has been fitted with a BLR component having FWHM = 2257 km s−1.

In Figure 4.35 the fit with and without the inclusion of the broad Paβ component is

shown. The F test gives a probability of 1×10−118 that the improvement of the fit is due to

statistical fluctuations (see La Franca et al., 2016, for a more detailed discussion). More-

over, using line ratio diagnostic diagrams (see Section 4.4.1), we confirm the presence of

a starburst component beside the AGN emission.

NGC 7314

NGC 7314 is a barred spiral galaxy (SABb) hosting a Seyfert 1.9 active nucleus (Zoghbi

et al., 2013), confirmed by the the detection of a broad Hα in the HST spectrum. More-

over, a clear evidence was found for a broad Hα in the polarized flux (Lumsden et al.,
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2004). The X-ray behaviour of the source is extreme, with a strong variability on all ob-

served timescales and it is thought to be a type 2 counterpart to the NLS1 class (De-

wangan and Griffiths, 2005). Furthermore, X-ray observations (from ASCA, Chandra and

XMM) revealed a broad component in the Fe Kα at 6.4 keV. Interestingly, the line re-

sponse to the rapid variations of the continuum is different for the narrow and the broad

components, suggesting different origins of the corresponding gas (Ebrero et al., 2011).

The best fit of the most relevant emission lines of NGC 7314 are shown in Figure

4.18. In the X-shooter optical spectrum, beside the narrow and broad components of

Hβ and Hα (FWHM = 1097 km s−1and FWHM = 1330 km s−1, respectively) evidence was

found of intermediate components. In particular, in the Hβ+[O III] region two interme-

diate components with a blueshift of 47 km s−1and 67 km s−1respectively were found.

In the Hα+[N II] region one intermediate component, with a blueshift of 63 km s−1was

found. In the NIR spectrum, beside the presence of the narrow component and one in-

termediate component having a blueshift of 42 km s−1, the Paβ line clearly shows a BLR

component having FWHM = 1348 km s−1.
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Figure 4.33: Left: Best fit of the He I line of 2MASX J18305065+0928414 including a broad (FWHM = 3513 km

s−1) He I component. Right: Same as before without including a broad He I component. Lower panels show

the data to model ratio.
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Figure 4.34: Left: Best fit of the Paβ line of ESO 234−G050 including a broad (FWHM = 1305 km s−1) Paβ

component. Right: Same as before without including the broad Paβ component. Lower panels show the

data to model ratio.
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Figure 4.35: Left: Best fit of the Paβ line of NGC 6221 including a broad (FWHM = 2257 km s−1) component.

Right: Same as before without including a broad Paβ component. Lower panels show the data to model

ratio.



5
THE BH MASS OF AGN2:

CONNECTIONS TO AGN AND HOST

PROPERTIES

As previously discussed in Chapter 3, we have calibrated NIR and optical virial BH mass

estimators based on the intrinsic hard X–ray luminosity, used as a proxy of the BLR size.

These estimators represent an update of the NIR virial relations published in La Franca

et al. (2015), as we have extended the aforementioned calibrations to the 2-10 keV band

luminosity and to the most intense optical and NIR emission lines (Hβ, Hα, Paα, Paβ and

He I). These relations can be efficiently used to supersede the current biases and limita-

tions of optical SE relations to reliably measure the BH mass in all those AGN where the

nuclear optical emission is reddened and/or contaminated by the host galaxy radiation.

In this Chapter we will use the virial BH mass estimators calibrated in Chapter 3 to

derive for the first time the virial BH mass for the sample of hard X–ray selected AGN2

analysed in Chapter 4.

5.1. INTRODUCTION

It is clear that to properly understand the AGN evolution, it is mandatory to characterise

the distributions of both the emitted power and of the accreted matter, i.e. the LF and

the SMBHMF. The first has been determined for complete samples of AGN up to z ∼
6, whereas the second has been computed mainly with virial-based techniques, which

however are biased against AGN2 (see discussion in section 3.1).

In the last decade, using virial based techniques in the optical band it has been pos-

sible to measure the BH mass on large AGN1 samples and therefore derive the super-

massive BH mass function (SMBHMF, e.g. Greene and Ho, 2007; Kelly et al., 2009, 2010;

97
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Merloni et al., 2010; Bongiorno et al., 2014; Schulze et al., 2015). Many of these mea-

surements are based on optical SE black hole mass virial estimates. However, as already

discussed in Section 3.1, these measurements cannot be directly applied to AGN2 as the

broad line component is not visible in the optical spectra. In those few studies where

AGN2 black hole masses have been derived (e.g. Heckman et al., 2004, from SDSS), the

authors used the BH-bulge scale relations which, however, were not verified to be valid

also for AGN2 (see Graham, 2008a; Kormendy et al., 2011).

As a matter of fact, the observed difference in the luminosity distributions of AGN1

and AGN2 could still comply with an orientation-based unified model in which the torus

opening angle (or the absorbing material covering factor) depends on luminosity. On

the contrary, if a difference is measured in the average BH mass (or host halo mass and

clustering properties) of AGN1 and AGN2 sharing the same intrinsic (corrected for ab-

sorption) luminosity, then AGN1 and AGN2 should be intrinsically different objects and

the unified model should be substantially revised.

Prompted by these open questions, we have therefore started a systematic project

aimed at measuring the BH mass in AGN2. We have obtained high-S/N (∼30 per reso-

lution element) and high-resolution NIR spectroscopic observations of 41 obscured and

intermediate class AGN (type 2, 1.9 and 1.8; all named AGN2 in the following) with red-

shift z .0.1, selected from the Swift/BAT 70-month catalogue (Baumgartner et al., 2013).

The data reduction, spectra analysis and line fitting parameters (FWHM and fluxes of the

most relevant emission lines in the optical and NIR) have been described in Chapter 4

and published in Onori et al. (2017). Our NIR spectroscopic campaign has revealed viri-

alized broad line region component in 13 out of 41 AGN2 (∼ 30% of the total sample),

showing FWHM > 800 km s−1 (see Table 4.7).

From the analysis carried out in Section 4.5, it resulted that the detection or not of

the broad line region components does not significantly depend on possible selection

effects due to the quality of the spectra, the X–ray or NIR fluxes, the orientation angle of

the host galaxy or the hydrogen column density, NH , measured in the X–ray band.

Using the above described data, in this Chapter we derive for the first time virial MBH

of this AGN2 sample using the broad virialized NIR emission lines coupled with the hard

X–ray luminosity in the 14-195 keV band. We will then compare the AGN2 BH mass dis-

tribution with that of a sample of AGN1 selected from the same Swift/BAT 70-month

catalogue and whose masses have been measured via RM techniques.

This Chapter is organized as follows: in Sect. 5.2 the samples of AGN1 and AGN2 are

presented; in Sect. 5.3 the AGN2 BH masses are computed, and the MBH − L14−195keV

plane is shown. In Sect. 5.3 we also derive the Eddington ratios for both AGN1 and AGN2

using two different methods. In Section 5.4 we further investigate how the BH masses

of AGN2 relate to some properties of the host, and we present some preliminary results

regarding two scaling relations with the velocity dispersion σ? and the MIR bulge lumi-

nosity L3.6,bul. Finally Section 5.5 addresses the future perspectives.
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5.2. SAMPLES

As described above our sample of AGN2 comes from the analysis of 41 type 2 active galax-

ies randomly drawn from the Swift/BAT 70-month catalogue where we were able to de-

tect the presence of virialized BLR components in the NIR spectra of 13 sources. This

sample of AGN2 has been enlarged with 4 AGN2 included in the Swift/BAT 70-month cat-

alogue whose NIR spectra were available in the literature. When only one NIR emission

line was detected in the original paper (i.e. only Paα or Paβ), we took the FWHM value

reported in literature, whereas when also the He I was available, we performed a spectral

fitting analysis in order to correctly evaluate the true broad He I FWHM, deblended from

the Paγ transition. The NIR lines have been fitted using the same technique described in

Chapter 4. The line fitting parameters of the additional AGN2 are listed in Table 5.1.

In order to compare the results obtained from the AGN2 population we have used a

sample of 33 AGN1 included in the Swift/BAT 70-month catalogue and whose MBH have

been computed via RM techniques. This sample includes those 31 AGN1 (already pre-

sented in Chapter 3, see Table 3.1) that have both RM BH mass and hard X–ray luminosity

L14−195keV. We also consider two additional RM AGN1, namely 3C 390.3 (logL14−195keV =
44.88 erg s−1, Mvir = 278+24.4

−31.6 ×106M¯) and Mrk 50 (logL14−195keV = 43.45 erg s−1, Mvir =
6.3± 0.7× 106M¯). The virial BH masses have been taken from the compilation of Ho

and Kim (2014), for the RM campaign see their Table 1 and references therein. These two

galaxies are not part of the calibrating sample of Chapter 3 because: i ) 3C 390.3 shows a

double-peaked Hα profile, a fact that could be ascribed to non-virial motions (see dis-

cussion in Sect. 3.2), however its RM MBH has been evaluated on the rms spectrum, thus

taking into account only the variable part of the emission line (most likely in virialized

motion), and i i ) Mrk 50 does not have Hα nor NIR FWHMs available in literature.

5.3. COMPARISON BETWEEN THE AGN1 AND AGN2 POPULATIONS:

MBH AND λEdd

As discussed by many authors (Landt et al., 2008; Onori et al., 2017, see also discussion

in section 3.3 for AGN1 and in section 4.4.2 for our sample of AGN2), the most relevant

NIR emission lines of the BLR (Paα1.875, Paβ1.282, He I1.083) have, within the errors,

the same FWHM and therefore a more robust FWHM measure can be obtained using

the average (if available) width of these lines. In Figure 5.1 we have verified that the NIR

FWHM of our AGN2 are in agreement within the uncertainties.

Figure 5.1 shows the virialized broad FWHM of Paβ and He I for our sample of AGN2

in which we were able to find broad components in both the two emission lines. The

dotted black line in Figure 5.1 is the 1:1 relation. Black error bars are the uncertainties

derived via spectral fitting in Sect. 4.4, while the red error bars are the commonly adopted
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Table 5.1: General properties of the NIR data taken from the literature.

FWHM

Galaxy Name z class logL14−195keV He I Paβ ref

[erg s−1] [km s−1] [km s−1]

(1) (2) (3) (4) (5) (6) (7)

IRAS F 05189-2524 0.0426 2 43.72 . . . 2619 C10

Mrk 348 0.0150 2/FSRQ 43.90 1917+146
−131 1514+416

−319 this work

NGC 1275 0.0176 2 43.71 2547+20
−24 2824+98

−85 this work

NGC 7465 0.0065 2 42.14 . . . 2300 RA09

Notes. Columns are: (1) AGN name; (2-3) redshift and source classification from Swift/BAT 70

month catalogue (Baumgartner et al., 2013); (4) logarithm of the 14-195 keV intrinsic luminosity

(Baumgartner et al., 2013); (5)-(6) intrinsic (corrected for instrumental resolution) FWHM of the

broad emission line component of He I and Paβ; (7) reference for the NIR FWHM, where: C10 is

Cai et al. (2010, Paα emission line FWHM); RA09 is Ramos Almeida et al. (2009); this work means

that the data in Riffel et al. (2006) have been fitted again in order to deblend the Paγ emission

line.

Figure 5.1: Comparison of the NIR virialized broad component of Paβ and He I for the AGN2 sample. The

dotted black line is the 1:1 locus. The red error bars are the 10% uncertainties on the FWHM measurements,

while the black error bars describe the uncertainties resulting from the spectral fitting analysis.

10% uncertainties on the FWHM measurements (see Grupe et al., 2004; Vestergaard and

Peterson, 2006; Landt et al., 2008; Denney et al., 2009b). In order to correctly evaluate the

uncertainties on the FWHM and to not underestimate them, we chose to take the 10% or

the fitting uncertainty, whichever was the largest for each object.

We then averaged the NIR FWHMs (He I and Paβ ), computing the mean weighted by
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the inverse of the squared uncertainties on the FWHM, for both populations. In the left

panel of Figure 5.2 we show the average FWHM of the BLR of the NIR lines as a function

of L14−195keV for both the AGN1 (blue circles) and the AGN2 (red circles) populations. Of

the 33 RM AGN1 only 20 have NIR emission line measurements available and have been

then plotted.

Figure 5.2: Top: Distribution of L14−195keV of the AGN2 (red solid line) and AGN1 control sample (blue

dotted line). The red dot dashed and the blue dashed lines show the distribution of the AGN2 and AGN1

of the Swift/BAT 70-month catalogue, respectively. Left: Average NIR virialized broad FWHM (Paβ and

He I) of AGN1 (blue circles) and AGN2 (red circles) as a function of the intrinsic 14-195 keV luminosity,

L14−195keV. The black filled (open) circle shows the average FWHM of the AGN1 (AGN2) sample in the

42.5 < logL14−195keV < 44.5 erg s−1luminosity bin which has been plotted at the position of the average

L14−195keV. Right: Average NIR virialized broad FWHM (Paβ and He I) of AGN2 as a function of the NH .

The top panel of Figure 5.2 shows the hard X-ray luminosity distributions for the par-

ent samples of AGN1 and AGN2 contained in the Swift/BAT 70- month catalogue (blue

dashed and red dot dashed lines, respectively), together with the distributions of the RM

AGN1 and 17 AGN2 where a BLR component in the NIR was found (dotted blue and

solid red lines, respectively). As expected from the studies of the AGN X–ray LF (e.g.

Ueda et al., 2003; La Franca et al., 2005; Ueda et al., 2014) AGN1 have on average larger

luminosities than AGN2. Nonetheless, the AGN1 show also larger FWHM than AGN2.

However this difference is not only dependent on LX (at larger LX, if a constant λEdd
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is assumed, larger BH masses are expected and then larger FWHMs), indeed in the lu-

minosity range 42.5< logLX < 44.5 erg s−1in which the two population overlap, AGN1

have significantly larger FWHM than AGN2, i.e. ∼ 3400 km s−1 instead of ∼ 1970 km s−1 :

logFW H M = 3.530±0.036 and logFW H M = 3.295±0.032 for AGN1 and AGN2, respec-

tively. This means a difference in FWHM of ∼0.25 dex. The black filled (open) circle in

the left panel of Figure 5.2 shows the average FWHM of the AGN1 (AGN2) sample in the

42.5 < logL14−195keV < 44.5 erg s−1luminosity bin which has been plotted at the position

of the average L14−195keV (∼43.66 erg s−1for the AGN1 and ∼43.47 erg s−1for the AGN2).

In Chapter 4 (section 4.5) we have investigated whether our FWHM measures could

be affected by some selection biases. No dependence was found in the sample where

the BLR was measured on the quality of the spectra, the X–ray or NIR fluxes, the orien-

tation angle of the host galaxy or the hydrogen column density, NH , measured in the

X–ray band. One possible selection could be originated by the effects of the absorp-

tion/reddening material along the line of view which is obviously present, as it is at the

origin of the AGN2 classification and of the large NH values (> 1022 cm−2), typically mea-

sured in AGN2. One possible, although unlikely, scenario could be that the more central

parts of BLR are embedded in a region of absorbing material and the broad components

we have measured originate in the outer, and then slower-rotating, part of the BLR. In

this case a trend should be observed where the largest FWHMs are detected in the less

absorbed objects. As shown in the right panel of Figure 5.2 this trend is not present in

our data.

In order to compute the AGN2 MBH we have used the relation

log

(
MBH

M¯

)
= 7.75+2log

FW H MNIR

104 kms−1 +0.5log
L14−195keV

1042 ergs−1 (5.1)

which is based on the measure of the average FWHM observed in the NIR and the hard

X–ray 14-195 keV luminosity. The relation has been calibrated in section 3.4 (see solution

a3 in Table 3.4) assuming a common virial factor 〈 f 〉 = 4.31 (Grier et al., 2013). Accord-

ing to the above equation, the measure of MBH depends (like in all the SE relations) on

the square root of the luminosity and the square of the FWHM, therefore the observed

narrower (by a factor ∼0.25 dex) FWHM in the AGN2 sample implies that we should de-

rive (a factor ∼0.5 = 2 × 0.25 dex) smaller MBH for AGN2 if compared with AGN1 of the

same luminosity. Top panel of Figure 5.3 shows the MBH as a function of L14−195keV of the

AGN1 (blue squares) and AGN2 (red circles) samples.

The MBH of the AGN1 sample were derived using the RM technique, thus MBH =
f ×Mvir. It should be noted that if, for those 20 AGN1 where the FWHMNIR is available,

the relation of equation 5.1 is instead used to derive MBH, the results discussed in this

work do not change significantly.

We have assumed the same average f factor for both AGN1 and AGN2, even if the 33

RM AGN1 have already been classified according to their morphology and plotted with
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Figure 5.3: Top: black hole mass of AGN1 (blue squares) and AGN2 (red circles) as a function of L14−195keV.

The AGN1 have been plotted with filled and open symbols according to the bulge morphological classifica-

tion, but an average f -factor has been assumed when estimating the MB H = f × Mvir without separating

according to the morphological properties of the bulge. The same average f factor has been assumed also

for AGN2. The least massive AGN2 in our sample is NGC 4395, one of the smallest active galactic BHs known.

The dotted black lines mark the loci of constant BH mass to hard X–ray ratio, which roughly correspond to

constant accretion rate. Bottom: the hard X–ray luminosity to BH mass ratio (proxy of the Eddington ratio)

as a function of L14−195keV.
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open or filled squares accordingly. There is evidence that the MBH could be related to the

morphological classification of the bulge (e.g. Kormendy and Ho, 2013, and discussion

in the introduction of Chapter 3), and thus the RM AGN1 could have different f factors

according to the nature of their bulge. In any case, the adoption of an average f factor for

both population without distinguishing into classical or pseudo bulges is conservative in

the viewpoint of verifying if there are intrinsic differences in the MBH of such AGN classes.

As indeed expected, it results that in the 42.5< logL14−195keV < 44.5 erg s−1luminosity

bin the average MBH of the AGN2 sample (log MBH = 7.08±0.10 M¯) is ∼0.5 dex smaller

than measured in the AGN1 sample (log MBH = 7.61±0.01 M¯). The black filled (open)

circle in the top panel of Figure 5.3 shows the average MBH of the AGN1 (AGN2) sample in

the 42.5 < logL14−195keV < 44.5 erg s−1luminosity bin, plotted at the average L14−195keV.

The dotted black lines in the same panel mark the loci of constant BH mass to hard X–ray

ratio, which roughly correspond to region of constant accretion rate.

The above result is also described by the bottom panel of Figure 5.3, where the ratio

L14−195keV/MBH (with an additional constant) as a function of L14−195keV is shown. The

MBH is in unit of M¯ and the hard X–ray luminosity is in erg s−1. The hard X–ray luminos-

ity to MBH ratio represents a proxy of the accretion rate, more specifically is proportional

to λEdd.

Figure 5.4 shows the total MBH distributions for the sample of RM AGN1 (blue dotted

line) and for our sample of AGN2 (red solid line).

Figure 5.4: Histograms of the MBH of the total sample of AGN1 (dotted blue) and for our sample of AGN2

(solid red).
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The Eddington luminosity LEdd for both the AGN1 and AGN2 samples has been de-

rived starting from the corresponding virial BH mass measurements, using Equation 2.2,

while to derive the bolometric luminosity Lbol we follow two different recipes, as shown

in Figure 5.5.

Figure 5.5: Left: bolometric correction as a function of the L2−10keV of Marconi et al. (2004, black solid line).

AGN2 are shown with red triangles while AGN1 are plotted as blue squares. Right: bolometric correction as

a function of the λEdd. The solid black line shows the analytic expression derived by Shankar et al. (2013) to

describe the data from Vasudevan and Fabian (2007).

