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Overview

The discovery of supermassive black hole (SMBH) in the center of most local
massive galaxies and theoretical and observational motivations lead to the idea that
BHs and their host galaxies co-evolve regulating each other. The so-called AGN
feedback mechanism is invoked to explain the correlation between the BH mass
and the velocity dispersion of the bulge (Silk & Rees 1998, Kormendy & Ho 2013
and reference therein), the bimodality in the colours of galaxies and it can suppress
the excessive growth of massive galaxies and drive their evolution from gas-rich
starburst galaxies to red and dead ellipticals (Hopkins et al. 2008).

Furthermore, the energy released by accretion in building a SMBH consider-
ably exceeds the binding energy of the bulge. Powerful AGN-driven outflows are
routinely invoked as a viable mechanism for kinetic energy injection into the ISM
which can affect the evolution of their host galaxies (Zubovas & King 2012 and
reference therein). Indeed they are thought to be powerful enough to swept up the
cold gas reservoir of the host galaxy, affecting both BH growth and regulating star
formation.

Compelling evidence of kpc-scale, powerful outflows in local and distant AGN
host galaxies have been collected over the past few years (Fabian 2012; Fiore et al.
2017 and reference therein), such as in molecular and atomic gas phase (both neutral
and ionized) with large kinetic power that only quasar activity can account for
them. The first pieces of evidence of outflowing gas in AGNs have been historically
derived by the detection of blueshifted and highly asymmetrical emission profiles of
[OIII]λ5007 Å and CIVλ1549 Å (also in absorption in this case).

More specifically, the [OIII]λ5007 Å emission line is used to trace AGN-driven
outflow at large-scale in the Narrow Line Region (NLR), which usually shows broad
blueward profile with the receding gas likely obscured by the host galaxy. The
CIVλ1549 Å emission line is usually used to reveal the presence of outflows in the
Broad Line Region (BLR), by its asymmetric profiles towards the blue-side with the
peak of the emission line blueshifted with respect to the low ionization lines, such as
MgIIλ2797 Å or Hβ (e.g. Gaskell 1982; Sulentic et al. 2000; Richards et al. 2011).

This co-evolutionary scenario is expected to be more significant in the redshift
interval 1 < z < 3, i.e. the golden epoch of AGN and galaxy evolution (e.g. Madau &
Dickinson 2014; Merloni & Heinz 2013). Moreover since physical models of AGN
outflows suggest that the efficiency of driving powerful outflows increases with
AGN luminosity (Menci et al. 2008; Faucher-Giguère & Quataert 2012), the most
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luminous quasars are potentially the best objects to hunt for AGN-driven outflows,
especially at high z.

In order to search for these hyper-luminous rare objects, sensitive wide-area
surveys are required. The mid-IR range is particularly indicated to collect AGNs
because of the advantage to be not biased against dust obscured sources. By
combining optically discovered quasars in the SDSS with the all-sky WISE survey,
which observed the entire sky in the mid-IR, the most luminous Type 1 quasars
were found in the Universe up to z∼5, with L7.8µm > 1047 erg s−1 . In addition to
these optically bright QSOs, WISE allowed to discover a population of red (i.e.
very extincted) quasars, as common as the blue QSOs. These sources are believed
to undergo the brief evolutionary phase that traces the transition from a heavily
enshrouded phase of SMBH growth to the blue unobscured quasars (Glikman et al.
2012).

My PhD thesis is part of a project led at Observatory of Rome, i.e. the so-called
WISE/SDSS selected hyper luminous (WISSH) quasars project. This project aims
to probe the widespread presence of outflows at different gas phases and distances,
constrain the properties of the central engine and study the interstellar medium (ISM)
and star-formation rate (SFR) of the quasars host galaxies of the most luminous
quasars in the universe. In this framework, the main goals of my Thesis are: (1) to
measure the mass and accretion rate of the SMBHs of these hyper-luminous QSOs,
(2) to search for powerful ionized outflows in the NLR and BLR, whereas the theory
predicts the maximum efficiency of the AGN-galaxy feedback mechanism.

For these purposes the rest-frame Optical of thirteen WISSH quasars and Ultra-
Violet (UV) spectra of eighteen WISSH quasars at redshift z ∼ 2–3 have been
analyzed. The rest-frame Optical observations have been performed by near-IR
spectrographs LUCI at the Large Binocular Telescope and SINFONI at Very Large
Telescope, and the rest-frame UV spectra have been collected from the public
Sloan Digital Sky Survey (SDSS). We adopted the Hβ emission line to obtain the
most accurate estimates of the SMBH masses and [OIII]λ5007 Å and CIVλ1549 Å
emission line profiles as tracers of the NLR and BLR outflows, respectively.

The thesis is organized as follows:

• Chapter 1. The general properties of AGN are presented, with a description
of the AGN emission mechanism. Theoretical models of AGN outflows and
observations of outflows at different scales are reviewed in Sect. 1.3 and Sect.
1.4. Specifically I present the best evidence of outflows in the nuclear region in
Sect. 1.4.a and at kpc-scale in Sect. 1.4.b. The outflows driving mechanisms
are presented in Sect. 1.5. A brief review about the influence and the role of
AGNs on the evolution of their host galaxy is also discussed.

• Chapter 2 I present here the selection criteria, general properties and the
goals of the WISSH survey. Specifically, in Sect. 2.2 I discuss about the
discovery of powerful ionized winds in WISSH QSOs.
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• Chapter 3 I present details about LBT/LUCI and VLT/SINFONI spectro-
graphs, observations and data reduction of the proprietary data analyzed in
this Thesis. A section dedicated to SDSS archival data is also provided.

• Chapter 4 In this chapter I outline the models used in the analysis of the
LBT/SINFONI and SDSS spectra of the WISSH quasars.

• Chapter 5 The properties of the [OIII] and Hβ emission lines in the context of
a scenario based on the orientation of our line of sight, the Hβ-based SMBH
mass and Eddington ratio are reported. I also discuss about the properties of
the CIV emission line, with particular emphasis on the blueshifted component
and the mass outflow rate and kinetic power of the associated BLR winds in
the WISSH quasars, and their relation with NLR winds traced by [OIII]. I
also investigate the dependence of the CIV velocity shifts with fundamental
AGN parameters such as LBol, λEdd and αox.

• Chapter 6 This chapter is dedicated to the SUPER survey and the preliminary
results about the discovery of extended NLR outflow in the WISSH quasar
J1549+1245 at z = 2.365.

• Chapter 7 This chapter summarizes the results presented in this Thesis about
the study of the UV/optical properties of the WISSH quasars. Our findings
reveals the presence of different ionized winds acting on different spatial
scales, exhibiting extreme properties in terms of outflow rate and velocity.
This confirms hyper-luminous QSOs, such as WISSH sources, being ideal
target to accurately study the AGN-driven feedback process.
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Chapter 1

Physics of Active Galactic Nuclei:
accretion and ejection

1.1 The central engine: the SMBH paradigm
Active Galactic Nuclei (AGN) are known to be powered by accretion of nearby
matter onto Supermassive Black Holes (SMBHs) at the center of galaxies. A fraction
of the gravitational potential of the accreted mass is converted into radiation, which
covers the full electromagnetic spectrum from γ to the radio wavelengths. The rate
at which the energy is emitted by the nucleus, i.e. the AGN bolometric luminosity
(LBol), is given by:

LBol = ηṁc2 (1.1)

where ṁ = dm/dt is the mass accretion rate of a mass m, η is the mass-to-energy
conversion efficiency and c is the speed of light.

The accretion process as a viable mechanism to convert gravitational potential
into radiation depends on the η factor. Considering that the potential energy U of a
mass m at a distance r from the central source of mass MBH is given by:

U =
GMBHm

r
(1.2)

where G is the gravitational constant, we can derive the rate at which the potential
energy of infalling material is converted into radiation as follows:

LBol ≈
dU
dt

=
GMBH

r
dm
dt

=
GMBHṁ

r
(1.3)

The characteristic scale of the BH is the Schwarzschild radius RS = 2GM/c2.
Since the most of the optical/UV continuum radiation is expected to originate at
5RS (Peterson 1997), from 1.3 we derived:

LBol =
GMBHṁ

5RS
=

GMBHṁ
10GMBH/c2 = 0.1ṁc2 (1.4)
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which leads to a mass-to-energy conversion efficiency η of 0.1, much higher than
that of the nuclear fusion process 1. For instance, for an AGN with LBol = 1047 erg
s−1 the accretion rate is ṁ ≈ 20 M� yr−1.