The left panel of Figure 5.5 reports the often used K-correction K2−10keV = Lbol/L2−10 keV

of Marconi et al. (2004), as a function of the hard X–ray luminosity L2−10keV. The 14-195

keV band luminosities have been converted into 2-10 keV band using the Equation 3.3

(see Section 3.4), which corresponds to adopting a 〈Γ〉 ' 1.67. The blue and red symbols

in Figure 5.5 are the corresponding quantities derived for the AGN1 and AGN2, respec-

tively. We also used the analytic expression derived by Shankar et al. (2013), in which

the authors described the data of Vasudevan and Fabian (2007) X–ray bolometric cor-

rection K2−10keV as a function of the Eddington ratio λEdd. In particular, the analytic

parametrization of Shankar et al. (2013, see their eq. 22, where because of a typo, logLX

should read logλEdd), shown in the right panel of Figure 5.5, is

K2−10keV(λEdd) =


18 if λEdd ≤ 0.105

54.85+26.78 logλEdd−
−11.11(logλEdd)2 if 0.105 ≤λEdd ≤ 1 .

(5.2)

Figure 5.6 shows the λEdd as a function of L14−195keV, for both K-corrections, i.e. right

panel for Marconi et al. (2004) and left for the parametrization of Shankar et al. (2013).

In Figure 5.6 AGN1 are shown as blue symbols while AGN2 are reported as red sym-

bols. The resulting Eddington ratios are of course model-dependent, as the parametriza-

tion of Shankar et al. (2013) produces always higher Eddington ratios with respect to the

formula of Marconi et al. (2004). However, as we are interested in investigating whether
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Figure 5.6: Eddington ratio as a function of the L14−195keV for AGN1 (blue) and AGN2 (red). The bolometric

luminosities have been calculated assuming the bolometric correction of Marconi et al. (2004, left panel)

and the analytic expression derived for the data of Vasudevan and Fabian (2007, right panel).

there are intrinsic differences among AGN1 and AGN2, in general the results regarding

the two populations are only slightly dependent on the choice of the K-correction, and

thus no significant differences were found.

Table 5.2 reports all the quantities of interest of this Chapter, e.g. the MBH, the bolo-

metric luminosity and the Eddington ratios for the sample of AGN2.

Finally Figure 5.7 investigate the distributions of the main physical quantities de-

rived in this Chapter, i.e. the hard X–ray luminosity L14−195keV, average NIR FWHM,

MBH and λEdd for AGN1 (blue dotted line) and AGN2 (red solid line). All the left and

right panels are the same apart from the bottom ones that report the Eddington ratio

distributions computed adopting two different K-corrections, i.e. Marconi et al. (2004,

left panel) and Vasudevan and Fabian (2007, right panel). These histograms describe

the properties of the two AGN populations only in the overlapping X–ray luminosity bin

42.5 < logL14−195keV < 44.5 erg s−1. Starting from the top, it is clear that the distributions

tend to separate proceeding along the bottom direction of Figure 5.7, even if the intrinsic

X–ray luminosity distributions were on top of each other.

Although based on few tens of objects, at a face value these results imply that AGN2

have on average about 0.5 dex lower MBH than AGN1 of the same luminosity, and ∼ 0.20−
0.30 dex difference in Eddington ratios, depending on the K-correction adopted. Indeed

assuming the Marconi et al. (2004) K-correction leads to average Eddington ratios, com-

puted in the overlapping X–ray bin, logλEdd '−1.24 and logλEdd '−1.05, for AGN1 and
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Figure 5.7: Histograms of the hard X–ray luminosity L14−195keV, average NIR FWHM, MBH and λEdd for

AGN1 (blue dotted line) and AGN2 (red solid line), from top to bottom. All the distributions have been

computed in the X–ray luminosity bin 42.5 < logL14−195keV < 44.5 erg s−1, where the two AGN populations

overlap. The right and left panels are the same apart from the bottom panels, which show the Eddington

ratio distributions computed adopting two different k-correction, i.e. Marconi et al. (2004, left panel) and

Vasudevan and Fabian (2007, right panel).
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AGN2, respectively. If we assume the Shankar et al. (2013) analytic expression the result-

ing Eddington ratios in the overlapping X–ray luminosity bin are logλEdd ' −1.15 and

logλEdd '−0.85, for AGN1 and AGN2, respectively. In either cases, we found that AGN2

have smaller MBH and have higher Eddington ratios than AGN1 having the same intrinsic

X–ray luminosity.

5.4. COMPARISON BETWEEN THE AGN1 AND AGN2 POPULATIONS:

MBH VS σ? AND L3.6,bul

In this section we further analyse the observed correlations with some properties of the

host, namely the stellar velocity dispersion σ? and the luminosity of the bulge at 3.6µm.

These correlations are here investigated for the first time using virial MBH for AGN2 (see

Table 5.2), not derived from other BH-bulge scaling relations. This fact can help under-

stand the role of AGN2 in the AGN/galaxy co-evolution scenario, i.e. whether or not they

are statistically different from AGN1.

The AGN2 stellar velocity dispersions are retrieved from the Hyperleda1 database.

Reliable measurements of central stellar velocity dispersions are available for a total of 31

RM AGN1 from the compilation of Ho and Kim (2014). In order to evaluate whether there

are systematic offsets among the two databases, which could artificially introduce differ-

ences among the AGN1 and AGN2 samples, we compare in the top panel of Figure 5.8 the

Hyperleda stellar velocity dispersion σ?,HL and the stellar velocity dispersion measure-

ments available in literature,σ?,HK , for the sample of AGN1. The dotted line in Figure 5.8

marks the identity relation. This comparison shows that there are no particular trends as

the two velocity measurements are in fair agreement. This fact is further supported by

the bottom panel of Figure 5.8, which shows the offset between the two measurements

∆σ? = σ?,HL −σ?,HK as a function of σ?,HK . If the Hyperleda measurements were sys-

tematically different than the measurements adopted in literature, a trend in this panel

should be evident, whereas the offsets are for the majority of the sources consistent with

zero.

These tests are sanity checks that support the use of the Hyperleda dispersionsσ?,HL

for our sample of AGN2. In the following, for the AGN1 we will use the velocity dis-

persions available from the literature σ?,HK as their number is greater than the velocity

dispersions available on Hyperleda. Among our sample of AGN2, only 11 (∼65% of our

sample) have stellar velocity dispersions in Hyperleda. The sources that do not have σ?

are 2MASX J05054575-2351139, ESO 374-G044, IRAS F05189-2524, MCG -01-24-012, Mrk

1210 and NGC 7314.

Figure 5.9 shows the MBH −σ? relation for our sample of AGN2 in red and for the

sample of RM AGN1 in blue. We also report for reference a local sample of inactive galax-

1http://leda.univ-lyon1.fr/

http://leda.univ-lyon1.fr/
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Figure 5.8: Top: Comparison of the stellar velocity dispersions from Hyperleda σ?,HL and from the collec-

tion of Ho and Kim (2014) σ?,HK . The dotted line shows the 1:1 locus. Bottom: Difference between the

Hyperleda dispersion and the one reported by Ho and Kim (2014), as a function of the latter. The dotted line

marks the zero offset.

ies (Sani et al., 2011, grey squares). As previously done in section 5.3, RM AGN1 MBH

have been scaled by 〈 f 〉 = 4.31 (Grier et al., 2013). The inactive galaxies and RM AGN1

are plotted with different symbols according to the bulge morphological classification.

For reference, the recent MBH−σ? relations from McConnell and Ma (2013, black dotted

line), Kormendy and Ho (2013, orange solid line) and Ho and Kim (2014, cyan dashed

line) determined for inactive galaxies are shown. We have chosen to report the relation

of McConnell and Ma (2013) plotted in Figure 5.9 which has been fitted by the authors on

their total sample of inactive galaxies, taking also into account upper limits and without

differentiating into any particular sub-sample (i.e. bar/barless, early/late type, classi-

cal/pseudo bulges).

The relation by Kormendy and Ho (2013) is instead calibrated only on a sample of

elliptical and classical inactive galaxies, while the correlation of Ho and Kim (2014) is the

same relation of Kormendy and Ho (2013) rescaled by an offset of ∼0.58 dex. This sec-

ond relation has been derived in order to describe the pseudo bulge sample of inactive

galaxies presented in Kormendy and Ho (2013). Even though our sample of AGN2 is not

large enough to draw statistically significant conclusions, it should however be remarked

that the majority of AGN2 lie below the scaling relations, whereas the AGN1 are scattered
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Figure 5.9: MBH −σ? relation for a local sample of inactive galaxies (Sani et al., 2011, grey squares) AGN2

(red circles) and AGN1 (blue squares). RM AGN1 MBH have been scaled by 〈 f 〉 = 4.31 (Grier et al., 2013).

The inactive galaxies and RM AGN1 are plotted with different symbols according to the bulge morphological

classification. For reference, some recent MBH −σ? relations determined for inactive galaxies are shown.

almost randomly around them. In any case more stringent and robust conclusions could

be derived once the bulge classification of the AGN2 is available, as a proper comparison

could be made between AGN1 and AGN2 pertaining to the same morphological classifi-

cation. This aspect is investigated in the following, where some preliminary results are

shown regarding the scaling relation MBH −L3.6,bul (see Figure 5.10).

Among our sample of AGN2, 14 have SPITZER images at 3.6µm deep enough to al-

low a reliable 2D decomposition in bulge/disc components using the software GALFIT

(Peng et al., 2002, 2007). Besides the standard inputs [e.g. data, point spread function

(PSF) images, etc.], GALFIT requires a standard deviation image, used to give relative

weights to the pixels during the fit, and a bad pixel mask. Following the work by Sani
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Figure 5.10: Scaling relation between the MBH and the bulge luminosity at 3.6µm for AGN2 (red circles) and

a local sample of inactive galaxies (grey squares). The inactive galaxies are plotted with different symbols

according to the bulge morphological classification. For reference, the MBH −L3.6,bul relation determined

by Sani et al. (2011) is shown.

et al. (2011), we use the uncertainty data obtained from MOPEX as σ images and con-

struct a bad pixel frame masking out foreground stars, background galaxies and possible

irregularly shaped regions such as dust lanes across the galaxy. We choose the number

and kind of model components on the basis of the Hubble morphological types and af-

ter a visual inspection of the images. Thus, for elliptical galaxies we use a pure Sersic

profile, while for lenticular (S0) and spiral galaxies we add an exponential disc. In the

case of barred galaxies (SB), we consider an additional Gaussian component, equivalent

to a Sersic profile with index n = 0.5. In some cases, even if the source is classified as a

barred galaxy, the bar cannot be identified in the MIR. In these cases, we do not add any

Gaussian component to the model. We also include a nuclear point source to account

for the emission of the active galactic nucleus. We fix the background in the fits, esti-
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mating it as the mean surface brightness (with the relative standard deviation) over an

annular region surrounding the galaxy between two and three times the optical radius.

Foreground sources such as stars or galaxies are not considered in the background calcu-

lation by means of a 2.5σ rejection criterion. The free parameters of the fit are the bulge

and disc brightness, their scale-lengths, ellipticities, position angles and the bulge discy-

ness/boxyness. Additional free parameters can be the bar brightness, FWHM, ellipticity

and position angle and/or the AGN point source 3.6µm magnitude. As starting guesses,

we use the axial ratio, the major axis position angle, provided by the Hyperleda database.

The resulting MBH−L3.6,bul plane for a sample of local inactive galaxies (grey squares,

from Sani et al., 2011) and for half of our AGN2 (red circles) is shown in Figure 5.10. Table

5.3 lists the main properties of our AGN2 having stellar velocity dispersions and 3.6µm

bulge luminosity. The solid black line in Figure 5.10 is the scaling relation fitted by Sani

et al. (2011, see their eq. 3) only on the sub-sample of elliptical/classical bulges.

We are finding evidences that AGN2 have smaller BH masses than AGN1 and in the

MBH −L3.6,bul plane reside in the region usually occupied by pseudo bulges (see Figure

5.10).

All the above results are pointing in the direction that AGN2 could reside in host

galaxies different than the ones of AGN1, and which have distinct properties. Indeed,

the formation mechanism of the innermost region of the galaxy should have an impact

also on the accretion history of the BH. Only classical bulges and ellipticals, both formed

through gas-rich mergers at early times, participate in BH–galaxy co-evolution. Pseudo-

bulges experience slow, stochastic growth via secular processes and do not co-evolve

closely with their central BH (see, e.g. Kormendy and Ho, 2013). Our findings could also

fit in an evolutionary scenario (see, e.g. Hopkins et al., 2005) in which AGN2 represents

the preceding stage of a type 1 AGN. In this picture, AGN are powered by gas funneled to

galaxy centers, fueling starbursts and feeding black hole growth, but are “buried” (thus

are classified as AGN2) until feedback from the accretion disperses the obscuring mate-

rial, creating a window in which the black hole is observable as an optical type 1. Even-

tually, the activity ceases when the accretion rate drops below that required to maintain

quasar luminosities.

We are therefore starting to demonstrate in a direct way that AGN2 occupy a specific

role in the SMBH-host galaxy co-evolution. Further analysis is however needed in order

to derive robust conclusions.

Part of the work presented in this Chapter has been submitted for publication to

MNRAS: F. Onori, F. Ricci, F. La Franca, S. Bianchi, A. Bongiorno,M. Brusa, F. Fiore, R.

Maiolino, A. Marconi, E. Sani, C. Vignali: “Detection of faint broad emission lines in type

2 AGN: II. On the measure of the BH mass of type 2 AGN and the unified model”.
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Table 5.3: Host properties of the AGN2 sample.

Galaxy Name Hubble type σ? logL3.6,bul

[km s−1] [L¯,3.6]

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

2MASX J05054575-2351139 . . . . . . . . .

2MASX J18305065+0928414 . . . 201.56±19.8 . . .

ESO 234-G-050 E? 75.12±1.2 . . .

ESO 374-G-044 SBa . . . . . .

MCG -01-24-12 SABc . . . 10.36

MCG -05-23-16 S0-a 173.6±19.4 10.68

Mrk 1210 . . . . . . . . .

NGC 1052 E 209.7±3.9 . . .

NGC 1365 Sb 143.0±18.9 10.81

NGC 2992 Sa 159.5±17.1 10.28

NGC 4395 Sm 30.0±2.4 6.76

NGC 6221 Sc 72.45±2.6 9.56

NGC 7314 SABb . . . 9.32

IRAS F 05189-2524 E . . . . . .

Mrk 348 S0-a 141.3±28.9 . . .

NGC 1275 S0 243.3±12.7 . . .

NGC 7465 S0 95.1±3.4 . . .

Notes. Columns list: (1) AGN name; (2) Hubble morphological type, retrieved from Hyperleda

if available; (3) stellar velocity dispersions, taken from Hyperleda when available; (4) logarithm

of the bulge luminosity in the MIR 3.6µm, derived from 2D decomposition fitting of SPITZER

images.

5.5. FUTURE PERSPECTIVES

A reliable virial BH mass estimator able to work also with AGN2 and low luminosity AGN

is a powerful tool to accurately investigate the characteristics of the obscured AGN pop-

ulation. In the following we will describe some of the applications of our methods that

we wish to carry out in the future.

The local density of low mass BH. Different studies have shown that AGN2 are repre-

sentative of a population of AGN with low intrinsic X–ray luminosity and low BH masses

(Tueller et al., 2010) that likely contains clues about the formation of the first BHs. Thus,

the measure of their local density can be used to discriminate between different models

for seeds BH.
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The AGN2 Lbol −LE dd plane. As, on average, we have found smaller BH masses and

larger Eddington ratios in AGN2, we are also interested in observing those AGN2 having

the highest luminosities in the Swift/BAT 70 month catalogue, targets which have been

not observed so far, and which are likely to have the largest Eddington ratios. In order to

have a meaningful comprehension of the accretion rate in AGN2, we should also try to

better sample the low-luminosity region. For these reasons, we have asked and success-

fully obtained observing time (∼13 hours) at LUCI/LBT to measure the BH masses of the

most luminous (logL14−195keV > 44.5 erg s−1) and least luminous (logL14−195keV < 42 erg

s−1) AGN2 selected among the Swift catalogue, and thus to complete the coverage of the

luminosity range (over four decades). Appendix B reports the complete proposal.

The AGN2 scaling relations. In order to verify the validity of the BH-bulge galaxy

properties also for AGN2, we must conclude the 2D bulge-disc decompositions of Spitzer/IRAC

3.6 µm images of our sources with virial BH mass estimates.

Finally these NIR SE estimators will be applied in the framework of demographic studies,

which often cannot take properly into account the AGN2 population (see discussion in

Chapter 3). It will be possible to derive for the first time the BHMF also for obscured and

low luminosity AGN and compare it with the one found for AGN1, in order to accurately

constrain the accretion history of the whole AGN population in an unbiased way.





6
OPTICAL SPECTROSCOPIC

OBSERVATIONS OF γ-RAY BLAZAR

CANDIDATES: THE 2014 FOLLOW-UP

CAMPAIGN

This Chapter is devoted to the description of data selection, reduction and classifica-

tion of 27 optical spectra of blazar candidates possible counterparts of Fermi sources.

The extragalactic γ-ray sky is dominated by the emission arising from blazars, one of the

most peculiar classes of radio-loud active galaxies. Since the launch of the Fermi satel-

lite, several methods were developed to search for blazars as potential counterparts of

unidentified γ-ray sources (UGSs). To confirm the nature of the selected candidates, op-

tical spectroscopic observations are necessary. In 2013 we started a spectroscopic cam-

paign to investigate γ-ray blazar candidates selected according to different procedures.

The main goals of our campaign are: 1) to confirm the nature of these candidates, and

2) whenever possible determine their redshifts. Optical spectroscopic observations will

also permit us to verify the robustness of the proposed associations and check for the

presence of possible source class contaminants to our counterpart selection. This Chap-

ter reports the results of observations carried out in 2014 in the northern hemisphere

with Kitt Peak National Observatory (KPNO) and in the southern hemisphere with the

Southern Astrophysical Research (SOAR) telescopes. We also report three sources ob-

served with the Magellan and Palomar telescopes. Our selection of blazar-like sources

that could be potential counterparts of UGSs is based on their peculiar IR colours and on

their combination with radio observations both at high and low frequencies (i.e., above

and below ∼ 1 GHz) in publicly available large radio surveys.

117
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6.1. INTRODUCTION

Blazars are the largest population of active galactic nuclei (AGN) detected in the γ range

(Abdo et al., 2010; Nolan et al., 2012). Their non-thermal emission extends from radio to

TeV energies and it is coupled with very rapid variability, high and variable polarization,

superluminal motion, high luminosities (e.g., Urry and Padovani, 1995) and peculiar in-

frared (IR) colours (Massaro et al., 2011b). Since 1978, well before the establishment of

the unification scenario for the AGN, their peculiar properties were described in terms of

emission arising from particles accelerated in a relativistic jet closely pointed along our

line of sight (Blandford and Rees, 1978).

Adopting the nomenclature of the blazar subclasses described in the Roma-BZCAT:

Multi-frequency Catalogue of Blazars1 (e.g., Massaro et al., 2009, 2011a), we distinguish

between BL Lac objects (i.e., BZBs) and the flat spectrum radio quasars indicated as

BZQs. The former present optical spectra with emission and/or absorption lines of rest

frame equivalent width EW ≤ 5 Å (e.g., Stickel et al., 1991; Stocke et al., 1991; Laurent-

Muehleisen et al., 1999) while the latter show typical quasar-like optical spectra with

strong and broad emission lines. In the Roma-BZCAT there are also several BZBs in-

dicated as BL Lac candidates; these sources were indicated as BL Lacs in literature and

thus reported in the catalogue but, lacking their optical spectra, a correct classification

is still uncertain (see also Massaro et al., 2014a).

We developed several methods to search for γ-ray blazar candidates that could be

counterparts of the unidentified γ-ray sources (UGSs, 2FGL Nolan et al., 2012) on the

basis of the peculiar IR colours of known γ-ray blazars (e.g. D’Abrusco et al., 2013; Mas-

saro et al., 2013b,a), discovered thanks to all-sky survey of the Wide-Field Infrared Survey

Explorer (WISE; Wright et al., 2010), or using radio observations in combination with IR

colours (Massaro et al., 2012a) as well as at low frequencies in the MHz regime (Mas-

saro et al., 2012b; Nori et al., 2014). In addition, multifrequency analysis based on X-ray

follow-up observations (e.g., Mirabal and Halpern, 2009; Paggi et al., 2013; Takeuchi et al.,

2013; Stroh and Falcone, 2013; Acero et al., 2013) and radio campaigns (e.g., Petrov et al.,

2013) were performed to search for potential UGS counterparts.