The accretion onto a BH suffers from the effects of the radiation pressure acting
on the infalling matter. This leads to a limit on the luminosity and mass accretion
rate of a BH, which was first pointed out by Arthur Eddington in the 1920s. This
so-called Eddington limit depends on the mass of the central source and the opacity
of the infalling material, i.e. on the fraction of the radiation absorbed. If we supposed
that the accreting material is fully ionized hydrogen, the opacity is given by σT /mp,
where σT is the Thomson scattering and mp is the proton mass. Assuming a spherical
symmetry, the Eddington luminosity is obtained by equating the outward radiation
force defined as follows:

Frad =
LbolσT

4πr2c
(1.5)

to the inward force due to the gravity defined as follows:

Fgrav =
GMBHmp

r2 (1.6)

By equating 1.5 and 1.6, the Eddington luminosity is therefore:

LEdd =
4πGMBHmpc

σT
' 1.3 1038 MBH

M�

erg s−1 (1.7)

which is the maximum luminosity of a source with mass MBH, under the conditions
mentioned above. The Eddington accretion rate is defined as:

ṀEdd = LEdd/ηc2 (1.8)

which is the maximum accretion rate to sustain the Eddington luminosity. For
instance, a BH mass of at least MBH ∼ 106−9 M� is required, in order to produce an
AGN with the observed luminosity of LBol ∼ 1044−47 erg s−1.

A useful quantity used to compare the BHs accretion rates over a wide range of
masses is the so-called Eddington ratio λEdd, defined as follows:

λEdd =
Lbol

LEdd
(1.9)

The limit on the accretion is reached when λEdd = 1. It is possible to distinguish
between low and high accretion rate AGNs usually defining the λEdd ≤ and ≥ 0.1,
respectively.

Angular momentum considerations must be taken into account, whereas the
major problem for the accretion process is the mechanism which allows to transport
outward the angular momentum, as matter falls onto the center from host-galaxy

1The efficiency depends on the spin of the BH. η=0.057 is valid for the case of a Schwarzschild
BH (spin=0). For a Kerr BH the spin=1 and η ∼0.42.
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Figure 1.1. Schematic diagram in which is illustrated the large-scale processes likely
responsible for the angular momentum transport, such as merger and secular processes
(Alexander & Hickox 2012).

scales down to the parsec scales. Various mechanisms are likely responsible for
the angular momentum transport at different scales. At large distance (> 100 pc),
mechanisms such as interactions between galaxies, major and minor mergers or
galaxy bars on galactic scale are involved (Barnes & Hernquist 1992; García-Burillo
et al. 2005) (see Fig. 1.1). At small distance (< 1pc) the magneto-rotational
instability (MRI) seems to be the best candidate (Balbus & Hawley 1991), where
local turbulent viscosity is produced by a magnetic field, which transports angular
momentum outwards.

An approximate solution to the angular momentum transport problem was
proposed by Shakura & Sunyaev 1973 in the so-called α- disc model. They assumed
that the origin of viscosity is related to turbulence and the kinematic viscosity v has
the following form:

v = αcsh (1.10)

where cs is the sound speed, h is the disk semi-thickness and 0 < α < 1 is a
constant dimensionless coefficient.

This α disc model was developed for a geometrically thin ( h / r� 1, where h
is the height above the disk midplane and r is the radius) optically thick accretion
disks and assumed that the accretion is radiatively efficient with energy dissipated in
a small region at distance r from the central BH.

Disk geometry. Considering the gas at a radius r and the height z above the disk
midplane, the gravitational acceleration g in the vertical direction is given by:

g =
GMBH

r2

z
r
∼

GMBH

r3 z (1.11)
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In the vertical direction the gas is in hydrostatic equilibrium, which is determined
by the balance between the gravitational force and the pressure gradient:

δP
δz

= −ρg = −ρ
GMBHz

r3 (1.12)

where P is the pressure equal to ρ c2
s assuming an isothermal disk (cs is the speed

of sound).
The Eq. 1.12 can be rewritten in the form

1
ρ

δρ

δz
≈ −

GM
r3c2 z = −Ω2z (1.13)

where Ω is the angular velocity in the disk (= vφ
r =

√
GMBH

r3 i.e. the Keplerian
angular velocity, where vφ is the tangential velocity of the gas in the disk). This lead
to a density ρ defined as follows:

ρ = ρz=0e
−Ω2z2

2c2
s (1.14)

where ρz=0 is the density in the disk midplane. Considering h2 ≡
2c2

s
Ω2 =

c2
sr2

v2
φ

with
h the vertical scale height of the disk, we can write:

h
r
≈

cs

vφ
(1.15)

This implies that the thickness of the disk as a fraction of the radius is given by
the ratio of the sound speed and the tangential velocity. For thin disks (h / r� 1) it
is equivalent to saying that the disk rotation is supersonic.

The characteristic temperature of the gas. The characteristic spectrum of a
thin accretion disk is that of a black body with a temperature T as a function of
radius r. Gravitational potential energy is released at the rate as defined in Eq. 1.3
and according to the virial theorem, half of this energy heats the gas and the other
half is radiated away at the rate L defined as:

L =
GMṁ

2r
= 2 × 2πr2σT4 (1.16)

where σT4 is the Stefan-Boltzmann law for a black body radiation and 2 πr2 is the
disk area (the extra factor of 2 in Eq. 1.16 takes into account the two sides of the
disk). This leads to a temperature T at r:

T = (
GMBHṁ
8πσr3 )1/4 (1.17)

An expression for the temperature can be also derived considering how the
energy is dissipated in the disk through viscosity and can be rewritten as follows:
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Figure 1.2. The radiative efficiency (left panel) and the Eddington ratio (right panel) of an
accreting black hole as a function of the accretion rate ṁ in units of Eddington rate ṁE ,
obtained from numerical integration of the relativistic slim disk equations. The solid
curves are the best-fit to the data for different spin parameters (Madau et al. 2014).

T(r) = 6.3 105(ṁ/ṀEdd)1/4 M−1/4
8 (

r
RS

)−3/4 K (1.18)

where RS is the Schwarzschild radius and M8 is the mass of the central source
in units of 108 M� (Peterson 1997). From Eq. 1.18 it is expected that the peak
temperature of the accretion disk is lower for more massive BHs. The thermal
emission from an AGN accretion disk is expected to be prominent in the UV
spectrum with a temperature peak T∼ 105 K.

Slim disk. The α-disc assumes a thermal equilibrium determined by the balance
of viscous heating and radiative cooling, which is valid for small accretion rates. At
high accretion rates or similarly at high luminosity (LBol ≈ 0.3 LEdd), the disk is not
consistent with the standard thin disk assumption but with a "slim" (not thin) disk in
which an additional source of cooling is triggered: the advection (Abramowicz et al.
1988).

The thickness of the disk increases with the accretion rate, up to the maximum
value of h/r ∼ 0.3. In case of a slim disk the flux emerging from the disk depends
on the advection, which influences the efficiency of transforming the gravitational
energy to radiative flux. Indeed slim disks are radiatively inefficient and the accretion
energy is advected close to the BH rather than radiated. In Fig. 1.2 it is shown the
radiative efficiency (left panel) and the Eddington ratio (right panel) of an accreting
black hole as a function of the accretion rate ṁ in units of Eddington rate ṁE (Madau
et al. 2014).
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1.2 Main components of an AGN

As already mentioned in Sect 1.1, the basic idea is that the BH is surrounded by an
accretion disk (R < 0.01 pc) and an optically thick torus is also present, consisting
of gas and dust. At distance of the order of 1 pc from the AGN, there is the so-called
BLR, where the clouds produce broad emission lines seen in the AGN spectrum.
A hot corona close to the BH could be present, where the hot electrons scatter the
cooled accretion disk photons. Far from the nucleus there is the so-called NLR,
where narrow emission lines are produced. Bi-directional strong relativistic jets
could be also present, which emit radiation via synchrotron and inverse Compton
mechanisms.

A large diversity of observed AGNs properties leads to different classification
schemes. Specifically, according to radio properties an AGN can be classified as
radio-loud and radio-quiet, if the source produce or not jets and lobes, respectively.
More recently, a revisited classification was presented by Padovani (2017), according
to which an AGN is jetted or non-jetted if strong jets are present or not, respectively.
In particular jetted AGNs are characterized by strong relativistic jets and non-jetted
can also show the presence of jets but with different characteristic in terms of size
(small), strength (weak) and velocity (low).

From the optical point of view AGNs can be divided in Type 1, characterized
by narrow permitted and forbidden lines produced by clouds situated in the NLR
and broad permitted lines such as Balmer lines, mainly Hα, Hβ, Hγ and Lyα, CIV,
MgII which are produced by clouds located in the BLR, and Type 2 showing narrow
permitted and forbidden lines such as Balmer lines and [OIII], [OII], [NII] and [SII],
produced by clouds situated in the NLR.

An example of the composite UV/optical spectrum of a quasar, created from
over 2200 QSOs spectra from SDSS, is shown in Fig. 1.3 (Vanden Berk et al.
2001). It is shown the UV power-law continuum with index αν = -0.46 and an
optical power-law with index αν = -1.58. It is evident a lack of emission line free
region across the entire UV/optical wavelength range, which it makes difficult the
fitting of the continuum over a small wavelength range.

In the 90s, a unified model of AGN classification was proposed by Antonucci
1993 and Urry & Padovani 1995. This model is based on the idea that the observing
angle has a role in the AGN classification. As a consequence the AGNs are classified
as Type 1 or Type 2 sources if the observer is looking face-on or through the torus
(edge-on) at the AGN, respectively. In Fig. 1.4 a schematic description of the unified
model from Urry & Padovani (1995) is shown.

1.2.a Typical spectral energy distribution of an AGN
AGNs emit radiation over a wide range of wavelength. Over the past decades this
leads to multi-wavelength observations with different telescopes in order to have
a complete picture of the spectral shape of these sources. The spectral energy
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Figure 1.3. Composite quasar spectrum from Vanden Berk et al. (2001).

distribution (SED) of an AGN shows the following features:

• Big blue bump (BBB), which covers the wavelength range from 4000 Å to
1000 Å and typically dominates the SED of an unobscured AGN. As already
mentioned in Sect. 1.1, the thermal emission from the accretion disk is
expected to be prominent in the UV spectrum. This explains the observed
bump.

• The infrared bump: it is a broad feature with a peak at 10 µm. This emission is
due to the hot dust emission. The dust grains present in the torus surrounding
the accretion disk reprocess the BBB emission, which is re-emitted at infrared
wavelengths. At longer wavelengths (> 100µm) the IR emission is mostly due
to the cold dust heated by star formation in the AGN host galaxy.

• The near-infrared inflection at 1-2 µm, which appears as a dip between the
two bumps, corresponds to the dust sublimation temperature and may vary
according to the dust composition.

• The submillimeter break: it marks a sharp drop in emission, which location
and size is different within the AGN population. In radio-loud objects the
drop ranges ∼ 2 orders of magnitude, while for the radio-quiet objects it may
be ∼ 5 or 6 orders of magnitude (Elvis et al. 1994). The synchrotron radiation
from powerful jets in radio-loud AGN is responsible for this emission feature.

• X-ray region: it can be divided in soft (< 2 keV) and hard X-ray bands.

In the soft region there is the soft X-ray excess with respect to the primary con-
tinuum that may be related to the comptonisation and/or reflection occurring
on the accretion disk surface. The hard X-ray band is characterized by a power



1 Physics of Active Galactic Nuclei: accretion and ejection 12

Figure 1.4. Schematic description of the Unified AGN model, according to different viewing
angles (Urry & Padovani 1995).



1 Physics of Active Galactic Nuclei: accretion and ejection 13

Figure 1.5. Scheme of an AGN continuum spectrum that ranges from radio to hard X-ray
based on non-jetted quasars (Elvis et al. 1994; Richards et al. 2006). The black solid
curve refer to the total emission. The red curve represent the dusty torus contribution.
The blue curve refers to the emission from the accretion disc. The pink curve refers
to the soft X-ray excess. The cyan curve indicates the emission from the hot corona.
The SED of high synchrotron peaked blazar is shown in brown solid curve and low
synchrotron peaked blazar is shown in brown dashed curve (Padovani et al. 2017).
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law spectrum, likely due to the Compton up-scattering of Optical/UV photons
from the accretion disk by the hot or non-thermal electrons of the corona. Fe
Kα emission line at 6.4 keV and a Compton reflection hump above 10 keV
are also present. These two features are thought to be due to fluorescence and
reflection from both the accretion disk and the torus.

In Fig. 1.5 a schematic representation of the broad-band continuum spectral
energy distribution, based on the observed SEDs of non-jetted AGNs is shown
(Padovani et al. 2017).

1.2.b Properties of the BLR region
As mentioned previously, close to the AGN is located the BLR, which consists on a
set of clouds producing broad emission lines with a Full Width at Half Maximum
(FWHM) of the order of 103 km s−1 to a few of 104 km s−1. A typical temperature
of the BLR is of 104 K, which corresponds to a thermal line width of the order of 10
km s−1 , according to the following formula:

v ≈ (
kT
m

)1/2 (1.19)

where k is the Boltzmann constant, T is the temperature and m is the mass of a
particle. This means that the widths of the BLR emission lines do not reflect purely
thermal motions, which required T > 109 K according to 1.19, but they are the result
of Doppler broadening due to the supersonical orbital motion around the BH.

The absence of forbidden lines such as [OIII]λ4363,4959,5007 suggests that the
BLR clouds are characterized by electron density ne > 109 cm−3 (Ferland & Elitzur
1984), since these emission lines are suppressed in high density region by collisional
de-excitation process. The presence of the semiforbidden line CIII]λ1909 Å instead
gives an upper limit of ne = 1010 cm−3, since its radiative transition probability is
higher than a true forbidden line and, as a consequence, its critical density is higher.

The size of the BLR can be measured using a technique called reverberation
mapping, which uses the time-domain to resolve the BLR. The emission lines from
the BLR are variable and the variation corresponds to a UV/optical continuum
variation. The time delay between the continuum and the line variations is due to
light travel time delay, by which it is possible to estimate the distance of the BLR as
follows:

RBLR = τBLR c (1.20)

where τBLR is the time delay between the changes in the continuum and the emission
line in the BLR and c is the speed of light.

The reverberation mapping experiments demonstrate that this delay is short and
it is different from lines to lines. We can infer that the gas is photoionized and
optically thick to ionizing radiation, the emitting region is small and the emission
lines come from different radii. In particular Gaskell & Sparke (1986) show that the
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BLR is stratified with the high ionization lines (such as CIV) coming from smaller
radii than the low-ionization lines (such as Hβ).

The radius of the BLR inferred by the reverberation mapping is:

RBLR = 0.1 LBol,46
1/2 pc (1.21)

where RBLR depends on the bolometric luminosity LBol (in units of 1046 erg/s).
The outer radius of the BLR may be set by the dust sublimation due to bolometric

luminosity, since the presence of dust in the BLR will suppress the line emission
(Netzer & Laor 1993) when the ionization parameter U > 0.01. Specifically, consid-
ering the column of the photoionized HII layer as Σion ∼1023 U cm−2 and the UV
dust optical depth τdust ∼ Σ/1021 this implies τdust(HII) ∼ 100U, i.e. when U > 0.01
the ionizing radiation is absorbed by dust which re-emits at IR emission, implying a
decreasing of the line emission which is further reduce by dust destruction of the
line photons. The outer radius set by the dust sublimation predicted by Netzer &
Laor (1993) is:

Rout = 0.2 L1/2
Bol,46 pc (1.22)

The typical radius of the BLR for an AGN of LBol ∼ 1047 erg s−1 is ∼ 1 pc.

The geometry of the BLR is still debated, with two main options for the con-
figuration: quasi-spherically symmetric or flattened. Several works have found
evidences for a disk-like, flattened configuration rather than a spherical one (Wills &
Browne 1986; Murray & Chiang 1997, Elvis 2000). From radio observations, Wills
& Browne 1986 showed that the FWHM of Hβ is correlated with the orientation,
favoring the flattened scenario.

Furthermore, the covering factor of the clouds of the BLR, which is the fraction
of the sky covered by the gas clouds, is high (∼ 50%) and imply that the line of sight
would intercept the BLR clouds (at least in the ≥ 50% of the cases). But the absence
of a sharp Lyman absorption edge in the spectra is indicative of a flattened geometry
(Gaskell et al. 2007; Gaskell 2009). This means that at the equatorial plane there
is the ∼100% probability to intersect a BLR cloud. Moreover the clouds will be
self-shielding along this plane and the radiation will be diluted, instead it can freely
escape along the axis of symmetry.