Since the positional uncertainty of Fermi is a few tenths of a degree, all the proposed

methods and the multifrequency follow-up observations are primarily useful to decrease

the number of potential counterparts for the UGSs. There could be possible contamina-

tion by different source classes in these selection procedures of γ-ray blazar candidates

(e.g., Stern and Assef, 2013) and such degeneracy can be only removed with optical spec-

troscopic observations (e.g., Masetti et al., 2013; Shaw et al., 2013a,b; Paggi et al., 2014;

Massaro et al., 2014a). Furthermore, a detailed knowledge of the number of UGSs is of

paramount importance for instance to provide constraints on dark matter models. Many

UGSs could be blazars, but how many of them are actually blazars is still unknown due

1 http://www.asdc.asi.it/bzcat/
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in part to the incompleteness of catalogues used for the associations (Ackermann et al.,

2011).

Thus, motivated by these arguments, we started an optical spectroscopic campaign

in 2013 aiming to confirm the real nature of the proposed low-energy counterparts of

UGSs selected according to our methods.

In this Chapter the results of observations carried out since January 2014 in both

hemispheres are reported. We mainly used the Kitt Peak National Observatory (KPNO)

for our targets in the northern hemisphere in addition to two more observations per-

formed at Palomar. For targets mainly visible in the southern sky, we present spectra

obtained with the Southern Astrophysical Research (SOAR) telescope and one more ob-

servation carried out at Magellan. Preliminary results for our exploratory program in the

northern hemisphere obtained with the Telescopio Nazionale Galileo (TNG), the Multi-

ple Mirror Telescope (MMT) and the Observatorio Astronómico Nacional (OAN) in San

Pedro Mártir (México) were already presented in Paggi et al. (2014). In addition, the re-

sults of our observations carried out in the 2013 campaign with SOAR and KPNO are

described by Landoni et al. (2015) and Massaro et al. (2015), respectively.

The Chapter is organised as follows: Section 6.2 contains the different methods that

we employed for the sample selection, in Section 6.3 we present our observational set-

up and we discuss the data reduction procedures. Then in Section 6.4 we describe the

results of our analysis for different types of sources in our sample. Finally, Section 6.5 is

devoted to summary and conclusions. We use cgs units unless otherwise stated.

6.2. SELECTING THE SAMPLE

The surveys and the catalogues used to search for the counterparts of our targets are

listed in the following. These symbols are also reported in Table 6.1. Below 1GHz we

used the VLA Low-frequency Sky Survey Discrete Source Catalogue (VLSS; Cohen et al.,

2007, - V) and the recent revision VLLSr2 (Lane et al., 2014), the Westerbork Northern Sky

Survey (WENSS; Rengelink et al., 1997, - W), the Sydney University Molonglo Sky Sur-

vey (SUMSS; Mauch et al., 2003, - S), the Parkes-MIT-NRAO Surveys (PMN; Wright et al.,

1994, - Pm), the Parkes Southern Radio Source catalogue (PKS; Wright and Otrupcek,

1990, - Pk), and the Low-frequency Radio Catalogue of Flat-spectrum Sources (LORCAT;

Massaro et al., 2014b, - L). At higher radio frequencies we also verified the counterparts

in the NRAO VLA Sky Survey 3 (NVSS; Condon et al., 1998, - N), the Australia Telescope

20 GHz Survey (AT20G; Murphy et al., 2010, - A), the Combined Radio All-Sky Targeted

Eight-GHz Survey (CRATES; Healey et al., 2007, - c). In the infrared, we queried the WISE

all-sky survey in the AllWISE Source catalog4 (Wright et al., 2010, - w) and the Two Micron

All Sky Survey (2MASS; Skrutskie et al., 2006, - M) since each WISE source is automatically

2http://heasarc.gsfc.nasa.gov/W3Browse/all/vlssr.html
3http://heasarc.gsfc.nasa.gov/W3Browse/radio-catalog/nvss.html
4http://wise2.ipac.caltech.edu/docs/release/allwise/
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matched to the closest 2MASS potential counterpart (see Cutri et al., 2012, for details).

Then, we also searched for optical counterparts, with or without possible spectra avail-

able, in the Sloan Digital Sky Survey Data Release 9 (SDSS DR9; e.g. Ahn et al., 2012, -

s), in the Six-degree-Field Galaxy Redshift Survey (6dFGS; Jones et al., 2004, 2009b, - 6).

At high-energies, in the X-rays, we searched the ROSAT all-sky survey in both the ROSAT

Bright Source Catalog (RBSC; Voges et al., 1999, - X) and the ROSAT Faint Source Cata-

log (RFSC; Voges et al., 2000, - X), as well as XMM-Newton Slew Survey (XMMSL; Saxton

et al., 2008; Warwick et al., 2012, - x), the Deep Swift X-Ray Telescope Point Source Cata-

log (1XSPS; Evans et al., 2014, - x), the Chandra Source Catalog (CSC; Evans et al., 2010, -

x) and the Swift X-ray survey for all Fermi UGSs (Stroh and Falcone, 2013). Note that we

use the same symbol for the X-ray catalogues of XMM-Newton, Chandra and Swift.

Our sample lists a total of 27 sources divided as follows: nine are UGSs for which

the analysis based on the IR colours of blazar candidates indicated them as blazar-like

sources that were observed during our campaign; 10 are indeed classified as active galax-

ies of uncertain type (AGUs) according to The Second Catalog of AGN Detected by the

Fermi Large Area Telescope (2LAC; Ackermann et al., 2011) for which no optical spectra

were available when the catalogue was released and have been observed as part of our

campaign. Some sources have been also selected based on low-frequency radio infor-

mation (Massaro et al., 2013a). The remaining eight sources are BL Lac candidates and

BL Lacs, either detected or not by Fermi listed in the Roma-BZCAT for which no optical

spectroscopic information were found in literature (Massaro et al., 2011a) or with uncer-

tain/unknown redshift estimate.

We discuss our spectroscopic analysis in the following subsections while in Table 6.1

we summarize our results and report the multifrequency notes for each source with the

only exceptions of those listed in the Roma-BZCAT. The finding charts for all the sources

are shown in Figures 6.1-6.3 using the USNO-B1 Catalog (Monet et al., 2003) and the Dig-

itized Sky Survey5. We highlight that some of the sources observed during our campaign

have also been observed at different observatories and groups. However we re-observed

these targets for two main reasons: 1) when our observations were scheduled and per-

formed these spectra were not yet published; 2) due to the well-known BL Lac variability

in the optical energy range, there is always the chance to observe the source during a

quiescent or low state and detect some emission and/or absorption features that could

allow us to constrain their redshifts.

6.3. OBSERVATIONS AND DATA REDUCTION

Optical spectra of most of the sources accessible from the northern hemisphere were ac-

quired in remote observing mode with the KPNO Mayall 4-m telescope using the R-C

5http://archive.eso.org/dss/dss
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Figure 6.1: Optical images, 5′ on a side, of nine of the WISE sources selected in this work for optical spec-

troscopic follow-up. The proposed optical counterparts are indicated with red marks and the fields are

extracted from the DSS-II-Red survey. Object name, image scale and orientation are also reported in each

panel.
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Figure 6.2: Same as Figure 6.1.
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Figure 6.3: Same as Figure 6.1.
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spectrograph, while the sources in the southern hemisphere were observed remotely

with the SOAR 4-m telescope using the High Throughput Goodman spectrograph. We

also present the optical spectrum of the source WISE J024440.30-581954.5, observed on

UT 2014 February 3 in visitor mode at Las Campanas Observatory using the Magellan

6.5-m telescope in combination with the IMACS instrument. Finally, we present optical

spectra of WISE J025333.64+321720.8 and WISE J085654.85+714623.8 obtained in visitor

mode on UT 2014 February 22 with the Double Spectrograph (DBSP) at the Hale 200-

inch Telescope at Palomar Observatory. Our scientific goal, i.e. the classification of the

selected targets, is best achieved with broad spectral coverage. We thus adopted a slit

width of 1.2′′ (1′′) and the low resolution gratings yielding a dispersion of ∼3 (2) Å pixel−1

for KPNO (SOAR). Our observations took place the nights UT 2014 June 4 and 5 at KPNO

and on UT 2014 April 24 at SOAR during grey time. The average seeing for both runs was

about 1′′ and conditions were clear. Additional observations were made on 2014 Febru-

ary 3 with the 6.5m Baade Magellan telescope using the Inamori Magellan Areal Camera

and Spectrograph (IMACS; Bigelow et al., 1998). The f /2 camera was used in combina-

tion with the 300 l mm−1 grism (blaze angle 17.5◦) and a 0.7′′ slit to yield spectra with

dispersion of 1.34 Å pixel−1 and FWHM resolution of ∼4 Å. Conditions were photomet-

ric and the seeing was generally < 1′′. The whole set of spectroscopic data acquired at

these telescopes was optimally extracted (Horne, 1986) and reduced following standard

procedures with IRAF (Tody, 1986). For each acquisition we performed bias subtraction,

flat field correction and cosmic rays rejection. Since for each target we secured two in-

dividual frames, we averaged them according to their signal to noise ratios (SNR). For

questionable spectral features, we have exploited the availability of two individual expo-

sures in order to better reject spurious signals. The wavelength calibration was achieved

using the spectra of He-Ne-Ar or Hg-Ar lamps that assure coverage of the entire range.

To take into account drift and flexures of the instruments during the night, we took an

arc frame before each target to guarantee a good wavelength solution for the scientific

spectra. The achieved accuracy is about ∼0.3 (0.4) Å rms for KPNO (SOAR). Although

our program did not require accurate photometric precision, we observed a spectropho-

tometric standard star to perform relative flux calibration on each spectrum. Finally, we

corrected the whole sample for the Galactic absorption assuming EB−V values computed

using the Schlegel et al. (1998) and Cardelli et al. (1989) relations. To better detect faint

spectral features and measure redshifts, we normalized each spectrum to its continuum.

For the Palomar observations, we observed the candidates through a 1.5′′ slit with the ∼
5500 Å dichroic to split the light across the blue and red arms of DBSP. Both sides have

had resolving powers R ≡λ/∆λ∼ 1000, and the data were reduced as above.
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6.4. RESULTS

6.4.1. UNIDENTIFIED GAMMA-RAY SOURCES

Here we provide details for the low-energy counterparts of the nine UGSs observed in our

sample. All these WISE-selected counterparts where found in the analysis performed by

Massaro et al. (2013b) to have IR WISE colours similar to known γ-ray blazars. All of

them were predicted to be BZB-like sources having the IR colours more consistent with

those of the Fermi BZBs rather than the BZQs (see D’Abrusco et al., 2013, for more de-

tails). The spectra of the whole UGSs listed in Table 6.1 are shown in Figure 6.4-6.5. The

blazar counterpart for one of these sources, WISE J173052.85-035247.2 (candidate coun-

terpart of 2FGL J1730.6-0353) appears intriguing. On the basis of our optical spectra, we

classify the source as a BL Lac object and we put a lower limit on its redshift of 0.776

based on the detection of an intervening doublet system of Mg II (λλobs = 4965 - 4977

Å with EWobs = 3.4 - 2.1 Å; see also Figure 6.4). However, this source is not associated

with any NVSS sources, as expected for BL Lac objects. We note that, even if deeper radio

observations detect emission from the source, blazars are traditionally defined as radio-

loud sources on the basis of current radio data. All confirmed blazar in Roma-BZCAT are

indeed detected at 1.4 GHz with fluxes above a few mJy, and radio-quiet blazars are ex-

tremely rare objects (Londish et al., 2004; Paggi et al., 2013). In particular, only 14 BZBs

out of the 1220 present in the Roma-BZCAT have a radio flux density at 1.4GHz lower

than 2.5 mJy that is the average flux limit of the NVSS survey6.

There are two sources, WISE J174507.82+015442.4 and WISE J174526.95+020532.6,

potential counterparts to 2FGL J1745.6+0203 found on the basis of the IR colour selec-

tion method. According to our multifrequency investigation we note that only WISE

J174507.82+015442.4 has a radio counterpart, thus we conclude that WISE J174526.95+020532.6

is a normal radio-quiet quasar contaminating our selection. However we cannot firmly

establish the real blazar nature of WISE J174507.82+015442.4 since the lack of multi-

wavelength radio observations did not allow us to verify the flatness of its radio spec-

trum. For both objects we determined their redshifts based on broad emission lines (Hα

and Hβ are both present, see Figure 6.5). Their redshifts are reported in Table 6.1.

6.4.2. GAMMA-RAY ACTIVE GALAXIES OF UNCERTAIN TYPE

In this subsection we discuss the AGUs in our observed sample. The multifrequency

notes relative to each source are reported in Table 6.1, as previously done for the UGSs.

The spectra of the entire AGU sample are shown in Figure 6.5-6.7.

Our spectroscopic observations confirm that 8 out of 10 sources are BL Lac objects

while the remaining two, having quasar-like optical spectra and flat radio spectra, are in-

deed BZQs. The optical spectra of these two BZQs, WISE J025333.64+321720.8 and WISE

6http://heasarc.gsfc.nasa.gov/W3Browse/radio-catalog/nvss.html
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Figure 6.4: Spectra of six UGSs. Top panels contain WISE name of the potential counterpart, the average

S/N and the z when identification of emission and/or absorption lines was possible. Lower panels show the

normalized spectrum. The symbol ⊕ indicates atmospheric telluric features.

J085654.85+714623.8, contain broad emission lines identified as Mg II and Hβ (see Fig-

ures 6.5 and 6.6 for more details), and permit us to measure their redshifts of 0.859 and

0.542, respectively. In particular, the identifications of [O II], Hβ and [O III] doublet in the

optical spectrum of WISE J025333.64+321720.8 are uncertain due to low SNR. The opti-

cal spectrum of WISE J084502.48-545808.4, candidate counterpart of 2FGL J0844.8-5459,

shows an absorption feature (λobs = 6364 Å with EWobs = 2.2 Å) that we are not able to

clearly identify (see Figure 6.5). We classify the WISE J162638.15-763855.5 counterpart

to 2FGL J1626.0-7636 as a BL Lac since its emission lines have EW < 5 Å. The detec-

tion of emission ([O I] with EWobs=2.3 Å, the [S II] doublet λλobs = 7421 - 7438 Å with

EWobs=2.5 - 2.4 Å) and absorption lines (G band, Mg I with EWobs=4.9 Å and Na I with

EWobs = 3.3 Å), enable us to measure a redshift of 0.1050 (see Figure 6.6). The optical

spectra of the AGUs associated with the γ-ray source 2FGL J1849.5+2744 are also pub-

lished in Shaw et al. (2013a). The source is listed as a BZB in the 2LAC catalog, although

the optical spectrum was not yet available. The optical spectrum collected by us for this

object (WISE J184931.74+274800.8) is nearly featureless (see Figure 6.6), so we are not

able to confirm the lower limit z estimate (i.e., 1.466) of this source proposed by Shaw

et al. (2013a) on the basis of Mg II absorption doublet. Thanks to our optical spectrum

of the WISE J195945.66-472519.3, candidate counterpart to 2FGL J1959.9-4727, we can
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Figure 6.5: Spectra of three UGSs and three AGUs. Top and lower panels as in Figure 6.4. Red and blue

spectra show the two sides of the dual-beam spectrograph used at Palomar.

Figure 6.6: Spectra of six AGUs. Top and lower panels as in Figure 6.4. Red and blue spectra show the two

sides of the dual-beam spectrograph used at Palomar.
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Figure 6.7: Spectra of one AGU and five BZBs. Top and lower panels as in Figure 6.4.

put a lower limit on its redshift of 0.519 based on the detection of an intervening doublet

system of Mg II (λλobs=4246 - 4256 Å with EWobs=1.4 - 0.9 Å; see also Figure 6.7).

6.4.3. BL LAC OBJECTS

Details for the BL Lacs in our sample are listed below. Table 6.1 reports their Roma-

BZCAT name and the name of the WISE counterpart with the coordinates. Multifre-

quency notes are not presented in this table since they are already extensively discussed

in the Roma-BZCAT. All the BZBs that are also detected by Fermi belong to the sample

named: locus (i.e. the three-dimensional region in the WISE colour space occupied by

the γ-ray-emitting blazars, well separated from the regions occupied by other classes,

D’Abrusco et al., 2013), with the only exception being BZB J2039+5219. They were used

in D’Abrusco et al. (2013) to build the method to search for blazar-like sources within the

positional uncertainty region of the Fermi UGSs. Thus all their WISE counterparts have

the IR colours consistent with the Fermi blazar population. There are five objects listed

in Table 6.1 as BL Lac candidates for which no optical spectra are present in literature

that allowed a firm classification. Our spectroscopic observations confirmed that all the

BL Lac candidates have featureless optical spectra as shown in Figures 6.7-6.8.

In addition, the remaining three objects, namely BZB J1217+3007, BZB J1359-3746

and BZB J1553-3118, that were indeed classified BZBs with an uncertain redshift esti-

mate when the Roma-BZCAT was released. For one BZB, BZB J0244-5819, we have been
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Figure 6.8: Spectra of three BZBs. Top and lower panels as in Figure 6.4.

able to estimate a lower limit on its redshift, z≥0.265, on the basis of absorption features

in its optical spectrum. Our observation of WISE J024440.30-581954.5 show the doublet

Ca H+K (λλobs=4975 - 5017 Å with EWobs=0.7 - 1 Å), G band, Mg I (EWobs=1.5 Å) and

Na I (EWobs=1.1 Å) absorption features that could be due to the host galaxy and/or to

intervening systems (see Figure 6.7). We note that BZB J1359-3746, BZB J1649+5235 and

BZB J1809+2910 also have published optical spectra for their candidate counterparts re-

leased in Shaw et al. (2013b). In addition, Shaw et al. (2013b) reported the spectrum

of BZB J1359-3746, with the detection of the Calcium break that allowed them to de-

termine a redshift of 0.334. We cannot confirm this result since our optical spectrum

of WISE J135949.71-374600.7 shows a featureless continuum (see Figure 6.7). We also

present the spectrum of the low-energy counterpart of BZB J1553-3118, which was also

published in Masetti et al. (2013) with a redshift of 0.132. In our lower signal to noise

observation, its IR counterpart WISE J135949.71-374600.7 appears featureless, as shown

in Figure 6.7. The optical spectrum of WISE J203923.51+521950.1, candidate counterpart

of BZB J2039+5219, show an absorption feature at λobs=6212 Å with EWobs=4.8 Å. We do

not have a clear identification for this feature (see also Figure 6.8).

6.5. SUMMARY AND CONCLUSIONS

We present here the results of our 2014 spectroscopic campaign carried out in the north-

ern hemisphere with the KPNO and Palomar telescopes, and in the southern hemisphere

with the SOAR and Magellan telescopes. The main goal of our campaign is to confirm

the nature of sources selected for having IR colours or low radio frequency spectra (i.e.,

below ∼1GHz) similar to known Fermi-detected blazars and lying within the positional

uncertainty regions of the UGSs through optical spectroscopic observations. Given the

positional uncertainty of the UGSs, there could be a possible contamination by different

source classes in these selection procedures of γ-ray blazar candidates (e.g., Stern and

Assef, 2013) and spectroscopic observations are the only way to remove such degeneracy

(e.g., Masetti et al., 2013; Shaw et al., 2013a,b; Paggi et al., 2014; Massaro et al., 2014a) and
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discover new gamma-ray blazars. The confirmation of the blazar nature of these selected

objects will improve/refine future associations for the Fermi catalogue and will also yield

to understand the efficiency and completeness of the association method based on the

WISE colours once our campaign is completed. Our spectroscopic observations could

potentially allow us to obtain redshift estimates for the UGS candidate counterparts.

During our campaign we also observed several AGUs, as defined according to the Fermi

catalogues (see e.g., Ackermann et al., 2011; Nolan et al., 2012), to verify whether they

are indeed blazars. In addition we observed several sources that already belong to the

Roma-BZCAT but were classified as BL Lac candidates due to the lack of optical spectra

available in literature, or were BL Lac objects with uncertain redshift estimates, when the

Roma-BZCAT v4.1 was released.