Flattened geometry is also supported by the detection of double-peaked Balmer
lines in AGNs (Perez et al. 1988; Eracleous & Halpern 1994), where single peaked
broad line emission also observed are thought to be the result of emitting disk viewed
at low inclination (Popović et al. 2004). A schematic representation of two major
options of the BLR configuration is shown in Fig. 1.6 (Gaskell et al. 2007).

The structure of the BLR can be also infer using gravitational microlensing.
Hutsemekers et al. (2017) have found different microlensing effects in the high-
ionization lines, such as CIV and low ionization lines, such as Hα. For a quasar
at z ∼ 2, they found that the microlensing magnifies the continuum source and
can deform the line profiles, exhibiting symmetric and asymmetric distortions in
both high and low ionization emission lines (Richards et al. 2004; Braibant et al.
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Figure 1.6. Schematic representation of the geometry of the BLR. (a) The BLR clouds are
distributed quasi-spherically and do not shield distant clouds or torus. (b) The BLR
clouds are distributed in a flattened geometry, where the torus and the distant clouds are
shielded by clouds closer to the BH (Gaskell et al. 2007).

2014; Motta et al. 2017). In particular in the CIV emission line the microlensing
results symmetric, where the wings are more magnified than the core, instead in
the Hα emission line is more asymmetric, where the red wing is more magnified
than the blue wing. This implies different kinematical properties for high and low
ionization lines: the asymmetry in Hα is likely due to different location of red and
blue wings, suggesting that the low ionization lines are situated in a Keplerian disk.
The symmetric distortion found in the CIV line can be reproduced by assuming a
polar outflow model for the CIV emission line (see Fig. 1.7).

FWHM of the Broad emission lines as a proxy of the SMBH mass. Assum-
ing that the BLR is virialized and the clouds are dominated by gravitational motions,
it is possible to estimate the mass of the central source MBH, using the reverberation
mapping, as follows:

MBH =
f RBLR V2

BLR

G
(1.23)

where G is the gravitational constant and f is a factor which depends on the BLR
geometry and kinematics (Peterson et al. 2004), V is the velocity of the BLR clouds
measured from the width of a specific line emission and RBLR is the BLR size found
from reverberation mapping.

This technique is limited by the large amount of telescope time required. Indeed
considering a luminous quasar and its typical BLR radius of ∼ 100 light-days,
the monitoring of a period of several years is required to obtain reverberation
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Figure 1.7. Microlensing of different BLR structures and the resulting line profile distor-
tions. Two models are represented in the left panel: a rotating Keplerian disk and a
biconical outflow, both seen at intermediate inclination. The location of the approaching
and receding gas is indicated in blue and red, respectively. The middle panel shows
the BLR superimposed on a typical caustic. At the different positions indicated by
colored diamonds, different subregions of the BLR are magnified by the caustic. The
right panel illustrates the line profiles corresponding to the different positions of the
BLR onto the caustic pattern. Microlensing of the Keplerian disk is characterized by
asymmetric red/blue line profile distortions while microlensing of the biconical outflow
is characterized by symmetric wings/core distortions. (Hutsemekers et al. 2017)
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measurements.
In case of no reverberation-mapped data, another method is used for the black

hole mass estimation, i.e. the so-called single epoch method (Vestergaard 2002).
By using the radius-luminosity relation (Eq. 1.21) and substituting the RBLR in

1.21, the black hole mass can be derived as follows:

MBH =
f (KLα

AGN) V2
BLR

G
(1.24)

This relation must be calibrated by comparing with the BH masses measured
directly from reverberation mapping or from MBH-σ relation. The calibration leads
to the following formula:

Log(MBH/M�) = a + b × Log
(

∆V
103 km s−1

)
+ c × Log

(
L

1044 erg s−1

)
(1.25)

where L is the monochromatic continuum or line luminosity and ∆V is the
measure of the line width for a specific line and a, b, c are the calibration coefficients.

Different lines have been used to estimate the BH mass, depending on the
redshift, i.e. Hβ, Hα, MgII and the CIV with different measures of the line width, i.e.
FWHM or line dispersion (Vestergaard 2002, McLure & Jarvis 2002, Wang et al.
2009).

The Hβ emission line is widely used since it is the best studied line in the
reverberation mapping. The MgII is usually used for intermediate redshift and for
a few cases the time-lag of MgII have been measured (Reichert et al. 1994), with
consistent results with what is found using the Hβ line (McLure & Dunlop 2004;
Shen et al. 2008; Shen & Liu 2012). At high redshift the CIV line is usually adopted,
and its single-epoch estimation is calibrated with Hβ reverberation-mapped AGNs.

As earlier studies have been confirmed, a strong correlation among the widths
of Hα, Hβ and MgII is present (Greene & Ho 2005; Shen et al. 2008). However,
the CIV line width poorly correlates with the Hβ line width as shown in Fig. 1.8
(Shen & Liu 2012). This finding suggests a different kinematics of the CIV and Hβ,
likely due to the different origin of the high-ionization emission lines with respect
to the low-ionization lines, as previously discussed. Furthermore the CIV emission
line is more asymmetric than MgII or Balmer lines and shows prominent blueshift
with respect to the low-ionization lines (Gaskell 1982). This suggests that the CIV
emission line profile is not only the result of virial motions but it is also driven by
outflowing motions (Shen et al. 2008, Richards et al. 2011, see Sect. 1.4.a for a
discussion about CIV winds), and therefore the CIV line would be a biased virial
mass estimator.

An empirical correction of the BH mass based on CIV line was developed by
Denney (2012), using the shape of the CIV itself, in order to improve the consistency
between the CIV- and Hβ-based virial BH mass estimates. Coatman et al. (2017),
analyzing a sample of high-luminosity quasars in the redshift bin 1.5 < z < 4.0
having both CIV and Hα coverage, found that in the presence of large blueshifts of



1 Physics of Active Galactic Nuclei: accretion and ejection 19

Figure 1.8. Comparison between the FWHM of CIV and the Hβ emission lines. The
uncertainties are indicated in the top-left corner. The dotted line indicates the unity
relation. In the panel is also shown the result from the best-fit linear regression using the
Bayesian method in Kelly (2007). In particular the best-fit slope, the uncertainty of the
slope and the intrinsic random scatter about the regression is labeled (Shen & Liu 2012).

the CIV the BH mass derived from the CIV emission line tends to be a factor of
five larger than those measured by the Hα line and even larger at higher blueshifts,
as shown in Fig. 1.9. As a consequence, they estimate a correction factor from the
relationship between the CIV blueshift and the BH mass ratio based on CIV and Hα,
leading to a scatter between the corrected CIV-based masses and Hα-based massed
of 0.24 and 0.1 dex at low and high blueshifts, respectively, i.e. much lower than
that observed for uncorrected CIV-based BH mass (∼0.4 dex).

The Baldwin effect. As found by Baldwin (1977) analyzing a sample of 20
quasars (mostly radio-loud) with two orders of magnitude in continuum luminosity
in the redshift range 1.24 ≤ z ≤ 3.53, a relation exists between the equivalent width
of the CIV emission line and the continuum luminosity at 1450 Å, the so-called
Baldwin effect, i.e. at increasing luminosities the equivalent width of the CIV
decreases (see Fig. 1.10). This effect has been confirmed in much larger samples
(Wu et al. 2009) and also discovered for MgII and other UV/optical emission lines
with different slopes for different lines: higher ionization species display steeper
slopes in the equivalent width - luminosity plane (e.g. Dietrich et al. 2002). In
particular the Balmer lines show no Baldwin effect. However multiple studies have
been demonstrated that the equivalent width of N V λ1240 Å shows little/absent
dependence on luminosity despite the large ionization potential (Dietrich et al. 2002
and reference therein). This is likely due to metallicity effect, where an increasing
metallicity with luminosity compensates for the decreasing in the NV producing
photons at increasing luminosity (the SED becomes softer).

Several studies have investigated the Eddington ratio and the black hole mass
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Figure 1.9. CIV-based BH mass compared to Hα-based mass as a function of the CIV
blueshift (Coatman et al. 2017).

Figure 1.10. The CIV equivalent width as a function of the luminosity at 1550 Å, the so-
called Baldwin Effect. Red contours refer to radio-loud and black contours to radio-quiet
samples. The dashed line shows the best-fit to the data from Wu et al. (2009) (Richards
et al. 2011).
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Figure 1.11. Equivalent width of the CIV emission line as a function of αox. The solid line
corresponds to the best fit relation (Wu et al. 2009).