We observed a total of 27 targets. The results of this spectroscopic campaign are

reported as follows:

• In the sample of potential counterparts for the UGS, selected based on their IR

colours (Massaro et al., 2011b; D’Abrusco et al., 2013; Massaro et al., 2013b) and on

the basis of their flat radio spectra below ∼ 1 GHz (Massaro et al., 2013a; Nori et al.,

2014; Massaro et al., 2014b), we confirm the blazar nature of eight of nine UGSs.

Among them, six are clearly BL Lacs presenting featureless optical spectra. The

remaining two are QSOs. One potential counterparts for 2FGL J1745.6+0203 found

on the basis of the IR colour selection method, namely WISE J174526.95+020532.6,

is a QSO that probably contaminates our selection method.

• We classify WISE J173052.85-035247.2 as a BL Lac although this source is not asso-

ciated with any NVSS counterpart, as expected for BL Lac objects. The detection of

an intervening doublet system of Mg II enabled us to set a lower limit on its redshift

of 0.776.

• All the sources that belong to our AGU sub-sample have a blazar nature. Two of

them are QSOs, while for one of them, namely WISE J162638.15-763855.5, we have

been able to detect some features in the optical spectrum, both in emission and

in absorption, leading to a redshift measurement of 0.1050. The AGU associated

with the WISE J184931.74+274800.8 has been classified as a BZB in the 2LAC paper

but at that time there was no optical spectra. Our observations confirm its BL Lac

nature. We have been also able to set a lower limit for the AGU associated with

WISE J195945.66-472519.3 of 0.519 thanks to the detection in its optical spectrum

of a Mg II intervening system.

• Within the Roma-BZCAT sources we found five BL Lac candidates that, thanks to

the collected optical spectra, are all confirmed BL Lacs. For one of them, BZB

J0244-5819, we have been able to set a lower limit on their redshifts on the basis

of absorption systems (Ca H+K, G band, Mg I and Na I) that could be due to the
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host galaxy and/or to intervening systems. For the remaining four BZBs listed in

the Roma-BZCAT with uncertain redshift estimates, we were not able to obtain any

redshift values.

The work presented in this Chapter has been published on AJ: F. Ricci, F. Massaro, M.

Landoni, R. D’Abrusco, D. Milisavljevic, D. Stern, N. Masetti, A. Paggi, Howard A. Smith,

G. Tosti 2015, 149, 160: “Optical Spectroscopic Observations of Gamma-ray Blazar Candi-

dates. IV. Results of the 2014 Follow-up Campaign”.



7
CONSTRAINING THE UV EMISSIVITY OF

AGN THROUGHOUT COSMIC TIME VIA

X-RAY SURVEYS

Active galaxies are among the strongest ionizing sources in the Universe. In this Chapter

the ultraviolet emissivity of AGN is investigated across cosmic time in order to determine

the role of AGN in the reionization up to the early Universe. The cosmological process

of hydrogen (H I) reionization in the intergalactic medium is thought to be driven by UV

photons emitted by star-forming galaxies and ionizing AGN. The contribution of QSOs to

H I reionization at z > 4 has been traditionally believed to be quite modest. However, this

view has been recently challenged by new estimates of a higher faint-end UV LF. To set

firmer constraints on the emissivity of AGN at z < 6, we here make use of complete X–ray

selected samples including deep Chandra and new COSMOS data, capable to efficiently

measure the 1 ryd comoving AGN emissivity up to z ∼ 5−6 and down to five magnitudes

fainter than probed by current optical surveys, without any luminosity extrapolation.

7.1. INTRODUCTION

The transition from the so called dark ages to an ionized Universe involves the cosmo-

logical transformation of neutral hydrogen (H I), which mostly resides in the intergalac-

tic medium (IGM), into an ionized state. Observations of distant AGN and gamma-ray

bursts set the end of this process to z ∼ 6 (Fan et al., 2002; Kawai et al., 2006; McGreer

et al., 2015), as confirmed by both theoretical calculations (Madau et al., 1999; Miralda-

Escudé et al., 2000; Choudhury et al., 2009) and numerous observational astrophysical

evidences (McGreer et al., 2011; Pentericci et al., 2011; Planck Collaboration et al., 2014).

133
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All these studies broadly constrain the epoch of hydrogen reionization at 6 < z < 12,

with a peak probability at z = 8.8+1.7
−1.4 if instantaneous reionization is assumed (Planck

Collaboration et al., 2016). The sources of ionizing photons (with energy greater than

13.6 eV, i.e. λ ≤ 912 Å) are traditionally believed to be star-forming galaxies (SFGs) and

quasars (QSOs), although which is the dominant one is still a matter of considerable de-

bate (Haiman and Loeb, 1998; Schirber and Bullock, 2003; Shankar and Mathur, 2007;

Robertson et al., 2010; Bouwens et al., 2012; Fontanot et al., 2012). There is still room to

gain a full comprehension of the overall picture of H I reionization. Indeed one of the

major open questions is how SFGs and QSOs completed the reionization at such early

epochs since, given the observed properties of the two astrophysical populations, none

of them can produce alone the total ionizing photon budget needed to end the reion-

ization before redshift 6. This evidence supports contributions coming from alternative

more exotic sources (Scott et al., 1991; Madau et al., 2004; Pierpaoli, 2004; Volonteri and

Gnedin, 2009; Dopita et al., 2011).

The fraction of ionizing photons that freely escape each galaxy, fesc , is expected to

be low, given that galaxies are characterized by observed soft spectra blueward of Lyα

due to the presence of cold gas and dust, which absorb most of the Lyman continuum

emission (see, e.g. Haehnelt et al., 2001). The fesc of SFGs is however still not highly

constrained, even though the general idea is that is much lower (i.e., fesc ∼ 0.1-0.2 at

z ∼3-4, Shapley et al., 2006; Vanzella et al., 2010, and fesc ∼ 0.05 - 0.1 at z < 1, Bridge et al.

2010; Barger et al. 2013), than the fesc of QSOs (for different results see, e.g. Fontanot

et al., 2014; Duncan and Conselice, 2015; Rutkowski et al., 2015). Indeed, because of their

observed UV hard spectra, some AGN are supposed to have large fesc , possibly reaching

unity in the most luminous QSOs (see Guaita et al., 2016, for a significant direct detection

at z = 3.46, and also the results of Cristiani et al. 2016).

Although QSOs have high 〈 fesc〉, it is traditionally assumed that they are not the main

contributors to H I reionization due to the steadily decreasing number density of AGN at

z > 3 (e.g. Masters et al., 2012). Recently multiwavelength deep surveys at z > 3 (Glikman

et al., 2011; Fiore et al., 2012; Giallongo et al., 2015) detected a larger number density of

faint AGN at high redshifts, thus possibly implying a more substantial AGN contribution

to H I reionization (Madau and Haardt, 2015, but see Georgakakis et al. 2015; Haardt and

Salvaterra 2015; Weigel et al. 2015; Cappelluti et al. 2016; Vito et al. 2016).

However, strongly UV emitting QSOs, showing optical blue spectra and broad emis-

sion lines (i.e. type-1 AGN), are only one class of the entire population of AGN, which

also includes the type-2 AGN, characterised by red optical continuum and narrow emis-

sion lines. In the unified model picture, all AGN are alike but one source can appear as a

type-1 or a type-2 depending on orientation and/or host galaxy properties (e.g. Granato

et al., 2004, 2006). Although in this scenario type-2 AGN could appear as type-1 UV emit-

ting AGN under different line-of-sights, they should not be taken into account in the

derivation of the UV background as in any direction only type-1 AGN contribute to the
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UV background and, for isotropic arguments, their fraction should be the same (see also

Cowie et al., 2009). In this framework, concerning the entire AGN population, fesc ac-

counts for the fraction of unobscured AGN, since UV photons emitted by more obscured

objects are likely to be absorbed locally within the host galaxy and therefore do not con-

tribute to the cosmic reionization (see also Georgakakis et al., 2015).

As already anticipated in Sect. 1.5, hard X–ray surveys have allowed to select almost

complete AGN samples. Thanks to these studies, the evolution of the whole AGN pop-

ulation has been derived up to z ∼ 5 by many authors, all achieving fairly consistent

results. The X–ray spectra of AGN show a wide range of absorbing column densities

(20 < logNH < 26 cm−2), with optically-classified type-1 AGN (i.e. QSOs) believed to

broadly correspond to those AGN with the lowest NH distributions, tipically logNH <21

cm−2, though the exact correlation between X–ray and optical classifications is still quite

debated (Lusso et al., 2013; Merloni et al., 2014). In this framework, the X–ray luminos-

ity function (XLF) of the AGN with low column densities (logNH < 21− 22 cm−2) could

be potentially used as an unbiased proxy of the ionizing AGN population (i.e. QSOs),

where 〈 fesc〉 ∼ 1 is expected. On the contrary, at larger column densities, fesc should

sharply decrease down to zero. The advantage of X–ray selection is that it is less bi-

ased toward line-of-sight obscuration, extinction and galaxy dilution, especially at high

z (where harder portion of the spectra are probed), assuring a better handle on the faint-

end of the AGN LF compared to UV/optically selected samples. Additionally, at low lu-

minosities, the standard optical color-color QSO identification procedure becomes less

reliable, because QSO emission is superseded by the hosting galaxy. Moreover, moving

to high redshifts, stars can be misinterpreted as QSOs: consequently, low-luminosity op-

tical surveys have so far produced disagreeing QSO LFs (QLFs, see Glikman et al., 2011;

Ikeda et al., 2011; Masters et al., 2012).

In this work we make use of the latest results on the X–ray AGN number densities in-

cluding deep Chandra and COSMOS data (e.g. Ueda et al., 2014; Vito et al., 2014; March-

esi et al., 2016b). Our aim is to provide more stringent constraints on the AGN contribu-

tion to the H I reionization. To achieve this, we investigate whether the low NH XLF can

be used as an unbiased proxy to derive robust estimates of the QSO ionizing emissivity

(for a similar approach at 3 < z < 5 see Georgakakis et al., 2015). We will study the AGN

LF up to redshift ∼ 6 over a broad range of 2-10 keV band luminosities, 1042 < LX < 1046.5

erg s−1, five magnitudes fainter than the UV/optically-selected LFs, thus providing more

stringent constraints on the density of low-luminosity QSOs.

The chapter is organized as follows: in Sect. 7.2 we describe the UV/optical and X–

ray AGN LFs used in our study. In Sect. 7.3 we compare the UV/optical and the X–ray

LFs in order to determine which sub-sample of the XLF better describes the UV/optical

QSO LF, where Sect. 7.3.1 focuses on the UV LF faint end at z > 4. Sect. 7.4 describes

the computation of the ionizing AGN emissivity. In Sect. 7.5 the discussion is presented

while in Sect. 7.6 there are the conclusions.
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7.2. DATA
We start off by comparing a relevant number of complete UV/optically selected QSO and

X–ray selected AGN samples and LFs.

7.2.1. QSO UV LUMINOSITY FUNCTIONS

All the optical/UV QSO LFs were converted into AB absolute magnitude at 1450 Å, M1450,

using the expressions Mi (z = 2) = Mg (z = 2)−0.25 and Mi (z = 2) = M1450(z = 0)−1.486

(see, Ross et al., 2013, eq. 8-9), and are shown in Fig. 7.1 in seven representative redshift

bins.

- SDSSQS. In the redshift range 0.3 < z < 5.0 we use the absolute i -band (7470 Å)

binned QLF from the Sloan Digital Sky Survey Data Release 3 (SDSS DR3, Richards

et al., 2006). The sample consists of 15343 QSOs and extends from i = 15 to 19.1 at

z ∼<3 and to i = 20.2 at z ∼>3.

- SDSS-2SLAQ. The 2dF-SDSS LRG And QSO survey (2SLAQ, Croom et al., 2009) at

0.4 < z < 2.6 has 12702 QSOs with an absolute continuum limiting magnitude of

Mg (z = 2) <−21.5.

- SDSS-III/BOSS QSO survey (DR3). For 0.68 < z < 4 down to the limiting extinction

corrected magnitude g = 22.5, Palanque-Delabrouille et al. (2013) used variability-

based selection to measure the QLF1. The targets were shared between SDSS-III:

BOSS (BOSS21) and the MMT, yielding a total of 1877 QSOs.

- SDSS-III/BOSS QSO survey (DR9). The optical QLF in the range 2.2 < z < 3.5 has

been studied also by Ross et al. (2013), who targeted g < 22 QSOs in the BOSS

DR9 footprint, achieving a total of 23301 QSOs sampled in the absolute magnitude

−30 ≤ Mi ≤−24.5.

- COSMOS-MASTERS+12. The rest-frame UV QLF in the Cosmic Evolution Survey

(COSMOS) at 3.1 < z < 3.5 and 3.5 < z < 5 was investigated by Masters et al. (2012),

that reached the limiting apparent magnitude of I AB = 25. This sample of 155 likely

type-1 AGN is highly complete above z = 3.1 in the HST-ACS region of COSMOS.

- COSMOS-IKEDA+11. The same area of the COSMOS field was studied also by

Ikeda et al. (2011) in order to probe the faint-end of the QLF at 3.7 . z . 4.7. They

reached 5σ limiting AB magnitudes u∗ = 26.5, g ′ = 26.5, r ′ = 26.6, and i ′ = 26.1.

They selected 31 QSO candidates using colors (r ′− i ′ vs g ′− r ′) and found 8 spec-

troscopically confirmed QSOs at z ∼ 4.

1We adapted their QLF to our adopted cosmology.



7.2. DATA 137

- COSMOS-IKEDA+12. Ikeda et al. (2012) searched in a similar way candidates of

low-luminosity QSO at z ∼ 5 using the colors i ′− z ′ vs r ′− i ′. Their spectroscopic

campaign confirmed 1 type-2 AGN at z ∼ 5.07 and set upper limits on the QLF.

- DLS-NDWFS. Glikman et al. (2010) developed a color-selection (R − I vs B −R) us-

ing simulated QSO spectra. This technique was then used by Glikman et al. (2011)

to build the z ∼ 4 UV LF using parts of the Deep Lens Survey (DLS) and NOAO

Deep Wide-Field Survey (NDWFS), finding 24 QSOs with 3.74 < z < 5.06, down to

M1450 =−21 mag.

- SDSS STRIPE82-MCGREER+13. At 4.7 < z < 5.1 we use the QLF investigated by

McGreer et al. (2013), whose sample has a total of 52 AGN at a limiting magnitude

of i AB = 22.

- SDSS STRIPE82-JIANG+09. Jiang et al. (2009) discovered six QSOs at z ∼ 6, four of

which comprise a complete flux-limited sample at 21 < zAB < 21.8.

- SUBARU HIGH-Z QSO survey. The SUBARU high-z QSO survey provided an esti-

mate of the faint end of the QLF at z ∼ 6. Kashikawa et al. (2015) have a sample of

17 QSO candidates at limiting magnitude zR < 24.0, but for 10 of them do not have

spectroscopic follow-up, therefore their faintest bin might be a lower limit on the

QLF.

- CANDELS GOODS-S. The CANDELS GOODS-S field has yielded 22 AGN candi-

dates at 4 < z < 6.5, five of which have spectroscopic redshifts, down to a mean

depth of H = 27.5 (Giallongo et al., 2015). The resulting UV LF lies in the absolute

magnitude interval −22.5 ∼< M1450 ∼<−18.5.

- IMS-SA22. Recently Kim et al. (2015b) searched for high-z QSOs in one field (i.e.

SA22) of the Infrared Medium-deep Survey (IMS). The reached J-band depth cor-

responds at z = 6 to M1450 ' −23 mag. They found a new spectroscopically con-

firmed QSO at z = 5.944, and other six candidates using color selection.

The Fig. 7.1 also reports as a green vertical dashed line the evolution of the break

magnitude M∗ at 1500 Å of the galaxy UVLF, where

M∗ = (1+ z)0.206(−17.793+ z0.762) , (7.1)

(Parsa et al., 2015). The break magnitude M∗ of the galaxy LF indicates the luminosity

range where galaxy contribution to the ionizing background could be relevant. Indeed

the galaxy number density at M∗ is much higher than the UV/optically-selected QSO one

of about two orders of magnitudes at any redshift. For example, at redshift 0.90 (4.25)

the galaxy density at the break luminosity M∗ = −19.2 (−20.8) results to be ∼ 8× 10−4
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(∼ 4× 10−4) Mpc−3 mag−1 (Parsa et al., 2015), while, at the same luminosities the UV-

selected QSO density (or, equivalently, the unabsorbed AGN, see discussion in Sect. 7.3)

is ∼1×10−5 (∼1×10−6) Mpc−3 mag−1 (see solid black line in Fig. 7.1). Conversely, if the

total X–ray selected AGN population is considered (i.e. even the heavily absorbed AGN,

dashed black line in Fig. 7.1), the observed fraction of active galaxies increases to ∼10%,

as the AGN number density at the galaxy M∗ is ∼1×10−4 (∼1×10−5) Mpc−3 mag−1, at z =
0.9 (4.25). These results agree with the findings of Shankar et al. (2013), who showed how

different luminosity thresholds and selection effects change the active galaxy fraction

(a proxy for the duty cycle of AGN), ranging from 0.02−2% for bright optically selected

broad line QSOs (Schulze and Wisotzki, 2010), up to 10−60% for low-luminosity IR and

X–ray selected AGN (Goulding et al., 2010; Grier et al., 2011). As already stated in the

Introduction, however, it should be kept in mind that only the fraction of unabsorbed

AGN (the QSO) contribute to the H I reionization. Therefore galaxies could play a leading

role in the H I reionization at early epochs, even with little fesc .

7.2.2. X-RAY LUMINOSITY FUNCTIONS

We have based our analysis on the Ueda et al. (2014) XLF, which is obtained using 4039

sources from 13 different X–ray surveys performed with Swift/BAT, MAXI, ASCA, XMM-

Newton, Chandra and ROSAT. These sources have been detected in the soft (0.5–2 keV)

and/or hard (> 2 keV) X–ray bands. The 2–10 keV LF has been computed in the redshift

range 0< z <5 and in the luminosity range 42< logLX <46.5 erg s−1. The faint end of this

range is luminous enough (i.e., an order of magnitude larger) to exclude the contribution

to the X–ray emission of both X–ray binaries and hot extended gas (see, e.g. Lehmer et al.,

2012; Basu-Zych et al., 2013; Kim and Fabbiano, 2013; Civano et al., 2014). Indeed, the

threshold of ∼ 1041 erg s−1 translates, according to Lehmer et al. (2012, see their eq. 12),

into a SFR of ∼ 10-100 M¯ yr−1.

Ueda et al. (2014) found that the shape of the XLF significantly changes with redshift:

in the local Universe, the faint-end slope (i.e., below the XLF break) is steeper than in the

redshift range 1< z <3. Ueda et al. (2014) computed the XLF in various absorption ranges

(i.e., at different NH): they confirmed the existence of a strong anti-correlation between

the fraction of absorbed objects and the 2–10 keV luminosity. At high luminosities, the

majority of AGN are unabsorbed, while moving to low luminosities (logLX <43.5 erg s−1

in the redshift range 0.1< z <1) the contribution of absorbed AGN to the XLF becomes

dominant. Moreover this trend evolves with redshift, maintaining the same slope but

shifting toward higher luminosities (see also La Franca et al., 2005; Hasinger, 2008).

Vito et al. (2014) computed the 2–10 keV AGN LF in the redshift range 3 < z ≤ 5 from

a sample of 141 sources selected in the 0.5–2 keV band. The sample was obtained com-

bining four different surveys down to a flux limit ∼ 9.1 × 10−18 erg s−1 cm−2. In this

redshift range the XLF is well described by a pure density evolution model, i.e., there is
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Figure 7.1: AGN LFs at different redshifts as a function of the absolute AB magnitude M1450. Symbols and

colors used for the optical/UV samples are reported in the legend (for more details, see Sect. 7.2.1). At

z > 3 we show the new measure of the 2–10 keV LF of type-1 (black open squares) and the whole AGN

sample (black filled squares) made by the Chandra COSMOS Legacy Survey (Marchesi et al., 2016b), and

converted into UV magnitudes (see Sect. 7.3). The plot also shows other recent estimates of the 2–10 keV

LFs (converted into UV magnitudes) of unobscured AGN, i.e. logNH < 21 cm−2 (Ueda et al., 2014, black solid

line) and logNH < 22 cm−2 (Ueda et al., 2014, black dotted line), and inclusive of Compton Thick AGN (Ueda

et al., 2014; Vito et al., 2014, black dashed and triple-dot-dashed lines, respectively). The grey shaded area

indicates the effect of changing the LX −L2500 (see text for details) relation on the X–ray logNH < 21 cm−2

LF. The X–ray luminosity functions are drawn in grey when they have been extrapolated above existing data.

The green dashed vertical line represents the evolution of the break magnitude M∗ at 1500 Å of the galaxy

UVLF (Parsa et al., 2015).
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no luminosity dependence on the shape of the LF at different redshifts. In this work, the

whole XLF by Vito et al. (2014) has been used without separating according to the NH

classification.

The Chandra COSMOS-Legacy (Civano et al., 2016; Marchesi et al., 2016a) z ≥ 3 sam-

ple (Marchesi et al., 2016b) contains 174 sources with z ≥ 3, 27 with z ≥4, nine with z ≥5,

and four with z ≥6. Eighty-seven of these sources have a reliable spectroscopic redshift,

while for the other 87 a photometric redshift has been computed (Salvato et al., 2011).

The photo-z mean error is ∼5-10%, with 60% of the sample having uncertainties less

than 2% while for 10% of the sample the uncertainties are greater than 20%. The 2–10

keV Chandra COSMOS-Legacy z ≥ 3 sample is complete at LX > 1044.1 erg s−1 in the red-

shift range 3< z <6.8; at lower luminosities (1043.55 < LX <1044.1 erg s−1) the sample is

complete in the redshift range 3< z <3.5. For the purposes of this work, we computed

the space densities also at z=3.75, in the luminosity range 1043.7 < LX <1044.1 erg s−1, and

at z=4.25, in the luminosity range 1043.8 < LX <1044.1 erg s−1. The Chandra COSMOS-

Legacy z ≥ 3 sample has also been divided in two sub-samples: one is made by 85 type-1

AGN, on the basis of their spectroscopical classification, or, when only photo-z was avail-

able, with a Spectral Energy Distribution (SED) fitted with an unobscured AGN template;

the second sub-sample is formed by the 89 optically-classified type-2 AGN, either with-

out evidence of broad lines in their spectra, or SED best-fitted by an obscured AGN or

a galaxy template (for the description of the optical sources classification see Marchesi

et al., 2016a).

7.3. COMPARISON BETWEEN UV/OPTICAL AND X–RAY LFS

To compare the XLFs to the UV/optically-selected QLFs, we converted the X–ray lumi-

nosities into UV ones. A X–ray photon index Γ= 1.8 was used to compute the monochro-

matic 2 keV luminosity L2keV, which was then converted into 2500 Å luminosity L2500

using

logL2500 = (1.050±0.036)logL2keV + (2.246±1.003) , (7.2)

obtained inverting eq. 5 of Lusso et al. (2010) where the UV luminosity was treated as the

dependent variable. Both monochromatic luminosities are in erg s−1 Hz−1. Georgakakis

et al. (2015) used a similar approach to derive the UV LF, but they adopted eq. 6 of Lusso

et al. (2010), which is the bisector best fitting. However, as we are interested in predicting

the UV luminosity starting from the X–ray data, the relation where the L2500 is a function

of L2keV was preferred. In order to correctly reproduce the UV/optically-selected LF, a

redshift-independent observed spread of ∼ 0.4 dex was applied (Lusso et al., 2010). This

value takes into account intrinsic dispersion, variability, and measurement uncertain-

ties.

A power-law SED Lν ∝ ν−αν (e.g. following Giallongo et al., 2015) with αν = 0.44

for 1200 < λ < 5000 Å (Natali et al., 1998; Vanden Berk et al., 2001) and αν = 1.57 when
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228 < λ < 1200 Å (Telfer et al., 2002) was adopted to obtain the UV luminosity L1450.

Finally we converted L1450 into AB absolute mag M1450 using

L1450 = 4πd 210−0.4M1450 f0 , (7.3)

where d = 10 pc = 3.0857×1019 cm and f0 = 3.65×10−20 erg cm−2 s−1 Hz−1 is the zero-

point.

In Fig. 7.1 we show the AGN UV LF, as measured by the optically-selected QLFs, al-

ready described in Sect. 7.2.1, together with the XLF by Marchesi et al. (2016b, black

open squares for type-1 AGN and black filled squares for the whole sample). We also

show the Vito et al. (2014) XLF (black triple-dot-dashed line) and the Ueda et al. (2014)

XLF in three different NH regimes: logNH < 21 cm−2 (black solid line); logNH < 22 cm−2

(black dotted line); logNH < 26 cm−2 (whole AGN population, i.e., including Compton

Thick sources, black dashed line). All the XLFs have been plotted only in the redshift and

X–ray luminosity ranges where data exist. At z = 5.75, the Ueda et al. (2014) XLF has been

extrapolated (it has been originally computed in the redshift range 0< z <5, see Sect.

7.2.2), and then it has been drawn in grey in Fig. 7.1. The grey shaded region shows the

effect of changing the relations between L2keV and L2500 in the convertion of the Ueda

et al. (2014) logNH < 21 cm−2 XLF: beside the relation by Lusso et al. (2010), the relation

found by Steffen et al. (2006, see their eq. 1b) was used to obtain the upper and lower

limits on this area.

It is worth noticing the perfect agreement between Vito et al. (2014) and Ueda et al.

(2014) XLF having logNH < 26 cm−2 over the whole luminosity range in which both XLFs

exist and in all the redshift bins z > 3 taken into account in our analysis. As noted in Sect.

7.2.2, in this work the XLF computed by Vito et al. (2014) has not been divided in NH

classes, but describes the whole X–ray emitting AGN population. Also the new measures

from the Chandra COSMOS Legacy Survey z > 3 sample are in good agreement with the

above two XLFs at all redshifts, given the current uncertainties both in X–ray luminos-

ity and density. The most important contribution coming from the Chandra COSMOS

Legacy Survey z > 3 sample is that it confirms the extrapolation of the Ueda et al. (2014)

XLF at luminosities LX ∼ L∗ and z > 5 (see Fig. 7.1), therefore supporting the use of the

Ueda et al. (2014) XLF also for z ∼ 5−6, which is one of the key epochs for reionization

studies. Given the good agreement between these different X–ray LFs, independently

computed, we claim that the AGN description coming from the X–ray selected samples is

coherent and robust, clearly confirming the global “downsizing” evolution, where more

luminous AGN have their number density peak at higher redshifts compared with less

luminous ones.

As shown in Fig. 7.1, there is a fairly good agreement between the UV/optical binned

QLFs and the 2–10 keV logNH<21 and logNH<22 cm−2 AGN LFs up to z ∼ 6, in the lu-

minosity range of the break and beyond (i.e., M1450 ≤−23). As expected, this result is in

agreement with the unification model where (as discussed in the Introduction) the X–ray
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Figure 7.2: UV LF at redshift 4.25. Left: The faint end of the UV LF measured by UV/optically selected sam-

ples of Giallongo et al. (2015, orange triangles) and Glikman et al. (2011, green squares) could be described

by the logNH <23 cm−2 XLF of Ueda et al. (2014) adding a UV contribution arising from the luminosity of

the host galaxy with magnitudes in the range −21.5 < M1450 <−19.5, which are typical of the galaxy LF break

luminosity at this redshift (M1500 ∼ −20.8, green dashed vartical line, Parsa et al., 2015). A Gaussian con-

volution that accounts for the observed spread (σ ∼ 0.4) in the relation LX −L2500 (red line) has also been

included. Right: Comparison of the UV/optically selected samples and two different XLFs that consider also

the contribution of the Compton Thick AGN (logNH <26 cm−2), namely the Ueda et al. (2014, black dashed

line) and Buchner et al. (2015, grey shaded area).

logNH . 21−22 cm−2 AGN population should correspond to the UV/optically-selected

QSOs (see also Cowie et al., 2009). We note that this matching between optical QSOs and

X–ray logNH . 21−22 cm−2 population up to z = 6 is also in agreement with what was

found by Risaliti and Lusso (2015), who showed that αOX (LX ) is redshift-independent

(see also Steffen et al., 2006; Lusso et al., 2010), and can therefore be used to derive a cos-

mological distance indicator. Indeed this matching implies, as we have assumed, that a

change of the relation between L2500 and L2keV with redshift is not required.

7.3.1. FAINT-END OF THE UV LF AT z > 4

The determination of the AGN LF faint end is one of the still open problems in extra-

galactic astronomy, and it translates into a poor knowledge of the AGN demography and

evolution, specially when moving at z > 4.

At luminosities lower than the break (i.e., M1450 ≥ −23), a good agreement between

the UV/optical and X–ray samples is found only up to redshift ∼ 4, while at higher red-

shifts, the logNH .22 cm−2 XLF of Ueda et al. (2014) underpredicts up to a factor of ∼ 1

dex the LFs by Glikman et al. (2011) and Giallongo et al. (2015), which were both mea-

sured using UV-restframe selected samples. This disagreement between X–ray and rest-

frame UV selected AGN samples has been recently found also by Vito et al. (2016), who

derived an upper limit on the AGN XLF by stacking the X–ray counts in the CDF-S 7Ms,

which is the deepest X–ray survey to date. In what follows we discuss a few possible sce-
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narios that may explain the origin of these discrepancies.

As already discussed by Giallongo et al. (2015), it could be possible that in the UV

fluxes of their sample the contribution of the stellar emission of the hosting galaxy is not

negligible. Indeed, as shown in Fig. 7.2 (left panel, red solid line) the logNH < 23 cm−2

XLF2 (corresponding to the typical NH value measured in the sample of Giallongo et al.

2015), could reproduce the Glikman et al. (2011) and Giallongo et al. (2015) measures

once typical L∗ galaxy luminosities (−21.5 < M1450 < −19.5 at z = 4.25, orange dashed

horizontal lines in Fig. 7.2) are added to the AGN luminosity. The left panel of Fig. 7.2

also shows for guidance the break magnitude at 1500 Å of the galaxy UVLF (green dashed

vertical line, Parsa et al., 2015). A non-negligible galaxy contribution can be related to a

scenario in which the faint (not heavily absorbed) AGN population with logNH . 23 cm−2

could, through outflows and mechanical feedback, increase the fesc of SFGs by cleaning

the environment and enhancing the porosity of the ISM (see, e.g. Giallongo et al., 2015;

Smith et al., 2016). This mechanism could be rather effective at higher redshift as the UV

emission could be produced more efficiently by Pop III stars (Kimm et al., 2016).

An alternative scenario is that at high redshift the UV-selected samples are not only

associated to X–ray logNH .22 cm−2 AGN but also to heavily X–ray absorbed AGN (logNH>25

cm−2). If the AGN population which mostly contribute to the ionizing background have

greater NH values than that considered in our minimal baseline model (which have been

chosen to match the optical/UV LFs at z < 4), then the fesc does not become zero rapidly

for NH > 1022 cm−2. Therefore, the AGN contribution to UV emission would be en-

hanced. Indeed, in this case the underprediction by the logNH <26 cm−2 XLF of the UV

LFs reduces to. 0.5 dex. This scenario is rather unlikely though. As a matter of fact, there

is evidence that the ratio between hydrogen column density and extinction in the V band

(i.e. the NH/AV ratio) could be larger than Galactic in AGN (see e.g. Maiolino et al., 2001;

Burtscher et al., 2016). Indeed, Burtscher et al. (2016) showed that if accurate X–ray and

optical analysis is carried out, an agreement between the X–ray and optical classification

is found. Moreover Burtscher et al. (2016) showed that all AGN having NH > 1022 cm−2

show AV > 5, therefore the UV photons will be likely absorbed within the host galaxy and

do not contribute to the cosmic ionization.

Recently it has been claimed that the XLF (Buchner et al., 2015; Fotopoulou et al.,

2016) has a higher density of low-luminosity AGN compared to the estimates from Ueda

et al. (2014); Miyaji et al. (2015); Aird et al. (2015a,b); Georgakakis et al. (2015); Vito et al.

(2014). The right panel of Fig. 7.2 shows the whole AGN XLF (i.e. including the Compton

Thick population) by Buchner et al. (2015), converted into UV magnitudes (grey shaded

area), together with the corresponding XLF by Ueda et al. (2014, dashed black curve) and

the UV/optically selected samples at z = 4.25. The two XLFs were converted into UV

according to our standard procedure highlighted in Sect. 7.3. Concerning the X–ray pop-

2This XLF has been convolved with a 0.4 dex Gaussian scatter as already described in Sect. 7.3.
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ulation with logNH < 26 cm−2, the XLF by Buchner et al. (2015) is indeed ∼ 1 dex higher

than the XLF by Ueda et al. (2014) and this factor is enough to reproduce the UV/optically

selected samples. Nonetheless, it must be considered that this agreement is found only if

the heavily X–ray absorbed AGN population is also included. The uncertainties are quite

large (∼1 dex in density and the redshift bin is very broad, 4 < z < 7), and Buchner et al.

(2015) state that this is the reason for possibly not finding a steep decline with redshift in

their AGN space density.

In summary, we found that there is a discrepancy at the faint-end of the UVLF be-

tween the measures derived using direct UV data and the prediction of the X–ray logNH .22

cm−2 AGN LF at z > 4. This discrepancy, which is absent at lower redshifts, can be at-

tributed either to a small contribution of UV emission in the AGN host galaxy of the or-

der of the galaxy UV L∗ or, unlikely, to a substantial contribution to the UV background

coming from an X–ray absorbed population whose density and escape fraction, conse-

quently, should have been underestimated by most of the previous studies.

However, inside the AGN unified models it should be remembered (see Introduction)

that, for isotropic reasons, we are interested in the unabsorbed logNH < 22 cm−2 popu-

lation as measured along the line-of-sight since the fraction of ionizing AGN should be

the same for any observer in the Universe.

7.4. QSO UV EMISSIVITY

As discussed at the end of Sect. 7.3, the good agreement between the optical QSO LF

and the logNH . 21− 22 cm−2 XLF indicates that this XLF is a good proxy to estimate

the space density of ionizing AGN (i.e., the QSOs). Therefore we will assume that the

logNH . 21−22 cm−2 AGN have 〈 fesc〉 = 1, while the rest of the population has rapidly

decreasing fesc as NH increases.

Most of the previous studies on the estimate of the ionizing background produced

by QSOs have used UV/optically-selected sample and, as shown in Fig. 7.1, they needed

to extrapolate the QLF below the break luminosity (see, e.g. Khaire and Srianand, 2015;

Madau and Haardt, 2015). On the contrary, the use of the logNH <21 cm−2 XLF allows

us to measure the QSO emissivity without any extrapolation at low luminosities down to

five magnitudes fainter than optical surveys and up to z ∼ 5.

In order to investigate the contribution of QSO to the H I ionizing background, we

calculated the 1 ryd comoving emissivity

ε912(z) = 〈 fesc〉
∫

Lmin

Φ(L912, z)L912 dL912 , (7.4)

where 〈 fesc〉 is the mean value of escaping fraction of UV photons, L912 is the monochro-

matic luminosity at 912 Å,Φ(L912, z) is the QLF and Lmin sets the lower limit for the lumi-

nosity integration. We converted the M1450 into L912 using our adopted SED, as described

in Sect. 7.3.
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7.4.1. COMPARING OPTICAL AND X–RAY EMISSIVITIES

Figure 7.3 (left panel) shows the evolution of the comoving ionizing emissivity ε912 as a

function of redshift for the logNH<21 and logNH<22 cm−2 X–ray population (solid and

dotted black lines, respectively). When the XLF has been extrapolated, i.e. at z > 5, the

emissivities are drawn in grey. The above computed X–ray emissivities are reported in

Table 7.1 up to z = 7.

As a comparison we also report in the left panel of the same figure other measures

which we have derived using the UV/optically-selected QSO samples (see Sect. 7.2.1).

We set Lmin as the faintest luminosity bin available in each survey. In particular, when

integrating the XLF we set logLmin =27.22 erg s−1 Hz−1 (i.e. logLX = 42 erg s−1). The

choice of not extrapolating the LF in a luminosity range not yet sampled by current sur-

veys is conservative and implies that the derived QSO ionizing emissivities are, strictly

speaking, lower limits. Indeed, the adoption of the XLF as an unbiased representation of

the UV/optical QSO LF allows us to extend the lower luminosity limits of the optical LFs

(see Fig. 7.1) and then reach fainter Lmin in the integration of Eq. 7.4. When the XLF has

been extrapolated, i.e. at z > 5, we have assumed the evolution implied by Ueda et al.

(2014) and we have solved Eq. 7.4 setting Lmin as previously done.

Given the definition in Eq. 7.4, the emissivity is proportional to the area beneath the

curve L ×Φ(L). Due to the double-power law shape of the LF, L ×Φ(L) presents a max-

imum located in the luminosity break region L∗. Therefore at each redshift the leading

contribution to emissivity comes from AGN at L∗, and this is true as far as the faint-end

slope of the LF is not too steep.

In order to show the emissivity at z = 0 derived from the optically-selected QLF, we

used the B-band double power-law QLF from Schulze et al. (2009, cyan diamond with

error bars, for the LF see their Tab. 4)3. At z > 4 we also show the results from Giallongo

et al. (2015, orange triangles with error bars).

The contribution of the X–ray logNH <21 cm−2 population should be considered as

a lower-limit to the AGN ionizing emissivity (black solid line in Fig. 7.3), in fact also the

21 < logNH < 22 cm−2 AGN could contribute significantly. Inside our minimal model,

an upper limit to the QSO emissivity can be derived (black dotted line in Fig. 7.3) under

the hypothesis of 〈 fesc〉 = 1 up to logNH = 22 cm−2 and then sharply zero for the rest

of the AGN. We tested how strong is this last approximation on the upper limit to the

AGN contribution to the emissivity by assigning a fesc depending on the column density

NH. Indeed a relation between the escape fraction and the extinction of the type fesc ∝
e−AV is expected (Mao et al., 2007). Therefore in a less simplified (and more realistic)

3 The Vega absolute B magnitude MB were converted into B-band luminosity LB in a similar way as in

Eq. 7.3 (substituting the magnitudes and luminosities) with f0 = 4.063× 10−20 erg s−1 cm−2 Hz−1. Fi-

nally LB was translated into L912 with our adopted SED (see Sect. 7.3). The integration limit used was

logLmi n = 29.42 erg s−1 Hz−1. The uncertainties on this local emissivity have been evaluated directly from

the uncertainties on the binned QLF.
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Figure 7.3: Redshift evolution of the hydrogen ionizing emissivities, ε912(z). Left: ε912 computed using the

UV/optical binned QLF described in Sect. 7.2.1, colors and symbols are reported in the legend. The solid

and dotted black lines are the ε912 computed (with fesc = 1) from the 2–10 keV LF by Ueda et al. (2014, solid

line for the logNH < 21 cm−2, black dotted for logNH < 22 cm−2). The triple-dot-dashed black line shows

the resulting emissivity computed assuming fesc ∼ e−NH (see text for more details). The emissivities are

drawn in grey when XLFs are extrapolated. The shaded area shows our best estimate of the UV ionizing AGN

emissivity, which should lie in between the two limits of logNH < 21 and logNH < 22 cm−2. When the XLFs

are extrapolated the shaded area is plotted in pink. Right: The black dashed line is ε912 computed from the

2–10 keV LF by Ueda et al. (2014) inclusive of Compton Thick sources assuming an extreme fesc = 1 (see

text for more details). The red dotted horizontal line shows the upper limit on the logNH < 22 population

assuming that the XLF remains constant for z > 5. The other curves are the prediction of the evolution of

the emissivity with redshift from Haardt and Madau (2012, blue dashed), Khaire and Srianand (2015, green

dashed) and Madau and Haardt (2015, orange triple-dot-dashed).

model, assuming a constant NH/AV ratio, the escape fraction is expected to exponentially

depend on the NH. In this scenario, an escape fraction equal to unity at logNH = 21 cm−2

will drop to ∼ 0.37 at logNH = 22.5 cm−2 and to ∼ 5×10−5 already at logNH = 23.5 cm−2.