(Boroson & Green 1992, Baskin & Laor 2004) as physical drivers of the Baldwin
effect. Specifically Baskin & Laor (2004) found for the PG quasars a tight relation
between the EW of the CIV and the Eddington ratio than the luminosity. Recently
Bian et al. (2012) found a strong correlation between the CIV equivalent width and
the CIV-based BH mass using a sample of ∼35000 QSOs at redshift 1.9 ≤ z < 5 and
a weaker correlation between CIV equivalent width and MgII-based BH mass for
QSOs at 1.5 ≤ z < 1.9, as a result of the bias CIV-based BH mass. Indeed applying
a correction factor for the CIV-based BH mass the relation becomes weaker. They
also found a stronger correlation with the Eddington ratio, considering MgII-based
BH mass.

The Baldwin effect may also depends on the softening of the X-ray spectrum
at high luminosities, as found by Wu et al. (2009). Wu et al. (2009) investigated
the CIV Baldwin effect for a sample of radio-quiet Type 1 AGNs, having both
UV/optical and X-ray observations. They found that the EW of the CIV is correlated
with both the shape of the Optical-to-X-ray continuum αox (Fig. 1.11) 2 and
luminosity at 2500 Å (Fig. 1.12). This finding may suggest that more CIV ions
are produced when the spectrum is harder, whereas in case of softer spectrum it is
expected a deficit of the ionizing photons having high potentials to ionize the CIV
emission line (Netzer et al. 1992).

The properties of the FeII emission. The FeII emission lines are low excitation
lines, with uncertain location. It is likely mainly emitted in the BLR clouds since
they have the same width as the broad Hβ lines in both the optical and in the

2 The αOX is defined as :

αOX =
Log(L2keV/L2500Å)
Log(ν2keV/ν2500Å)

(1.26)

where L2keV and L2500Å are the luminosities at 2 keV and 2500 Å, respectively.
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Figure 1.12. The CIV equivalent width as a function of luminosity at 2500 Å. Different
symbols correspond to different luminosities. The short solid line is the best linear fit to
low-luminosity points and the long one is the best linear fit to the entire sample (Wu
et al. 2009).

ultraviolet. But other solutions have been proposed for their location as (i) the
accretion disk close to the black hole (Zhang et al. 2006); (ii) region which can be
heated by shocks in a intermediate line region between the BLR and NLR (Marziani
& Sulentic 1993; Hu et al. 2008) and (iii) shielded, neutral outer region of the BLR
(Gaskell 2009).

Strong FeII emission requires density ne � 109 cm−3, high column density and
temperature T ∼ 5000 K (Collin-Souffrin et al. 1980). These features are too
strong to be produced by photoionization and an additional excitation mechanism
is required such as: continuum fluorescence (Phillips 1979); collisional excitation
(Véron-Cetty et al. 2006); self-fluorescence among FeII transitions (Netzer & Wills
1983) and fluorescent excitation by the Lyα and Lyβ lines (Verner et al. 1999).

The iron emission is important for the BLR since it is an efficient coolant and
emits ∼25% of the total energy of the BLR (Wills et al. 1985). The numerous
multiplets form a pseudo-continuum, which extends from the UV to NIR with the
deblending of over 344000 transitions (Bruhweiler & Verner 2008). Several distinct
bands can be identify with permitted UV lines at 2200-2600 Å, permitted optical
lines at 3000-3400 Å, 4500-4600 Å and 5250-5350 Å (between odd parity and even
parity levels as shown in Fig. 1.13).

The FeII emission is highly variable and the ratio between the FeII and Hβ is
usually used to quantify the weakness or the strongness of this feature, i.e. the range
varies from 0 < FeII/Hβ < 10. In a few cases the FeII emission is the strongest
contributor to the line spectrum as found for the ULIRG IRAS 07598+6508 (Véron-
Cetty et al. 2006).

The FeII emission is usually modeled with observational templates, such as the
ones of Boroson & Green (1992), Véron-Cetty et al. (2004) and Tsuzuki et al.
(2006) for the optical region, which are based on the FeII emission of the spectrum of
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Figure 1.13. Grotrian diagram of Fe II emission.

I Zw 1, a well-known Narrow Line Seyfert 1 showing strong FeII emission. Models
from Cloudy simulation are also used in order to match the observed FeII emission
and the BLR features (Ferland et al. 2013). Vestergaard & Wilkes (2001) extended
the FeII template of I ZW 1 in the UV band, using Hubble Space Telescope and
FOS spectra, providing the first UV template for the FeII.

The FeII emission correlates with other emission lines such as [OIII] and Hβ,
as found by Boroson & Green (1992). In particular the equivalent width of the
FeII anti-correlates with the ratio of the equivalent width of the [OIII] and with the
FWHM of the Hβ, i.e strong [OIII] corresponds to weak FeII objects and viceversa,
a trend known to be a part of the Eigenvector 1. The physics underlying these
correlations is still unclear but several works point towards the Eddington ratio as
the responsible for this behaviour (Boroson & Green 1992; Marziani et al. 2003).

1.2.c NLR region

The NLR exhibits emission line narrower than those of the BLR, with typical widths
of a few hundred km/s. A narrow width and the lack of variability indicate that they
are originated far from the nucleus. As a consequence it is possible to see narrow
lines in both face-on and edge-on view.

The emission lines emitting in the NLR are typically the Balmer lines and
forbidden lines such as [O III]λλ4959,5007, [N II]λλ6548,6583, [O I]λλ6300,6364,
[S II]λλ6716,6731, which are photoionized by the UV/X-ray continuum radiation
emitted by the central source. The presence of forbidden lines implies a NLR density
of the order of ∼103−5 cm−3, since these lines are not collisionally suppressed.

The NLR is spatially extended and can reach up to kpc scale, with a morphol-
ogy usually described with an ionizing bicone. In Fig. 1.14 the NLR biconical
morphology in NGC5728 is shown, traced by the [OIII]λ5007 Å emission line.

Several studies leads to the idea that the NLR extension seems to be proportional
to the [OIII] luminosity, i.e. RNLR ∝ L0.5

[OIII], as found by Bennert et al. (2002),
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Figure 1.14. HST image of NGC5728 showing the bi-conical emission morphology in
the NLR as traced by [OIII]λ5007 emission line. Image Credit: Andrew S. Wilson
(STScI)/NASA/ESA, James A. Braatz (Univ. Of Maryland), Timothy M. Heckman
(STScI), Julian H. Krolik (JHU), George K. Miley (Leiden Observatory), and Allan
Sandage (Carnegie Observatories)
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analyzing a sample of luminous radio-quiet PG quasars or RNLR ∝ L0.33
[OIII], as found

by Schmitt et al. (2003), studying a large sample of Seyfert-1 and Seyfert-2. The
increasing in size of the NLR with luminosity may partially explain the Baldwin
effect observed by Croom et al. (2002) in the EW[OIII] of ∼ 22000 AGNs. Indeed
the galactic scale dimension of the NLR in the most luminous objects are likely to
escape the system leading to AGNs with weak or no NLR emission. This is also
suggested by Netzer et al. (2004), which presented results about a sample of 29
high-luminosity high-redshift AGNs. They found two distinct classes of sources
according to different [OIII]λ5007 Å properties, specifically one-third of the total
sample exhibits a strong [OIII]λ5007 Å emission line and the remaining objects
show no or a weak [OIII] emission. They claimed that the AGNs with weak [OIII]
have lost their very large, dynamically unbound NLR, whereas the sources showing
strong [OIII] emission are likely in a phase of violent star-forming events where a
large quantity of gas is produced in their nuclear region and ionized by the central
source.

The presence of ionization cones indicate that the AGN radiation can escape
along the polar axis of the torus. As the [OIII] emission lines are located well
outside the torus, the [OIII] observed flux is little affected by viewing angle and can
be seen in similar strengths in Type-1 and Type-2 AGNs. The luminosity of the
[OIII]λ5007 Å emission line can be therefore considered as a proxy of the intrinsic
luminosity of the AGNs. In Fig. 1.15 it is shown the comparison between the
[OIII] luminosity and the IR luminosity for Seyfert 1 and Seyfert 2 from Mulchaey
et al. (1994), where the IR emission can be also considered as an indicator of the
intrinsic AGN luminosity. As already discussed in Sect. 1.2.a the IR emission is
produced by the dust located in the obscuring torus and represent the reprocessed
optical-UV-X-ray emission from the accretion disk. For the Seyfert-1 the correlation
between IR and [OIII] emission is stronger than that of Seyfert 2, which in this
case is likely contaminated by the contribution in the IR of the host-galaxy and
star-formation, instead the [OIII] emission is the least contaminated emission lines
by the contribution from HII regions associated with the star formation.

As a consequence to be a good indicator of the intrinsic luminosity, the [OIII]
emission line, i.e its equivalent width, is expected to be a function of the inclination
angle θ between the disc axis and the line of sight, if the continuum emission is due
to an optically thick disc, as found by Risaliti et al. (2011) and Bisogni et al. (2017).
They analyzed a large sample of SDSS DR7 AGN with 0.001 < z < 0.8, considering
the observed equivalent width EW[OIII] = EWintrinsic/cos(θ), where EWintrinsic is the
intrinsic equivalent width as measured in a face-on disc. They showed that the
distribution of the observed EW[OIII], which exhibits a power-law tail with Γ ∼ −3.5
at the largest EW[OIII] values, is well reproduced by assuming an isotropic [OIII]
emission (as stressed it is proportional to the intrinsic disc luminosity) and a random
inclination of the disc with respect to the line of sight (see Fig. 1.16). As a result, the
EW[OIII] can be used as a proxy of the inclination, which is likely responsible of the
large-EW[OIII] power-law tail observed in the distribution, where the higher EW[OIII]
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Figure 1.15. IR luminosity as a function of [OIII] luminosity in the log-space for Seyfert-
1 (open triangles) and Seyfert-2 (filled triangles) from Mulchaey et al. (1994). A
correlation is present for both Seyfert-1 and Seyfert-2, but the relation is much weaker
for the Seyfert-2 due to the contribution in the IR of the star-formation in the host galaxy.

the higher inclination. The peak of the distribution is ∼ 10 Å and the orientation
effect dominates at EW[OIII] ≥ 25-30 Å . At lower EW[OIII] the distribution resembles
the intrinsic distribution of the equivalent width, which is expected to depend on the
spectral characteristic of the continuum emission and the dimension and shape of
the NLR.

By using forbidden emission lines it is possible to derive physical quantities
of the NLR. The electron temperature can be measured from the line ratios [OIII]
λ4363Å/λ5007Å and it is found in the range of 10000–25000 K.

The metallicity can be measured from a direct method such as the conversion
of electron temperature in metallicity or empirical methods based on the optical
ratios [NII]λ6584/Hα (Pettini & Pagel 2004), ([OII]/Hβ)/([NII]/Hα) (Pettini & Pagel
2004) and [OII]λ3727+[OIII]λλ4959,5007/Hβ.

The density is derived from the [OII] doublet, but it is a very weak line, or
[SII]λ6716/6731Å (Osterbrock 1978) and it is in the range 80–1000 cm−3 (Genzel
et al. 2014; Peterson 1997).

1.3 Theoretical model of AGN outflows
Observational evidences of outflows have been observed in several AGNs, at both
pc and kpc scales and gas with different ionization states (Fiore et al. 2017 and
reference therein).

A theoretical model was developed by King & Pounds (2003) to explain the
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Figure 1.16. Distribution of the EW[OIII] (red histogram) and best-fit model (black line)
for a sample of SDSS quasars studied by Risaliti et al. (2011). The dashed blue
line is a power law with a slope Γ = -3.5. The solid green curve is the total intrinsic
distribution, as a result of the combination of two Gaussian components (dotted green
curves). Inclinations effect are likely responsible for the power law tail at high EW[OIII].
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detection of the X-ray absorption lines in the quasar PG 1211+143 by Pounds et al.
(2003), characterized by high column density (NH ∼ 1024 cm−2) and velocity (v ∼ 0.1
c). They showed that these features are expected for an optically thick wind driven
by continuum radiation pressure from a black hole accreting at rate comparable to
the Eddington value.

King & Pounds (2003) assumed a radial outflow in a double cone which occupies
a solid angle 4πb, where b is the covering factor of the outflow which is assumed to
be ∼ 1, and with an outflow velocity v constant for larger radial distance R.

Considering the mass conservation equation, the mass outflow rate (Ṁout =

dMout/dt) is:
Ṁout = 4πbR2vρ(R) (1.27)

with ρ(R) is the mass density. The electron scattering optical depth through the wind
is defined as:

τ =

∫ R

inf
κρdr =

κṀout

4πvbR
(1.28)

where κ is the electron scattering opacity (= σT /σp). By combining Eq. 1.27 and
1.28, the electron scattering optical depth can be rewritten as:

τ =
1

2ηb
RS

R
c
v

Ṁout

ṀEdd
(1.29)

where RS is the Schwarzschild radius, and defining the photospheric radius Rph

as the distance at which τ ∼ 1

Rph

RS
=

1
2ηb

c
v

Ṁout

ṀEdd
(1.30)

As derived from Eq. 1.28 considering η = 0.1(see Chapter 5.2), a covering factor
b ∼ 1, a mass outflow rate close to the Eddington rate, the wind is Compton thick
at radius > RS . This implies that each photon scatters about once before escaping
to infinity, giving up all of its momentum to the wind. At distance larger than Rph

the photons decouple from the matter with resulting no more acceleration, which
justified the constant velocity assumption at large distance. In order to reach the
escape velocity for the matter, the Rph have to lie close to the escape radius Resc =

( c
v )2 RS . Rewriting Eq. 1.30, substituting Eq. 1.8 and imposing Rph = Resc:

v
c

=
2ηbṀEdd

Ṁout
=

2 bLEdd

Ṁout c2
(1.31)

From Eq. 1.31 it is possible to estimate the momentum flux of the outflow Ṗout:

Ṗout = Ṁout v ∼
LEdd

c
(1.32)

which is of the same order as that in the Eddington-limited radiation field. The
kinetic energy flux is:

Ėout =
1
2

Ṁoutv2 ∼
LEddv

2c
∼ 0.05LEdd (1.33)
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the kinetic energy of the outflow is a few percent lower of the energy of a Eddington-
limited radiation field.

From Eq. 1.27 and 1.31, it is possible to estimate the ionization parameter of the
outflow which determines the spectral lines observed (King 2010):

ξ =
Li

NR2 (1.34)

where Li = λEdd LEdd is the ionizing luminosity (λEdd <1 is the dimensionless param-
eter called Eddington ratio) and N is the number density ( = ρ/µmp). Considering for
instance a quasar luminosity of 0.3LEdd, ξ corresponds to a photon energy threshold
for highly ionized iron, in agreement with the observed blueshifted iron absorption
lines (Ultra-fast outflows) (Cappi et al. 2006,Tombesi et al. 2010).

How efficiently the wind energy is transmitted to large scale outflows depends
on how the winds interacts with the ISM. The way by which the interstellar gas is
swept up was investigated by Zubovas & King (2012). They proposed a two-phase
mechanism by which the large-scale outflows are driven by wide-angle high-velocity
winds expelled by radiation pressure from the center (Pounds et al. 2003). In this
model they assumes with the term wind the mildly relativistic ejection of accretion
disk gas near the BH and with the term outflow the large-scale non relativistic flows
due to interaction between the wind and the host-galaxy gas.

In their model these winds are moving at hypersonic speed and impact against
the host galaxy gas, producing reverse and forward shocks, which slows the wind
and accelerates the swept-up gas respectively. If the shocked wind gas cools on
a short timescale shorter than the flow time, then flow is momentum-driven and
the kinetic energy is lost and the drop of pressure results in a compression of the
shocked wind gas towards high density. In this phase the wind kinetic energy is
radiated away and Ėout � Ėw (Eq. 1.33) where Ėout is the kinetic energy of the large
scale outflow and Ėw is the wind kinetic energy. Only the ram pressure is conserved,
which pushes at the large distance. The cooling process is the inverse Compton
effect (Ciotti & Ostriker 1997) and implies that the momentum-driven flows occur
when shocks happen within ∼ 1 kpc of the AGN. When SMBH accretes at near
Eddington accretion rate, the momentum flow rate of the wind is:

Ṗw = Ṁwv ∼
LEdd

c
(1.35)

If the wind gas is not efficiently cooled, thus the energy injected by the wind is
fully conserved throughout the outflow:

1
2

Ṁwv2
w ∼

1
2

Ṁoutv2
out (1.36)

Ėout ∼ Ėw ∼ 0.05 LEdd and the flow expands adiabatically. This phase is called
energy-driven. The momentum flow rate of the outflow is given by rewriting the Eq.
1.36:

Ṗout = Ṗw(
Ṁout

Ṁw

1/2

) ∼ 20σ−2/3
200 λ

1/6
Edd

LEdd

c
(1.37)
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where σ200 is the velocity dispersion in unit of 200 km s−1 and λEdd is the Eddington
ratio. Eq. 1.37 show that in energy-driven outflows the momentum flow rate
increases proportionally to the AGN bolometric luminosity. Values of Ṗout of ∼
10-20 LEdd

c have been measured for kpc-scale outflows (Cicone et al. 2014)
A diagram of these two different outcomes is represented in Fig. 1.17.