This calculation is reported in Table 7.1 and is shown in Fig. 7.3 (left panel) as a triple-dot-

dashed black line. The emissivity computed assuming an exponential dependence on

NH is only slightly enhanced (∼ 17%) with respect to our first simplified approximation

of fesc sharply zero for NH > 1022 cm−2. A similar result is obtained also assuming fesc = 1

up to logNH = 22 cm−2 and an additional constant fesc = 0.1 for the 22 < logNH < 26

cm−2 AGN population. Since the scenario in which the fesc is dependent on NH does

not alter significantly our initial simplified and rather strong approximation that the fesc

sharply drop to zero for all AGN having logNH > 22 cm−2, we will continue to use as

upper limit on the AGN emissivity the one calculated assuming fesc = 1 up to logNH = 22

cm−2 only.

As expected, the estimates obtained using the X–ray logNH <21 and logNH <22 cm−2

LFs are in good agreement with most of the estimates coming from the optical/UV QLFs,
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Table 7.1: Redshift evolution of emissivities at 912 Å obtained integrating the XLFs of Ueda et al. (2014) with

Eq. 7.4 with logLmin =27.22 erg s−1 Hz−1.

z logε912

(NH < 1021) (NH < 1022) (NH < 1026)

fesc = 1 fesc = 1 fesc ∼ exp(−NH)

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

0.0 23.62 23.84 23.89

0.2 23.91 24.14 24.20

0.4 24.15 24.39 24.44

0.6 24.33 24.57 24.63

0.8 24.47 24.71 24.77

1.0 24.58 24.82 24.88

1.2 24.65 24.90 24.95

1.4 24.70 24.94 25.00

1.6 24.74 24.97 25.03

1.8 24.76 24.99 25.05

2.0 24.72 24.96 25.02

2.2 24.67 24.92 24.98

2.4 24.64 24.88 24.94

2.6 24.60 24.84 24.90

2.8 24.56 24.81 24.86

3.0 24.53 24.77 24.83

3.2 24.42 24.67 24.72

3.4 24.31 24.56 24.62

3.6 24.20 24.45 24.51

3.8 24.09 24.34 24.40

4.0 23.99 24.24 24.30

4.2 23.89 24.14 24.20

4.4 23.79 24.04 24.10

4.6 23.70 23.94 24.00

4.8 23.60 23.85 23.91

5.0 23.51 23.76 23.82

5.2 23.42 23.67 23.73

5.4 23.34 23.59 23.65

5.6 23.25 23.51 23.57

5.8 23.17 23.42 23.49

6.0 23.09 23.38 23.41

6.2 23.02 23.27 23.33

6.4 22.95 23.20 23.26

6.6 22.87 23.12 23.18

6.8 22.80 23.05 23.11

7.0 22.73 22.98 23.04

Notes. Columns are: (1) redshifts, (2) logarithm of the H I ionizing emissivity computed from the
X–ray logNH <21 cm−2 AGN, (3) from the logNH <22 cm−2 AGN and (4) the whole X–ray AGN
population. The emissivities in columns (2)-(3) have been computed assuming fesc = 1, whereas
the ε912 in column (4) has been weighted with fesc exponentially dependent on NH. Columns
(2)-(4) are in units erg s−1 Hz−1 Mpc−3.
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where available. At variance, as already noticed in Sect. 7.3, the measures at z > 4 by

Glikman et al. (2011) and Giallongo et al. (2015) are up to a factor of ∼ 8 larger than the

other estimates, obtained both from optical and X–ray data. This difference was also

pointed out by Georgakakis et al. (2015) who integrated the XLF in the range 3 < z < 5 (see

Sect. 7.3 for a discussion on possible sources of this discrepancy). The violet shaded area,

which is our best estimate of the AGN ionizing emissivity, is the region included between

the predictions of the logNH < 21 and logNH < 22 cm−2 populations. The shaded area is

plotted in pink when the XLFs have been extrapolated (z >5).

Figure 7.3 (right panel) shows the contribution to the emissivity produced by AGN

at different NH: the logNH <21 and logNH <22 cm−2 populations (same legend as the

left panel) and the whole AGN population, including also Compton Thick sources (Ueda

et al., 2014, black dashed line), under the very extreme and unphysical assumption that

all AGN (up to NH = 1026cm−2) have fesc = 1. Again, the emissivity has been drawn

in grey when extrapolated at z > 5. The dotted-red horizontal line plotted in the right

panel of Fig. 7.3 shows, according to our analysis, the UV ionizing AGN emissivity upper

limit in the redshift range 5 < z < 6, obtained under the two assumptions that AGN with

logNH < 22 cm−2 contribute significantly to reionization (〈 fesc〉=1) and that the XLF re-

mains constant for z > 5. In this case, the discrepancy between our upper limits and the

results of Giallongo et al. (2015) is a factor of ∼4. Even considering the contribution of

the very absorbed AGN, a discrepancy of a factor ∼3 with the results of Giallongo et al.

(2015) still remains.

For reference, we also plot the evolution of the comoving emissivity as a function of

redshift from Haardt and Madau (2012, blue dashed line, their eq. 37; see also Hopkins

et al. 2007), Khaire and Srianand (2015, green dashed line, eq. 6 of their work) and Madau

and Haardt (2015, orange triple-dot-dashed line, eq. 1 of their work). We note that the

agreement between our best estimate and other emissivities in literature, which have

been derived under different assumptions, is quite good. As shown in Fig. 7.3, we found

a high integrated local AGN emissivity as recently proposed by Madau and Haardt (2015),

a fact that can reduce the photon underproduction crisis4 (Kollmeier et al., 2014, see

also Shull et al. 2015 and Gaikwad et al. 2016). A precise analysis of this issue is however

beyond the scope of this work.

As shown in Fig. 7.3, our best estimate is in agreement at z <2 with the ε912 proposed

by Madau and Haardt (2015), while the emissivities proposed by Haardt and Madau

4The photon underproduction crisis is the finding of Kollmeier et al. (2014) of a five times higher H I pho-

toionization rate (ΓHI) at z = 0, obtained matching the observed properties of the low-redshift Lyα forest

(such as the Lyα flux decrement and the bivariate column density distribution of the Lyα forest; e.g. ?),

than predicted by simulations which include state-of-the art models for the evolution of the UV back-

ground (UVB) (e.g. Haardt and Madau, 2012). A similar investigation was carried out also by Shull et al.

(2015), who found a lower discrepancy (i.e. only a factor ∼ 2 higher) with the UVB model of Haardt and

Madau (2012).
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(2012) and Khaire and Srianand (2015) are in fair agreement at 2 < z < 6 with our best

estimate given the current uncertainties. In particular, the ε912 of the logNH < 22 cm−2

agrees with the Khaire and Srianand (2015) estimate at 2 < z < 4.5 while it is higher at

z > 5. The emissivity that we obtain considering only the logNH < 21 cm−2 population,

which represents our lower limit, is the lowest estimate at 2 < z < 5 and agrees with the

emissivity of Haardt and Madau (2012) at z > 6.

At variance, the QSO emissivity given by Madau and Haardt (2015) is definitely larger

than our estimate at z > 3, as their analysis is based on the results by Giallongo et al.

(2015).

7.5. DISCUSSION

As discussed in the previous section, with our calculations we propose that the range of

possible values of the QSO ionizing emissivity should lie in the shaded area highlighted

in Fig. 7.3, i.e., in between the two limits obtained considering the AGN population with

logNH < 21 and logNH < 22 cm−2(solid and dotted black lines).

We now compute the possible contribution of X–ray logNH <21 and logNH <22 cm−2

AGN to the reionization of H I residing in the IGM. The transition from a neutral to a

fully ionized IGM is statistically described by a differential equation for the time evolu-

tion of the volume filling factor of the medium, Q(z) (see, e.g. Madau et al., 1999). Q(z)

quantifies the level of the IGM porosity created by H I ionization regions around radia-

tive sources such as QSOs and SFGs. The evolution of Q(z) is given by the injection rate

density of ionizing radiation minus the rate of radiative hydrogen recombination, whose

temporal scale depends on the ionized hydrogen clumping factor C = 〈n2
H I I 〉/〈nH I I 〉2.

Clumps that are thick enough to be self-shielded from UV radiation do not contribute to

the recombination rate since they remain neutral. A clumping factor of unity describes a

homogeneous IGM. Results from recent hydrodynamical simulations, which take photo-

heating of the IGM into account (Pawlik et al., 2009; Raičević and Theuns, 2011), show

that C=3-10 are reasonable values for the clumping factor during the reionization.

By definition, the reionization finishes when all the hydrogen is fully ionized, i.e.

when Q = 1. Following Madau et al. (1999), at any given epoch this condition translates

into a critical value for the photon emission rate per unit cosmological comoving volume,

ρ̇i on , independently of the (unknown) previous emission history of the Universe

ρ̇i on(z) = 1051.2
(

C

30

)(
1+ z

6

)3
(
Ωbh2

70

0.0461

)2

Mpc−3 s−1 , (7.5)

where we choose the normalization Ωbh2
70 = 0.0461 from the results of the WMAP7 year

data (Komatsu et al., 2011). Only rates above ρ̇i on will provide enough UV photons to

ionize the IGM by that epoch.

Fig. 7.4 (top-panel) shows the results of this calculation assuming two different clump-

ing factors, C=10 (green dashed line) and 3 (blue dot-dashed line). The grey shaded area
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Figure 7.4: Top: Comoving emission rate of hydrogen Lyman continuum photons from QSOs with logNH <
21 cm−2 (black solid line) and with logNH < 22 cm−2 (black dotted line), compared with the minimum rate

needed to fully ionize the Universe with clumping factors C=3, 10 (blue dot-dashed, green dashed lines,

respectively). Bottom: Contribution of QSO relative to the minimum rate computed with clumping factors

C=3, 10 (blue and green lines, respectively). The dotted red line represents the maximal AGN contribution

(see text for details).
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indicates the possible range of ρ̇i on obtained with clumping factors between these two

values.

We compare this minimum critical ionizing rate with those derived from the logNH <21

and logNH <22 cm−2 AGN emissivities. We therefore compute

ρ̇QSO(z) =
∫ νHeI I

νH I

εν(z)

hν
dν , (7.6)

where h is the Planck’s constant, νH I is the frequency at the Lyman limit (i.e. 1 ryd),

νHeI I = 4νH I and εν(z) is the QSO monochromatic ionizing emissivity which has been

estimated from ε912 and then extrapolated between 1-4 ryd using the SED described in

Sect. 7.3. Following Shankar and Mathur (2007), Fontanot et al. (2014) and Madau and

Haardt (2015), the upper limit on the integral is chosen at 4νH I since more energetic pho-

tons are preferentially absorbed by helium atoms (see Madau et al. 1999 for a complete

discussion on the advantages/limitations of this approximation, but see Grissom et al.,

2014, for an alternative approach). The violet shaded area in the top panel of Fig. 7.4

spans the possible values of ρ̇QSO implied by our previous calculations on the emissivity.

The bottom panel in Fig. 7.4 quantifies the contribution of the X–ray logNH <21

(solid lines) and logNH <22 cm−2 (dotted lines) populations relative to the minimum

rate obtained from Eq. 7.5 using C=3, 10 (blue and green curves, respectively). At z = 6,

redshift of interest for the H I reionization, we find that the contribution of ionizing AGN

is little compared to the amount needed to fully ionize the IGM, with a maximum contri-

bution of ∼7% (blue dotted curve, see also Shankar and Mathur, 2007, for similar results).

If we consider the upper limit at z > 5 on the QSO emissivity, shown in the right panel

of Fig. 7.3, red dotted line (which has been derived under the hypotheses that AGN with

logNH < 22 cm−2 contribute significantly to reionization and that the XLF remains con-

stant for z > 5), then the contribution of ionizing AGN increases up to ∼ 30% (see also

Shankar and Mathur, 2007). Our results also agree with the very recent findings of Jiang

et al. (2016a, see their Fig. 11), that used a sample of 52 optically-selected QSOs at z ∼ 6 in

the SDSS to exclude (at 90% confidence, in the case of C=3) a leading QSO contribution

to H I reionization. We note that our best estimate of the AGN ionizing emissivity implies

a dominant role of AGN only for z . 4 (see also Georgakakis et al., 2015; Cristiani et al.,

2016, and references therein), slightly depending on the choice of the clumping factor C.

7.6. CONCLUSIONS

The puzzling process of H I reionization and the AGN contribution has been investigated

by using complete UV/optically-selected QSO and X–ray selected AGN samples.

In order to better constrain the faint end of the AGN LF at high redshift, we inves-

tigated whether the XLF could be used as an unbiased proxy of the ionizing AGN space

density. Indeed, X–ray selection offers a better control on the AGN faint end since it is

less biased against obscuration. We employed the Ueda et al. (2014) XLF, which is com-
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puted in various absorption ranges, to derive a matching between the UV/optical QLF

and the X–ray logNH . 21−22 cm−2 AGN LF. The new Chandra COSMOS Legacy Survey

z > 3 sample (Marchesi et al., 2016b) is used to validate the extrapolation of Ueda et al.

(2014) XLF beyond redshift 5, therefore enabling us to use the 2–10 keV LF of Ueda et al.

(2014) to compute the 1 ryd comoving emissivity up to redshift ∼6. As expected in the

traditional AGN unified model framework, when UV/optical data exist we found good

agreement between the logNH . 21− 22 cm−2 XLF and the optically-selected QLF, up

to z ∼ 4. This matching implies that the logNH . 21− 22 cm−2 XLF can be used as an

unbiased proxy to estimate the density of ionizing AGN.

We found that the X–ray logNH < 22 cm−2 LF at z > 4 underpredicts by a factor ∼ 1

dex the the faint end of the UV LF derived using direct UV data. This discrepancy can be

attributed to a small contribution of UV emission in the AGN host galaxy whose amount

is typical of galaxies at break luminosity.

The use of the logNH . 21−22 cm−2 XLFs allows us to measure the 1 ryd comoving

QSO emissivity up to z ∼ 5 without any luminosity extrapolation, extending at ∼ 5 lower

magnitudes than the limits probed by current UV/optical LFs. The evolution of our pro-

posed emissivity with redshift is in agreement also with the functional form proposed by

Madau and Haardt (2015) at 0 < z < 2 and with Khaire and Srianand (2015) and Haardt

and Madau (2012) at 2 < z < 6 (all derived under different assumptions). At variance, our

estimate is smaller at z > 3 than recently found by Madau and Haardt (2015) who pro-

posed an AGN-dominated scenario of H I reionization. We found a high integrated local

AGN emissivity as recently proposed by Madau and Haardt (2015).

Finally, we compare the photon emission rate necessary to ionize H I with the criti-

cal value needed to keep the Universe ionized, independently of the previous emission

history of the Universe. Our findings are that the contribution of ionizing AGN at z = 6

is little, ∼ 1%−7%, with a maximal contribution of ∼30% under the unlikely assumption

that the space density of logNH <22 cm−2 AGN remains constant at z > 5. Our updated

ionizing AGN emissivities thus exclude an AGN-dominated scenario at high redshifts, as

instead recently suggested by other studies.

The work presented in this Chapter has been published in MNRAS: F. Ricci, S. March-

esi, F. Shankar, F. La Franca, F. Civano 2017, 465, 1915: “Constraining the UV emissivity of

AGN throughout cosmic time via X-ray surveys”.
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CONCLUDING REMARKS

This section tries to draw some conclusions on the works that have been presented through-

out the thesis.

The project that has been discussed in Chapters 3 - 5 can be summarized as follows:

1. Chapter 3 discusses our virial BH mass estimators, whose purpose is to widen

the applicability of virial-based relations to reliably measure the BH masses also

for low-luminosity or intermediate/type 2 AGN that are missed by current optical

methodology. We achieved this goal by calibrating virial relations based on unbi-

ased quantities: the hard X–ray luminosities, in the 2-10 keV and 14-195 keV bands,

that are less sensitive to galaxy contamination, and the FWHM of the most intense

rest-frame NIR and optical BLR emission lines. From the analysis carried out in this

Chapter, it is evident that a source of uncertainty in the estimate of the AGN MBH

is the bulge morphology of the host. Therefore to minimize the uncertainty related

to the bulge type classification, bulge/disk decomposition is clearly needed. Prob-

ably accurate bulge/disk decomposition will be available also for currently chal-

lenging sources once extremely large telescopes such the EELT become operative

for the community. Indeed the high spatial resolution that can be achieved with

sophisticated multiple adaptive optics will enable to probe scales of few hundreds

of parsecs in the centre of galaxies at z ∼ 2 (Gullieuszik et al., 2016).

Finally, our new derived optical/NIR FWHM and hard X–ray luminosity based virial

relations can be of great help in measuring the BH mass in low luminosity and ab-

sorbed AGN and therefore better measuring the complete (AGN1+AGN2) SMBH

mass function. In this respect, in the future, a similar technique could also be ap-

plied at larger redshift. For example, at redshift ∼2-3 the Paβ line can be observed

in the 1-5µm wavelength range with NIRSPEC on the JamesWebb Space Telescope.

While, after a straightforward recalibration, the rest frame 14-195 keV X–ray lumi-

153
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nosity could be substituted by the 10-40 keV hard X–ray band (which is as well

not so much affected by obscuration for mildly absorbed, Compton Thin, AGN).

At redshift ∼2-3, in the observed frame, the 10-40 keV hard band roughly corre-

sponds to the 2-10 keV energy range which is typically observed with the Chandra

and XMM-Newton telescopes.

2. Chapter 4 presents our NIR spectroscopic campaign, whose aim is to characterise

the BLR dynamics for a sample of hard X–ray selected AGN2. Using high-S/N and

high-resolution NIR spectra we have found faint broad virialized components of

NIR emission lines in ∼30% of our sources. We have verified that the detection

of BLR components does not significantly depend on selection effects due to the

quality of the spectra, the X–ray or NIR fluxes, the orientation angle of the host

galaxy or the hydrogen column density measured in the X–ray band. The only sig-

nificant differences that we found are instead physical: a) no BLR was found in

the most (heavily, log NH > 23.7 cm−2) X–ray obscured sources and b) AGN2 show

smaller (a factor 2) FWHMs and EWs if compared to the AGN1. The first result

most likely implies that, as expected by the AGN unification models, the absence

of the BLR in the optical and NIR spectra is linked to the presence of strong obscu-

ration of the central parts of the AGN, where the BLR is located. The second result

is further analysed in Chapter 5.

3. Chapter 5 is built upon the results of the two preceding ones. We derived for the

first time virial MBH of a sample of 17 AGN2, drawn from the Swift/BAT 70-month

X–ray catalogue, using the broad virialized NIR emission lines coupled with the

hard X–ray luminosity in the 14-195 keV band. We have compared the AGN2 BH

mass distribution with that of a sample of AGN1 selected from the same Swift/BAT

70-month catalogue and whose masses have been measured via RM techniques.

We also investigated the links between the virial MBH of AGN2 and some properties

of the AGN itself, like its power output, measured from the hard X–ray luminosity,

and its accretion rate. Finally we presented some preliminary results regarding the

scaling relations between the BH mass and some bulge properties, in particular the

MBH−σ? and the MBH−L3.6,bul relations. We are finding evidences that AGN2 have

smaller BH masses and higher Eddington ratios than AGN1 and in the MBH−L3.6,bul

plane reside in the region usually occupied by pseudo bulges.