An alternative way of driving large-scale outflows is by direct radiation pressure
on dust as proposed by Ishibashi & Fabian (2015). They found that shells driven
by radiation pressure on dust can reach high velocities and large values of the
momentum flux under certain physical conditions. Large values of the momentum
flux consistent with the observed ones can be obtained, if the shell is initially
optically thick to its own reprocessed IR radiation. Such high values of the IR
optical depth can be easily found in the central regions of ULIRGs and gas-rich
AGN, where kpc-scale outflows are indeed detected.

1.4 Observations of outflows from nuclear to kpc-scales

Evidences of radiatively-driven winds are observed at sub-pc scale, in the innermost
regions of the AGNs through the detection of blueshifted highly ionized Fe K-shell
transitions, i.e. Ultra Fast Outflows (UFOs), with velocities ∼ 0.1c (King & Pounds
2015; Tombesi et al. 2010, 2014; Gofford et al. 2013); at pc scale via warm
absorbers and broad absorption lines (BAL), moving at velocities up to 10,000 km
s−1 (King & Pounds 2015; Tombesi et al. 2013a) and via the blueshift of the CIV
emission line (Gaskell 1982); at kpc-scale through different gas phases such as
ionized gas, i.e. broad asymmetric blueward [OIII] emission lines (Harrison et al.
2012, 2014; Cano-Díaz et al. 2012; Brusa et al. 2015 Carniani et al. 2015); neutral
atomic as NaID (Rupke & Veilleux 2015), and molecular gas with velocities up to a
few thousands km s−1 (Feruglio et al. 2010; Cicone et al. 2014; Spoon et al. 2013).

At the present day, enormous observational efforts have been made to constrain
the incidence, kinematics and energetics of powerful outflows. While a lot of
progress has happened we still face several observational and conceptual issues,
such as the outflows morphology, the timescales involved and the spatial extension.
In this section i will discuss about the different outflow types at different regions:
nuclear and kpc-scale winds.

1.4.a Nuclear winds

CIV outflows

The high ionization lines, such as CIVλ1549 Å, are known to exhibit asymmetric
profiles towards the blue-side, with the peak of the emission line blueshifted with
respect to the low ionization lines, such as MgII or Hβ (Gaskell 1982; Sulentic et al.
2000 and Richards et al. 2011). As an example, in Fig. 1.18 it is shown part of the
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Figure 1.17. Schematic representation of momentum-driven (top) and energy-driven
(bottom) outflows. In both cases a fast wind impacts the interstellar gas of the host
galaxy, producing an inner reverse shock slowing the wind, and an outer forward shock
accelerating the swept-up gas. In the momentum-driven case, the shocks cool to become
isothermal. Only the ram pressure is communicated to the outflow, leading to very low
kinetic energy. In an energy-driven outflow, the shocked regions do not cool. They
expand adiabatically, communicating most of the kinetic energy of the wind to the
outflow (Zubovas & King 2012),



1 Physics of Active Galactic Nuclei: accretion and ejection 32

SDSSJ 1521+5202

1400 1450 1500 1549 1599
Rest−frame wavelength (Å)

550

600

650

700

750

800

F
lu

x 
(1

0−
17

 e
rg

 s
−
1  c

m
−
2  Å

−
1 )

VCIV

peak

Figure 1.18. Rest-frame UV spectrum in the region of the CIV emission line of the WISSH
QSO J1521+5202. The peak of the CIV emission line is blueshifted (vpeak

CIV ) with respect
to the systemic redshift (black dashed line). The red dot-dashed line denotes the peak of
the CIV emission line. The solid red curve indicates the best-fit to the data.

UV spectrum of the WISSH QSO J1521+5202, in the region of CIV emission line,
which exhibits a strong blueshift of the peak with respect to the systemic redshift.

This behaviour cannot be ascribed to virialized motions but it can be interpreted
in terms of outflowing gas, which likely result from the presence of a radiation
line-driven accretion-disc wind, whereas low ionization lines are gravitationally
bounded and likely emitted in a flattened configuration. The presence of these
outflows possibly leads to biased BH mass estimates derived from the entire CIV
emission line (Denney 2012; Coatman et al. 2017), as already discussed in Sect.
5.2.

The blueshift of the CIV emission line can be a valuable tool to trace the winds
in the BLR. The CIV emission line typically shows a blueshift ∼ 600 km s−1 up to
2000 km s−1 (Shen et al. 2011; Richards et al. 2002), with a mean shift of ∼ 810 km
s−1 for radio-quiet quasars and ∼ 360 km s−1 for radio-loud quasars (Richards et al.
2011). As discussed in Richards et al. 2011, the blueshift are luminosity-dependent
(see Fig. 1.19). Specifically in Fig. 1.19, the blueshift of the CIV as a function of
luminosity at 1550 Å is shown for radio quiet and radio loud quasars. A trend exists
for both types of quasars, although the radio loud has a shallower slope. Despite the
large scatter, luminous quasars are more likely to have larger CIV blueshifts.

Furthermore, AGNs with large blueshifts of the CIV emission line tend to have
small CIV equivalent width, as shown in Fig. 1.20. In particular this plot shows a
missing quadrant rather than a correlation between the two parameters. As discussed
in Sect. 1.2.b, a correlation between the equivalent width of the CIV and αox
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Figure 1.19. CIV blueshift as a function of the luminosity at 1550 Å for radio loud (red)
and radio quiet (black) quasars, from Richards et al. (2011). The radio loud have a
shallower trend than the radio quiet, but despite the large scatter both types of quasars
have larger blueshifts at higher luminosities.
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Figure 1.20. Rest-frame equivalent width of the CIV emission line (EWCIV ) as a function
of its velocity shift (vpeak

CIV ) for the SDSS sample from Shen et al. (2011).
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Figure 1.21. Composite UV spectra for four different regions of CIV equivalent width -
blueshift plane. Red curve indicates objects with large EWCIV and small blueshifts, blue
curve indicates those with small EWCIV and large blueshifts, green curve represents
objects with small blueshifts and small EWCIV and black curve refers to a mean spectrum
of objects exhibiting intermediate properties (Richards et al. 2011).

is present and from the sample compiled by Wu et al. (2009), Richards et al.
(2011) found a correlation between the velocity shift of the CIV and the αox, i.e.
quasars with larger blueshifts are weaker in the X-ray (have steeper αox) as show
in Fig. 1.22, and have lower equivalent width of the CIV. A steep αox consists on
a SED weak in X-rays, which suggests a strong radiation line-driving, whereby
the UV luminosity which drives the wind, is high relative to the X-ray luminosity.
Indeed strong X-ray radiation can overionize the material and hamper an efficient
line-driving mechanism. This can be also seen from the composite UV spectra
built by Richards et al. (2011) and shown in Fig. 1.21. Here different quadrants
of the EW(CIV) - blueshift plane of Fig. 1.20 are shown in terms UV emission
lines. They noted that the CIV emission line exhibits large blueshift when the Si III]
1892/CIII] 1909 ratio is large, which is indicative of an X-ray weak spectrum. A
similar behavior is also present when comparing the CIV with HeII emission lines,
with a stronger HeII in the presence of a strong soft-X-ray spectrum.

The largest blueshifts have been discovered in an extreme quasar population
at 2.2 <

∼ z <
∼ 5.9, the so-called Weak Line Quasars (hereafter WLQs). These

objects exhibit weak/undetectable UV emission lines and are defined as quasars
with rest-frame equivalent width of the CIV emission line of less than 10 Å (Fan
et al. 1999; Diamond-Stanic et al. 2009; Plotkin et al. 2010; Wu et al. 2011).

The velocity shift of the CIV emission line is part of the 4D Eigenvector 1
parameter space (Boroson & Green 1992; Sulentic et al. 2000) and correlates
with parameters of characterizing the optical emission lines. The 4D Eigenvector
1 also involves the broad Fe II emission, the equivalent width of the narrow [OIII]
component, the width of Hβ emission line and the X-ray photon index.