All the above results are pointing in the direction that AGN2 could reside in host

galaxies that are different than the one of AGN1, and which have distinct properties

that are probably the results of the galaxy growth over cosmic time (mergers vs secu-

lar stochastic processes for the formation of the spheroid).
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Chapter 6 presents the the results of the 2014 optical spectroscopic follow-up campaign

of 27 blazar candidates associated to Fermi unidentified sources (UGSs). The Fermi mis-

sion has the study of the unassociated γ-ray sources as one of its major scientific goals

(Atwood et al., 2009), but still the fraction of UGSs is ∼1/3 and has remained constant

across all the releases of Fermi catalogues. The largest fraction of known gamma-ray

emitters is associated with blazars, and indeed in the Fermi LAT third source catalogue

(3FGL; Acero et al., 2015) they constitute the 36% of the listed sources. Hence, using new

IR colour-colour association methods (D’Abrusco et al., 2013), our group started an op-

tical spectroscopic campaign to confirm the nature of γ-ray blazar candidates. All the

spectroscopic observations collected during our campaign are already published (see

e.g. Paggi et al., 2014; Landoni et al., 2015; Massaro et al., 2015; Ricci et al., 2015; Álvarez

Crespo et al., 2016a,b). The campaign has led to the analysis of 223 unique spectra, and

some results achieved are the following:

• 173/223 targets are classified as BZBs, thus the Fermi survey is extremely useful to

discover this elusive class of AGN;

• we measured 49 new z thanks to the presence of emission/absorption lines;

• we found two BL Lac objects without radio counterparts in the major radio sur-

veys (Paggi et al., 2014; Ricci et al., 2015). This discovery could open new scenarios

on the blazar phenomenon and could potentially make the γ-ray association task

more challenging since a large fraction of the Fermi associations come from radio

surveys/catalogues.

At the current moment the major problem we foresee to continue after 2016 resides

in the strategy originally developed. In order to minimize the impact on telescope sched-

ules and maximize the scientific return, we proposed a small sub-sample of targets each

time, thus each publication presents only 20-50 spectra. However the fraction of Fermi

UGSs is rather constant, hence the expected number of UGSs in the next catalogue is

∼2000. Such a number of targets can be observed only with a dedicated survey/large

program.

Finally Chapter 7 presents a project whose aim was to address the true ionizing output of

AGN up to z ∼ 6. The cosmological process H I reionization in the intergalactic medium is

thought to be driven by UV photons emitted by star-forming galaxies and ionizing AGN.

The contribution of QSOs to H I reionization at z > 4 has been traditionally believed to

be quite modest. However, this view has been recently challenged by new estimates of

a higher faint-end UV LF. To set firmer constraints on the emissivity of AGN at z < 6,

we used complete X–ray selected samples including deep Chandra and COSMOS data.

Thanks to these data we efficiently measured the 1 ryd comoving AGN emissivity up to

z ∼ 5− 6 and down to five magnitudes fainter than probed by current optical surveys,
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without any luminosity extrapolation. We found good agreement between the logNH .

21−22 cm−2 X–ray LF and the optically-selected QSO LF at all redshifts for M1450 ≤−23.

The full range of the logNH . 21−22 cm−2 LF (M1450 ≤ −17) was then used to quantify

the contribution of AGN to the photon budget critical value needed to keep the Universe

ionized. We found that the contribution of ionizing AGN at z = 6 is as small as 1% - 7%,

and very unlikely to be greater than 30%, thus excluding an AGN-dominated reionization

scenario.

While this work makes use of the state of the art in terms of X–ray surveys, at the

present day it is impossible to extend this study at redshifts larger than 6. Even in the red-

shift range 5 < z < 6 the available samples of X–ray selected high-redshift AGN still suffer

of limited statistics, and are biased against relatively low luminosities (L2−10keV ≤1043 erg

s−1; below the LF break). Only future facilities, like Athena (Nandra et al., 2013) and the

X–ray Surveyor (Vikhlinin, 2015), will be able to collect sizable samples (∼100s) of low

luminosities (L2−10keV <1043 ergs−1) AGN at z>5 (Civano, 2015).
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A.1. BEST FITS FIGURES OF THE AGN2 WITHOUT SECURE EVIDENCE

OF BLR COMPONENTS

Figure A.1: Lines fit of LUCI ‘non-broad’ AGN2
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Figure A.2: Lines fit of ISAAC ‘non-broad’ AGN2
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Figure A.3: Lines fit of ISAAC and X-shooter ‘non-broad’ AGN2



A.2. BEST FITS VALUES OF THE OPTICAL AND NIR EMISSION LINES OF THE WHOLE SAMPLE 161

A.2. BEST FITS VALUES OF THE OPTICAL AND NIR EMISSION LINES OF

THE WHOLE SAMPLE
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Table A.4: FWHM measurements of the emission lines in ISAAC spectra.

Object z Cl S/N Comp. He I Paγ O II [P II] [S IX] [Fe II] Paβ

LR/MR λ10830Å λ11287Å λ11886Å λ12523Å λ12570Å

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

2MASX J05054575−2351139 0.035 2 30/24 N 507+49
−40 507+49

−40 - - - - 145+30
−26

I - - - - - 413+40
−38 405+67

−49
B 1823+419

−318 - - - - - -

3C 105 0.0884 2 27/13 N - 200+112
−72 - - - - -

I 627+55
−54 - - - - - -

CGCG 420−015a 0.029 2 64/ 31 N 456+14
−12 - - - 634+350

−284 296+10
−10 296+10

−10
I 1331+272

−134 - - - - - 1317+177
−186

ESO 005−G004 0.006 2 48/20 N - - - - - 225+39
−49 -

ESO 157−G023b 0.044 2 47/37 N 545+85
−75 - - - - - -

I 4043+293
−273 - - - - - -

ESO 297−G018 0.0253 2 47/38 N - - - - - 249+43
−39 249+43

−39
I 929+77

−78
c - - - - - -

ESO 374−G044 0.0284 2 45/18 N 632+29
−36 632+29

−36 - 763+474
−347 429+153

−64 - 450+27
−42

I - - - - - 652+74
−56 -

B 1202+383
−221 - - - - - 1413+318

−294
ESO 416−G002 0.059 1.9 45/17 N 347+34

−30 - - - - - -

ESO 417−G006 0.0163 2 60/42 N - - - - - 376+45
−40 -

B - - - - - - -

Fairall 272 0.022 2 60/34 N 793+52
−101 - - - - 422+15

−30 86+15
−10

LEDA 093974 0.0239 2 59/35 N 555+45
−42 - - - 555+45

−42 453+12
−12 134+20

−21
I 1058+135

−124 - - 1153+492
−375 - 639+104

−90
MCG −01−24−012 0.0197 2 50/18 N 616+28

−27 616+28
−27 - - - 381+78

−117 245+17
−16

I 1325+347
−251 1325+347

−251 - - - 857+121
−273 1325+347

−251
MCG −05−23−016 0.0084 2 123/45 N - - - - 409+134

−110 - 247+19
−18

B 1223+90
−80 1451+134

−149 - - - - 1165+27
−18

I 3855+172
−158 - - - - - 3695+335

−196
Mrk 1210 0.014 2 90/ 24 N 564+8

−8 - - - - 414+18
−18 414+18

−18
I - 791+122

−116 - 670+382
−237 760+71

−56 902+114
−61 902+114

−61
B 1374+73

−32 - - - - - 1937+118
−225

NGC 612 - 2 55/29 N - - - - - - -

NGC 788 0.0135 2 69/ 39 N 556+16
−15 467+153

−61 - - - 213+8
−7 213+8

−7
NGC 1052 0.0047 2 67/48 N 792+61

−51 - - - - 693+20
−20 -

B 2455+143
−128 - - - - - -

NGC 1142 0.0294 2 61/57 N - - - - - 553+49
−43 -

I 934+159
−119 - - - - - -

NGC 1365 0.005 1.8 88/35 N - - - - - - 787+8
−8

B 1243+100
−92 1363+67

−54 945+38
−75 - - - 1972+85

−75
NGC 2992 0.0077 2 63/43 N 528+56

−58 528+56
−58 - - - 254+3

−8 254+3
−8

I - - - - - 869+34
−56 869+34

−56
B 3186+586

−400 2989+660
−488 - - - - 2056+29

−30
NGC 3081 0.0077 2 39/28 N 546+19

−18 472+212
−138 - - 507+295

−177 268+17
−16 183+7

−7
I - - - - - - 598+70

−62
NGC 3281 0.0113 2 39/26 N 538+33

−31 534+349
−180 - - 118+23

−21 217+24
−23 123+10

−8
I - - - - 271+78

−90 - 300+5
−5

PKS 0326−288 0.1096 1.9 18/17 N 565+53
−34 568+59

−51 - - - - -

Notes. Columns contain: (1) Source name; (2) Redshift as reported in Table 4.6; (3) SWIFT70M

optical spectral classification; (4) S/N near the Paβ; (5) line components; N: NLR, B: BLR, I: inter-

mediate (see sect 4.4 for the classification criteria); (6) to (12) FWHM (km s−1) not deconvolved

for instrumental resolution.
aIntermediate components of FWHM∼1100 km s−1were found also in the [O III] lines in the 6dF

optical spectra.
bSince we have found no signs of Paβ and no optical spectra to validate our measurement of this

He I wide component, we decided to not include it in the broad lines AGN2 sample.
c This broad component was not conservatively included among the BLR detections as its narrow

component was not resolved and no other broad components are observed in the NIR spectrum.
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Table A.5: EW measurements of the emission lines in ISAAC spectra.

Object z Cl S/N Comp. He I Paγ O II [P II] [S IX] [Fe II] Paβ

LR/MR λ10830Å λ11287Å λ11886Å λ12523Å λ12570Å

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

2MASX J05054575−2351139 0.035 2 30/24 N 20.5 5.1 - - - - 2.0

I - - - - - 4.8 4.8

B 16.7 - - - - - -

3C 105 0.0884 2 27/13 N - 1.6 - - - - -

I 14.7 - - - - - -

CGCG 420−015 0.029 2 64/ 31 N 75.1 - - - 5.4 3.1 9.4

I 18.6 - - - - - 2.28

ESO 005−G004 0.006 2 48/20 N - - - - - 1.5 -

ESO 157−G023 0.044 2 47/37 N 5.5 - - - - - -

I 35.7 - - - - - -

ESO 297−G018 0.0253 2 47/38 N - - - - - 0.78 0.87

I 8.1 - - - - - -

ESO 374−G044 0.0284 2 45/18 N 48.9 7.0 - 1.9 3.2 - 12.2

I - - - - - 10.2 -

ESO 416−G002 0.059 1.9 45/17 N 6.2 - - - - - -

ESO 417−G006 0.0163 2 60/42 N - - - - - 6.2 -

Fairall 272 0.022 2 60/34 N 8.2 - - - 2.6 3.5 0.9

B - - - 3.3 - - -

MCG −01−24−012 0.0197 2 50/18 N 31.9 4.0 - - - 8.3 7.7

I 7.9 2.2 - - - 3.1 1.5

B - - - - - - 8.9

MCG −05−23−016 0.0084 2 123/45 N - - - - 1.3 - 3.1

B 29.8 19.5 - - - - 27.4

I 84.7 - - - - - 46.1

Mrk 1210 0.014 2 90/ 24 N 141.4 - - - - 15.1 19.5

I - 22.0 - 6.5 11.1 21.1 26.7

B 258.0 - - - - - 21.1

NGC 612 - 2 55/29 N - - - - - - -

NGC 788 0.0135 2 69/ 39 N 26.3 2.6 - - - 1.7 5.7

NGC 1052 0.0047 2 67/48 N 10.4 - - - - 9.5 -

B 40.9 - - - - - -

NGC 1142 0.0294 2 61/57 N - - - - - 1.6 -

I 6.1 - - - - - -

NGC 1365 0.005 1.8 88/35 N - - - - - - 15.7

B 21.3 19.3 12.4 - - - 15.4

NGC 2992 0.0077 2 63/43 N 22.8 3.4 - - - 7.7 5.4

I - - - - - 5.4 2.1

B 50.9 21.2 - - - - 22.2

NGC 3081 0.0077 2 39/28 N 44.7 5.1 - - 4.3 3.4 7.8

I - - - - - - 3.3

NGC 3281 0.0113 2 39/26 N 24.4 4.8 - - 1.1 2.0 3.0

I - - - - 1.2 - 9.2

PKS 0326−288 0.1096 1.9 18/17 N 32.6 9.0 - - - - -

Notes. Columns contain: (1) Source name; (2) Redshift as reported in Table 4.6; (3) SWIFT70M

optical spectral classification; (4) S/N near the Paβ; (5) line components; N: NLR, B: BLR, I: inter-

mediate (see sect 4.4 for the classification criteria); (6) to (12) EW Å.
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Table A.6: Flux measurements of the emission lines in ISAAC spectra.

Object z Cl S/N Comp. He I Paγ O II [P II] [S IX] [Fe II] Paβ

LR/MR λ10830Å λ11287Å λ11886Å λ12523Å λ12570Å

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

2MASX J05054575−2351139 0.035 2 30/24 N 7.9E-15 1.2E-15 - - - - 0.2E-15

I - - - - - 0.5E-15 0.4E-15

B 6.5E-15 - - - - - -

3C 105 0.0884 2 27/13 N - 0.7E-16 - - - - -

I 0.6E-15 - - - - - -

CGCG 420−015 0.029 2 64/ 31 N 21.0E-15 - - - 1.4E-15 0.5E-15 1.5E-15

I 5.2E-15 - - - - 0.4E-15

ESO 005−G004 0.006 2 48/20 N - - - - - 0.4E-15 -

ESO 157−G023 0.044 2 47/37 N 1.6E-15 - - - - - -

I 10.3E-15 - - - - - -

ESO 297−G018 0.0253 2 47/38 N - - - - - 0.2E-15 0.2E-15

I 1.6E-15 - - - - - -

ESO 374−G044 0.0284 2 45/18 N 11.9E-15 7.0 - 0.4E-15 0.6E-15 - 1.8E-15

I - - - - - 1.6E-15 -

B 4.0E-15 - - - - - 0.6E-15

ESO 416−G002 0.059 1.9 45/17 N 7.7E-15 - - - - -

ESO 417−G006 0.0163 2 60/42 N - - - - - 10.1E-15 -

Fairall 272 0.022 2 60/34 N 2.1E-15 - - - 0.7E-15 0.6E-15 0.2E-15

B - - - 0.9E-15 - - -

MCG −01−24−012 0.0197 2 50/18 N 10.5E-15 1.3E-15 - - - 1.3E-15 1.2E-15

I 2.6E-15 0.7E-15 - - - 0.5E-15 0.2E-15

B - - - - - - 1.4E-15

MCG −05−23−016 0.0084 2 123/45 N - - - - 2.5E-15 - 5.5E-15

B 59.1E-15 38.2E-15 - - - - 48.8E-15

I 168.0E-15 - - - - - 82.2E-15

Mrk 1210 0.014 2 90/ 24 N 78.2E-15 - - - - 4.0E-15 49.0E-15

I - 11.4E-15 - 2.9E-15 5.2E-15 5.5E-15 6.7E-15

B 142.8E-15 - - - - - 5.3E-15

NGC 612 - 2 55/29 N - - - - - - -

NGC 788 0.0135 2 69/ 39 N 14.2E-15 1.3E-15 - - - 0.9E-15 2.7E-15

NGC 1052 0.0047 2 67/48 N 16.6E-15 - - - - 8.5E-15 -

B 65.1E-15 - - - - - -

NGC 1142 0.0294 2 61/57 N - - - - - 0.5E-15 -

I 2.0E-15 - - - - - -

NGC 1365 0.005 1.8 88/35 N - - - - - - 71.5E-15

B 99.6E-15 90.3E-15 59.4E-15 - - - 70.1E-15

NGC 2992 0.0077 2 63/43 N 23.8E-15 3.4E-15 - - - 8.6E-15 6.4E-15

I - - - - - 6.0E-15 2.5E-15

B 53.2E-15 21.5E-15 - - - - 26.3E-15

NGC 3081 0.0077 2 39/28 N 18.1E-15 2.0E-15 - - 2.8E-15 0.9E-15 2.3E-15

I - - - - - - 0.9E-15

NGC 3281 0.0113 2 39/26 N 9.2E-15 1.7E-15 - - 0.6E-15 1.0E-15 1.4E-15

I - - - - 0.6E-15 - 4.4E-15

PKS 0326−288 0.1096 1.9 18/17 N 2.0E-15 0.5E-15 - - - - -

Notes. Columns are: (1) Source name; (2) Redshift as reported in Table 4.6; (3) SWIFT70M optical

spectral classification; (4) S/N near the Paβ; (5) line components; N: NLR, B: BLR, I: intermediate

(see sect 4.4 for the classification criteria); (6) to (12) Emission line Flux in erg s−1 cm−2.
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B
PROPOSAL

This Appendix report the successful observing proposal as PI. The research plan has been

submitted to the LBTO in May 2016 and has been accepted. The observing proposal re-

quested ∼ 13 hours to continue our NIR spectroscopic campaign whose aim is to mea-

sure the BH masses of Swift/BAT-selected AGN2. This program in particular focuses on

both the high-luminosity and low-luminosity AGN2, as we want to extend the coverage

of our campaign over four luminosity decades. Hence we proposed to acquire the NIR

spectra of eight AGN2, five of which have the largest (logL14−195 keV > 44.4 erg s−1) and

three the lowest (logL14−195 keV < 42 erg s−1) luminosities in the Swift/BAT 70 month sur-

vey in the northern hemisphere. This in turn will enable us to probe the two extremes of

the accretion rate of AGN2.

The observations have started and half (4/8) of the targets have been already ob-

served.
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INAF – LBT OBSERVING PROGRAMS
Application for LBT observing time Category: B

Period Sep 2016-Jun 2017 Deadline: May 25th, 2016, 2pm CEST Submit using: www.tng.iac.es/lbt/submit.html

1. Title Strategic Program

The first measures of the BH mass in local AGN2: probing the extremes of the Eddington ratio distribution

2. Abstract

To obtain a clear picture of the AGN phenomenon it is necessary to measure both the luminosity and BH-mass
functions in a consistent way. While the complete AGN luminosity function is fairly well measured, this is
not the case for the BH-mass function. The virial BH mass estimates are available only for broad line AGN
(AGN1), while they are biased against AGN2, where the broad line region is not visible in the rest-frame
optical band. However, AGN1 are not representative of the whole AGN population, having on average larger
luminosities and BH masses, and probably different Eddington-ratios. It is then crucial to measure the BH
mass of the AGN2 and verify if the two AGN populations show different Eddington ratio distributions. We
propose to measure for the first time in a reliable way the BH mass of a complete sample of AGN2 including
the 5 more luminous and the 3 less luminous sources in the SWIFT/BAT survey, using our new virial method
based on NIR data, by detecting the hidden broad components of Paα1.875, Paβ1.282 or HeI1.083 lines.
These two complementary luminosity ranges, never probed before in our previous LBT+VLT campaigns, will
shed light on the extremes of the AGN2 accretion and Eddington regimes.

3. Number of requested hours per instrument

LBC LUCI

13.5

MODS LBTI PEPSI

4. Principal investigator

Name Federica RICCI

Institute Dipartimento di Matematica e Fisica, Uni-
versità Roma Tre

Address via della Vasca Navale 84

e-mail riccif@fis.uniroma3.it

Phone +39 06 57337299

5. Co-investigators (name and institution)

F. La Franca — Università Roma Tre
F. Onori — SRON - Utrecht (NL)
E. Sani — ESO - Chile
M. Brusa — Università di Bologna
A. Bongiorno — INAF/OAR
F. Fiore — INAF/OAR
A. Marconi — Università di Firenze
R. Maiolino — University of Cambridge
S. Bianchi — Università Roma Tre
C. Vignali — Università di Bologna
F. Duras — Università Roma Tre
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6. Report about previous use of LBT time

Telescope Instrument Date Hours Notes

LBT LUCI1 Oct 2012 to
Feb 2013

13.6 only 8.2 were effectively observed

Description

A total of 39 AGN2 have been observed within this project, 10 of which were observed with LUCI/LBT
and the rest with VLT. One source among the LBT sample, NGC 4395, has one of the smallest BH mass
ever measured so far (∼1.7×105 M⊙) and enabled us to extend the BH virial estimate in the region of the
intermediate mass BH (IMBH; MBH < 106 M⊙; see La Franca et al. 2015; publication below). The measure
of the density of the low mass BH represents a key ingredient to understand how first BH formed and evolved.
The data reduction is complete and one publication with the description of the observations and spectral
fitting has been submitted to MNRAS (see below Onori et al. 2016 MNRAS submitted). The LBT+VLT
preliminary results have been presented in several conferences (see publication list below). Thanks to the
requested new LBT data, we will be able to complete the sampling of the accretion properties of the AGN2
population in the lowest and the hightest luminosity regimes (i.e. construct the complete BH mass function,
Eddington ratio distribution, investigate the AGN-host galaxy scale relations and properties).

Publications
F. La Franca, F. Onori, F. Ricci, E. Sani, M. Brusa, R.Maiolino, S. Bianchi, A. Bongiorno, F. Fiore, A.
Marconi, C. Vignali 2015, MNRAS 449, 1526: “Extending Virial Black Hole Mass Estimates to Low-Luminosity
or Obscured AGN: the cases of NGC 4395 and MCG -01-24-012”
F. La Franca, F. Onori, F. Ricci, S. Bianchi, A. Marconi, E. Sani, C. Vignali 2016, FASS 3: “Detection of
faint BLR components in the starburst/Seyfert galaxy NGC 6221 and measure of the central BH mass”
F. Onori, F. La Franca, F. Ricci, M. Brusa, E. Sani, R. Maiolino, S. Bianchi, A. Bongiorno,F. Fiore,A.
Marconi, C. Vignali 2016, MNRAS subm.: “Detection of faint broad emission lines in type 2 AGN: I. Near
infrared observations and spectral fitting”
F. Onori, F. La Franca, F. Ricci, E. Sani, M. Brusa, R. Maiolino, S. Bianchi, A. Bongiorno, F. Fiore,
A. Marconi, C. Vignali 2015, Conference Demographics and Environment of AGN from Multi-Wavelength
Surveys: “Detection of broad emission lines in hard x-ray selected AGN2”
F. Onori, F. La Franca, F. Ricci, E. Sani, M. Brusa, R. Maiolino, S. Bianchi, A. Bongiorno, F. Fiore, A.
Marconi, C. Vignali 2014, Proceedings of Swift: 10 Years of Discovery: “SWIFT/BAT AGN2 reveal broad
emission lines in the NIR: the first virial measure of their black hole masses”
F. Onori, F. La Franca, F. Ricci 2014, Conference 40th COSPAR Scientific Assembly: “Looking for the broad
emission lines in AGN2 with deep NIR spectroscopy and the measure of the mass of Intermediate Mass BH”

7a. If this proposal is a part of a PhD thesis, write here the name of the student, the thesis title and briefly
describe the relevance of these observations for the thesis goals.

F. Ricci, The role of AGN in galaxy evolution. The goal is investigate the AGN2 role in AGN/galaxy scaling
relations. The LBT data would sample the mass - luminosity plane in region never probed before, adding a
great statistical value to the scientific results.
F. Duras, The AGN/galaxy SED. The data will allow to study the relations between the AGN2 SEDs and
their BH masses.

7b. Is this, or a similar application submitted to other time allocation committees (e.g. ESO, TNG-CAT, ITP)?
If yes, please specify which and explain if and why the proposals should be considered complementary.

No.
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8. Description of the programme (2 pages + ≤1 page for references, tables and figures)

A) Scientific rationale
Nowadays there is robust evidence that every galaxy hosts a super massive black hole (SMBH; MBH=106-109

M⊙) and the correlations of its mass with the host galaxy properties have been fairly well established (at least
at low redshift; e.g., Marconi & Hunt 2003, Ferrarese & Merritt 2000, Gebhardt et al. 2000a). The existence
and tightness of these scaling relationships implies that the evolution of galaxies and the growth of SMBHs are
intricately tied together. The accretion of matter on the SMBHs and the related radiative and kinetic power
output play an important role in the galaxy evolution, by suppressing/tuning the star formation and feeding the
AGN itself (feedback; Silk & Rees 1998; Fabian 1999; Croton et al. 2006; Cattaneo et al. 2009 for a review).
In this framework, it appears clear that the study of the AGN evolution is of paramount importance not only to
understand the AGN phenomenon, but also to deepen our knowledge on the evolution of the star formation rate
and galaxies in the Universe (AGN/galaxy co-evolution). In order to obtain a clear picture of the AGN/galaxy
co-evolution, it is fundamental to accurately derive the shape and the evolution of both AGN luminosity (linked
to the BH accretion rate) and SMBH mass functions (SMBHMF), in addition to the star formation history and
stellar mass function of the host galaxy.
In the last decade, using hard X-ray selected AGN samples, it has been possible to accurately derive the AGN
luminosity function up to z∼6 (e.g. Ueda et al. 2014), and recently, using virial based techniques in the optical
band on samples of broad line AGN (AGN1), it has been possible to obtain some estimates of the SMBHF
(e.g. Merloni et al. 2010). However these measurements are affected by several selection biases against
the narrow line AGN (AGN 2), where the Broad Line Region (BLR) is not visible in the rest-frame
optical band because of dust absorption.

AGN1 and AGN2 are intrinsically different. According to the original standard unified model (Antonucci
1993), the different observational classes of AGN (AGN1 and AGN2) were believed to be the same kind of
objects observed under different conditions (e.g. different orientations to the observer). In the framework of
AGN phenomenon and co-evolution, this implies that AGN with the same luminosity have the same properties
(e.g same masses, same accretion rates).
Nevertheless, nowadays there is growing evidence that AGN1 and AGN2 are intrinsically different populations
(see e.g. Elitzur 2012), having, on average, different luminosities (smaller for AGN2; Lawrence & Elvis 1982, La
Franca et al. 2005, Ueda et al. 2014), different accretion rates (smaller for AGN2; Winter et al. 2010, Lusso
et al. 2012), different host galaxy properties (more late type for AGN 2), different clustering, environment and
halo mass properties (Allevato et al. 2014, Jiang et al. 2016, DiPompeo et al. 2016). In those few studies
where AGN2 BH masses have been derived (e.g. Heckman et al. 2004 from SDSS), the authors used the
BH-bulge scale relations which, however, were calibrated on AGN1 samples and are unlikely to hold also for
all AGN2 (see Graham 2008 and Kormendy et al. 2011). It is therefore crucial to reliably measure the
AGN2 BH masses in order to verify if the two AGN populations show the same properties and thus
the same Eddington-ratio distribution.

The first virial measures of the AGN2 BH Masses. Thanks to our studies, based on LBT+VLT observations,
it is now possible for the very first time to directly and reliably measure in a consistent virial way also the BH
masses of AGN2 using NIR spectroscopy. Several studies have shown that most AGN2 exhibit faint components
of broad lines if observed with high (≥20) S/N in the NIR, where the dust absorption is less severe than in
the optical (Veilleux et al. 1997; Riffel et al. 2006; Cai et al. 2010). Moreover observation in the NIR of
AGN1, whose BH masses were measured with reverberation mapping techniques, have demonstrated that the
virial method can be efficiently used with the NIR Paα1.875 and Paβ1.282 lines (Landt et al. 2008; Landt et al.
2011). Following the methods of Landt et al. 2008 and Landt et al. 2011 we have been able to calibrate a
new virial relation between the Paβ1.282 (or Paα1.875, HeI1.083) line and the hard X-ray luminosity
(e.g. MBH vs. 2LogFWHMPaβ+0.5LogL14−195) that allowed us to measure the BH masses in AGN2
(see Fig. 1a; La Franca et al. 2015; see sect. 6). We found the broad component of Paβ1.282 and HeI1.083
in 13 out of 39 candidates in our sample of AGN2, observed with LUCI@LBT and ISAAC/XSH@VLT, selected
from the SWIFT/BAT 70 month survey (Baumgartner et al. 2013), and we derived their BH masses. In Fig.
1b the fit of the broad component of Paβ1.282 found in one of our LUCI/LBT spectra, NGC 4395, is shown.
As already pointed out by Landt et al. 2008, Fig. 1c shows that the FWHM of either the Paα1.875, Paβ1.282
or HeI1.083 lines can be efficiently used in our NIR virial relation to get the BH masses of both classes of AGN.

3.



B) Scientific aim

We propose to measure the BH masses (through our new NIR virial relation, see Fig. 1a) and evaluate the
Eddington ratios of 8 AGN2, 5 of which have the largest (logLX > 44.4 erg/s) and 3 the lowest luminosity
(logLX < 42 erg/s) in the 70-M SWIFT/BAT sample in the northern emisphere with δ ≥-5o (see Fig. 2a).

Our preliminary results show that on average AGN2 have 0.8 dex smaller BH masses than AGN1
having the same intrinsic luminosity (in the range 43.2< logLX <44 erg s−1, AGN1 have, on average,
logMBH=7.6±0.1 M⊙ while AGN2 have logMBH=6.8±0.2 M⊙; the average luminosity in both samples is
logLX=43.6) and therefore have larger Eddington ratios with respect to the AGN1 population (see Fig. 2b;
La Franca et al. 2015; Onori et al. 2014; see sect. 6). We are now interested in observing those objects
having the largest and the lowest luminosities, which have been not observed so far in our previous LBT+VLT
campaigns, and which are therefore likely to have the largest and the lowest Eddington ratios (∝ LX/MBH). As
it is possible to see in Fig. 2b we have been able to measure the BH mass of one single large luminosity AGN2
(logLX ∼ 44.24 erg/s) which has indeed the largest Eddington ratio in our sample.

Thanks to these observations we will complete the coverage of the luminosity range of the existing
AGN2 in our sample and will be then able to reconstruct a complete picture of the MBH-LX
distribution of the local AGN2 population. These would be the first observations that could get the virial
BH masses of AGN2 in these two luminosity ranges, therefore will help us shed light on the complete AGN2
Eddington ratio distribution (see Fig. 2c), sampling the Eddington and the sub-Eddington accretion in AGN2.

Moreover, when the hosting galaxy M⋆ and SFR will be measured (from the already available optical spec-
troscopy and/or SED fitting), this sample will also allow to obtain not only a new complete measure of the local
MBH − M⋆ relation for AGN, but also a measure of the way in which AGN reached it. Indeed the SFR is the
time derivative of the galaxy stellar mass while the X–ray luminosity is tightly linked to the BH mass accretion
rate (see e.g. Merloni et al. 2010).

Why do we need to observe these 8 AGN2? Are not our existing data already enough to answer our
questions? As already discussed, these 8 AGN2 will probe luminosity ranges not observed so far. Moreover
these data, once joined with the 39 spectra that we have obtained in our LBT+VLT campaign, will eventually
allow us to collect a total of 39+8=47 AGN2 NIR spectra. Based on our high-resolution (R∼5000) NIR
spectroscopy experience at VLT, we expect a 40% success rate in finding the BLR (see also sect 10 for the
justification of the instrumental set up), therefore we will be able to measure the BH mass of ∼ 19 AGN2,
distributed over 4 luminosity decades (41< logLX <45 erg s−1). Thus the proposed observations will allow to
obtain about 4-5 BH masses measures in each luminosity decade. These figures are the lowest values that
could allow to derive the first measure of the local AGN2 BH-mass function.
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C) Extra pages

1a 1b 1c1a 1c

Fig.1a: Our new NIR virial relation able to work with low-luminosity AGN1 and AGN2 since it is based on
unbiased quantities (i.e. the hard X-ray luminosity and the Paβ line width); the blue dot is NGC4395 that we
observed with LUCI in 2012 that enabled us to extend this SE relation in the intermediate BH mass region (i.e.
MBH < 106 M⊙). The resulting BH mass is consistent with independent estimates available in literature (La
Franca et al. 2015);
Fig.1b: The Paβ spectral region of NGC4395 observed with LUCI. We deconvolved, through χ2-minimization,
the narrow component (green dashed line) of the emission line and thus we were able to measure the broad
component (red solid line) (Onori et al. 2016 MNRAS submit.). This broad component was then used with our
calibrated NIR virial relation to get the BH mass;
Fig.1c: The FWHM of the Paβ line in AGN1 (black symbols) and in our AGN2 (coloured symbols) vs the Paα
and the HeI. The dotted black line shows the 1:1 locus (Onori et al. 2016 MNRAS submit.).

Fig.2a: The Hubble diagram of the SWIFT/BAT 70M sample in the northern emisphere with δ > −5: AGN1
(blue crosses), AGN2 (green crosses), the AGN2 whose BH mass has been observed by our LBT+VLT campaigns
(red circles) and the 5 largest luminosity and 3 lowest luminosity AGN2 that we propose to observe (magenta
squares). The magenta shaded area highlights the targets luminosity range;
Fig.2b: The MBH-LX plane for AGN1 and AGN2. Thanks to our previous observations, this is the first plot in
which it is possible to show the AGN2 virial BH masses: AGN2 (red dots) show ∼0.8 dex lower BH masses with
respect to the AGN1 (blue squares) of similar luminosity (in the range 43.2< logLX <44 erg s−1, AGN1 have, on
average, logMBH=7.6±0.1 M⊙ while AGN2 have logMBH=6.8±0.2 M⊙; the average luminosity in both samples
is logLX=43.6). The blue dashed (dotted) line show the Eddington limit (0.1 times the Eddington limit);
Fig.2c: The LX-Eddington ratio plane for AGN1 and AGN2. We propose to explore the two extremes of this
plane, i.e. the Eddington and the sub-Eddington accretion regimes in AGN2.

References: Antonucci 1993, ARA&A, 31, 473; Baumgartner et al. 2013, ApJS, 207, 19; Cai et al. 2010, RAA, 10, 427;
Cattaneo et al. 2009, Nature, 460, 213; Croton et al. 2006, MNRAS, 365, 11; Dong & De Robertis 2006, AJ, 131, 1236;
DiPompeo et al. 2016, MNRAS,456, 924; Dong et al. 2012, ApJ, 755, 167; Edri et al. 2012, ApJ, 756, 73; Elitzur 2012, ApJ,
747, L33; Fabian 1999, MNRAS, 308, L39; Ferrarese & Merritt 2000, ApJ, 539, L9; Gebhardt et al. 2000, ApJ, 539, L13;
Georgakakis et al. 2009, MNRAS, 397, 623; Graham 2008, ApJ, 680, 143; Greene & Ho 2007, ApJ, 670, 92; Greene 2012,
NatCo, 3E, 1304G; Heckman et al. 2004, ApJ, 613, 109; Kormendy et al. 2011, Nature, 469, 374;Landt et al. 2007, ApJS,
174, 282; Landt et al. 2011, MNRAS, 413, L106; Lusso et al., 2012, MNRAS, 425, 623; Marconi & Hunt 2003, ApJ, 589, L21;
Merloni et al. 2010, ApJ, 708, 137; Mignoli et al. 2013, A&A, 556, 29; Peterson et al. 2004, ApJ, 613, 682; Riffel et al. 2006,
A&A, 457, 61; Silk & Rees, 1998, A&A,331,L1; Tueller et al. 2008, ApJ, 681, 113; Tueller et al. 2010, APJS, 186, 378; Ueda
et al. 2014, ApJ, 786, 104; Veilleux et al. 1997, ApJ, 477,631; Jiang et al. 2016, ArXiv e-print 1602.08825.
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9. Target and Instrument Setup (TIS) (Please note that the absence of a proper object list of targets and their
informations will lead to rejection of the proposal, unless they are ToOs)
Inst.mode: lbc-red lbc-blue lbc-bin luci1-ima luci1-ls luci1-mos mods1-ima mods1-ls mods1-mos lbti

Moon/Sky condition: d/pho d/cle d/thi d/tck g/pho g/cle g/thi g/tck b/pho b/cle b/thi b/tck

RunID TargetName Ra(J2000) Dec(J2000) Inst.Mode t.Target[h] Seeing[arcsec]Airmass Moon/Sky

A NGC 2655 08:55:37.7 78:13:23 luci-ls 1.5 1.2 1.5 B/THI
A NGC 2712 08:59:30.5 44:54:50 luci-ls 1.5 1.2 1.5 B/THI
A SDSSJ11+25 11:39:15.1 25:35:58 luci-ls 1.5 1.2 1.5 B/THI
A NGC 4258 12:18:57.5 47:18:14 luci-ls 1.5 1.2 1.5 B/THI
B 2MSXJ00+70 00:04:01.9 70:19:18 luci-ls 1.5 1.2 1.5 B/THI
B Cygnus A 19:59:28.3 40:44:02 luci-ls 1.5 1.2 1.2 B/THI
B 3C 433 21:23:44.5 25:04:12 luci-ls 1.5 1.2 1.5 B/THI
B 3C 452 22:45:48.8 39:41:16 luci-ls 1.5 1.2 1.5 B/THI
C SDSSJ11+25 11:39:15.1 25:35:58 luci-ls 1.5 1.2 1.5 B/THI
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10. Observational strategy and justification of instrumental setup and of requested time (net exposition time
WITHOUT overheads), including night time calibration.

We wish to detect in AGN2 a possible faint broad component either in the HeI1.083, Paβ1.282 or Paα1.875
lines depending on detectability and redshift. All the AGN2 have redshift lower than 0.25.
According to our previous NIR spectroscopic experience with LUCI/LBT, ISAAC/VLT and XSH/VLT, a
40% success rate in detecting the BLR components is reached with high-resolution (R>5000) spectroscopy.
Therefore, the requested set ups are:

Run A. The Paβ1.282 line will be observed for three AGN2 (NGC 4258, NGC 2655, NGC 2712), and
the HeI1.083 line will be observed for one AGN2 (SDSSJ11+25, the highest-z of the sample), in the J
band with the grating G210 in combination with the J filter. The total AGN requested with this set up are four.

Run B. The HeI1.083 line will be observed, for four sources (2MSXJ00+70, 3C 433, 3C 452, Cygnus A), in
the J band with the grating G210 in combination with the J filter.

Run C. The Paα1.875 will be observed in one AGN2 (SDSSJ11+25, the highest-z of the sample) in the K
band with the grating G210 in combination with the K filter.

The 0.75′′ wide slit, camera N1.8 with the G210 grating will be used, corresponding to a ∼5640 (∼ 53 km/s)
resolution in configuration A, to a ∼5044 (∼ 60 km/s) resolution in configuration B and to a ∼4580 (∼ 66
km/s) resolution in configuration C.
Deep integration times have been computed requiring a conservative value of S/N ∼ 50 per pixel and apparent
magnitudes fainter than 1-2 magnitudes in order to take into account extinction and that only a small fraction
of these extended galaxies light belongs to the nuclear AGN luminosity and will enter in the 0.75′′ wide slit.
All the observations will be carried out by rotating the slit in order to observe also a bright star that will be
used to better correct the OH absorptions which are known to vary across the night.
Based on our previous observations, we have seen that the continuum brightness of the near-IR counterpart
of hard X-ray sources is not indicative of the detectability of the faint broad line component. A more useful
indicator is the unabsorbed 2-10 keV flux. As all the sources belong to the SWIFT/BAT flux limited survey,
the integration time needed to detect the presence of a broad line component is (within the uncertainties)
the same for all the sources.
We wish to observe a total of 8 AGN2, 7 of which lie at z < 0.15 and one has z > 0.15 (this last target
represents the highest-z of our sample and will be observed both in J and K bands). A total of 9 spectra will
be taken. Integration times are of 1.5 hours on scientific target. Therefore a total of 13.5 hours of net
exposures are requested.

All the set ups (A, B and C) are feasible in Homogeneous Binocular Parallel mode using both LUCI1
and LUCI2, therefore halving the telescope time per target.

5.



11. Requested instrument(s) setup for each run

A: filter J, grating G210, 1.28 µm central wavelength, 0.75′′ slit, N1.8 camera, 5640 (53 km/s) resolution.

B: filter J, grating G210, 1.15 µm central wavelength, 0.75′′ slit, N1.8 camera, 5044 (60 km/s) resolution.

C: filter K, grating G210, 2.24 µm central wavelength, 0.75′′ slit, N1.8 camera, 4580 (66 km/s) resolution.

12. Strategy and needs for calibration.

Standard calibration for LUCI-LS spectroscopy

13. Scheduling constraints, special requirements and other remarks

6.

INAF-TAC LATEX style file v3.1 Apr 2012.
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