As found by Marziani et al. 2016, these winds occurring in the BLR may affect
the host galaxy. They studied a sample of quasars with LBol= 1045−48.2 erg s−1 at
0.9 < z < 3 and found that the outflow kinetic power of these winds traced by CIV
emission line is comparable to the binding energy of the gas in a massive spheroid,
underlying the importance of considering these winds in the feedback scenario. In
the Chapter 2 a detailed discussion will be presented about the CIV winds.
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Figure 1.22. αox as a function of the velocity shift of the CIV emission line (Richards et al.
2011). Quasars with more negative values of αox are weaker in X-rays and have larger

blueshifts.

Broad Absorption lines

In the UV part of the spectrum of QSOs a manifestation of outflows is also observed
through the Broad absorption lines (BALs) (Weymann et al. 1991; Gibson et al.
2009 and reference therein). Absorptions in a spectrum can be caused by (i) an

intrinsic material which is accelerated by the AGN, (ii) a material in the host galaxy
not related to the AGN, (iii) absorbing material along the line of sight not related
to the AGN or host galaxy. But the velocity width of the absorptions observed in
BAL QSOs are indicative of their intrinsic nature. Indeed these blueshifted lines
with respect to the system reference are indicating of the presence of outflows with
velocities up to 50000 km s−1, only achievable if the material is accelerated by an
AGN.

BAL QSOs are classified according to the material which produces the BAL
troughs. The typical lines observed are resonance transitions of Lαλ1216 Å
and moderate/high ionization metals such as CIVλ1549 Å , SiIVλ1393,1404 Å,
NVλ1239,1243 Å and OVIλ1032,1038 Å. In these cases the BAL systems are called
High-ionization BAL QSOs (HiBALs). Lower ionization lines in absorption are
also observed such as Mg IIλ2796,2804 Å and Al IIIλ1855,1863 Å and in this case
the BAL QSOs are called Low-ionization BALs (LoBALs), which can also contain
HiBAL features in their spectra.

In Fig. 1.23 the SDSS DR12 rest-frame UV spectrum of the BAL quasar
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Figure 1.23. SDSS rest-frame UV spectrum of the BAL quasar J1157+2724 from the
WISSH sample.

J1157+2724 from the WISSH sample is shown as an example of BAL QSO.
The absorption features are P Cygni like, i.e. characterized by a broad emission

peak with a superimposed absorption feature at wavelengths blueward with respect
to the line center, due to the approaching gas intercepting radiation coming from the
central source. Furthermore for the high ionization species involved and the high
velocities reached, a nuclear region system is suggested for the BALs.

To quantify the broad absorption, Weymann et al. (1991) proposed the so-
called Balnicity index (BI), which accounts only for dip width of 2000 km s−1 and
blueshifted more than 3000 km s−1. The BI is defined as :

BI = −

∫ 25000kms−1

3000kms−1
[1 −

f (v)
0.9

]C(v)dv (1.38)

where f(v) is the normalized flux as a function of the velocity shift of 3000 km s−1

up to 25000 km s−1 blueward of 1549 Å, C is a constant equal to 1 if the dip exceeds
2000 km s−1 or 0 otherwise. A more relaxed BI definition was suggested by Hall
et al. (2002) in order to include dip width smaller than 1000 km s−1 (i.e mini-BALs),
the so-called absorption index (AI).

AI = −

∫ 25000kms−1

0kms−1
[1 −

f (v)
0.9

]C(v)dv (1.39)

Because of the two different definitions, the fraction of BAL quasars may vary
from 15% to 26% (Hewett & Foltz 2003, Gibson et al. 2009).
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Figure 1.24. X-ray spectrum of PDS 456 with the typical P-Cygni profile in Fe XXVI
Kα. The green curve represent the fit obtained using a model of P-Cygni profile due
to a spherically symmetric outflow and the red curve indicate the continuum emission
(Nardini et al. 2015).

UFOs and Warm absorbers

As predicted by theoretical models, we expect to see winds launched by the intense
radiation field of accreting AGN near the Eddington rate, moving at hypersonic
velocities and emitting in the X-ray band. These winds are observed in the innermost
regions of the AGNs through the detection of blueshifted highly ionized Fe K-shell
transitions, i.e. Ultra Fast Outflows (UFOs), with velocities ∼ 0.1c (King & Pounds
2015; Tombesi et al. 2010, 2014; Gofford et al. 2013; Feruglio et al. 2015).

In Fig. 1.24 the X-ray spectrum of the radio-quiet quasar PDS 456 is shown
(Nardini et al. 2015). The typical P Cygni feature in Fe XXVI Kα is present
as a result of a spherically symmetric outflow, with a bulk velocity of 0.25c, a
mass outflow rate Ṁout ∼ 10 M�/year and a kinetic power Ekin ∼ 2 × 1046 erg/s,
corresponding to 20% of the bolometric luminosity of the quasar, in agreement with
theoretical model about an efficient feedback mechanism.

Based on a large number of X-ray observations over the last decade of the
luminous QSO PDS 456 at z = 0.184, Matzeu et al. (2017) report the existence of
a correlation between the velocity of the UFO and the X-ray luminosity, i.e. the
centroid energy of the blueshifted Fe K absorption profile increases with luminosity
vUFO/c ∝ Lγ7−30keV where γ = 0.22 ± 0.04 (see Fig. 1.25). This is consistent with
a wind that is predominately radiatively driven, possibly resulting from the high
Eddington ratio of PDS 456, whereby higher luminosities helping to accelerate the
wind to higher terminal velocities.

The soft X-ray spectral region reveals the presence of absorption by warm gas,
i.e. warm absorbers, which location is still debated, from the BLR up to 10 pc or
even more. These features are seen in about half of the all Type-1 Seyfert galaxies
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Figure 1.25. The outflow velocity as a function of the intrinsic 7-30 keV continuum
luminosity. The red line shows the linear regression fitted to the data with 1σ uncertainty
shaded. The slope 0.22±0.04 is consistent with a wind that is predominately radiatively
driven, when the source is more luminous the disc-wind is faster (Matzeu et al. 2017).

and quasars (Piconcelli et al. 2005) and they are always blueshifted, suggesting an
outflow from the central source with typical velocities of 102−3 km s−1 and column
density of nH ∼ 1020−23 cm−2. Accordingly, their impact on the ISM of the host
galaxies is believed to be negligible.

1.4.b Kpc-scale winds

[OIII] outflows

A typical diagnostic tool used to search for kpc-scale outflows is the broad, asym-
metric and high-velocity [OIII]λ5007 emission line profile. Indeed as a forbidden
line, [OIII] outflows can only be produced in the NLR due to the low density of
the gas, whereas collisional de-excitation takes place in more dense region such as
BLR.

The [OIII]λ5007 arises through collisional excitation to the 1D2 level, located
2.51 eV above the ground level, with a critical density for collisional de-excitation
of 7 × 105 cm−3. The FWHM of the emission line is of the order of a few km s−1. In
presence of outflows, the [OIII] profile is asymmetric blue/redwards with respect to
the core component. An example of integrated spectra in the region of the [OIII]
emission line is shown in Fig. 1.26 (from Harrison et al. 2012). The spectra show
a core component (FWHM∼ few hundred km s-1) in blue, which likely traces the
host galaxy dynamics and broad component (FWHM ∼ 900-1500 km s-1) in green,
which can be redshifted (upper panel) or blueshifted (lower panel) with respect to
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Figure 1.26. Integrated spectra in the region of [OIII] emission line from Harrison et al.
(2012). (Top panel) RG J0302+0010 exhibits a redshifted component with respect to the
core component. (Bottom panel) SMM J1237+6203 exhibits a blueshifted component
with respect to the core component. In both panels the red lines represent the best-fit
to the data, blue dashed lines represent the core component and green dashed lines
represent the broad component.

the core emission, and it is most likely due to energetic outflows. The velocity shift
of the [OIII] emission line is defined as the velocity offset of the broad component
with respect to the core [OIII] component.

As illustrated in Fig. 1.27 the velocity offsets and observed spatial extension
depends on the orientation with respect to the line of sight: if the outflow is oriented
along the line of sight, we expect to see high velocity offset and small spatial extent,
instead if the outflow is in the plane of the sky then small velocities offset and large
spatial extent are observed; in both cases broad emission lines are always observed.
The broad redshifted [OIII] emission lines can be also associated to outflows in the
far-side and explained by the orientations of the AGN and obscuring material in the
host galaxy (Crenshaw et al. 2010).

Thanks to the SDSS large-area survey, Shen & Ho (2014) analyzed a large
(∼20000) samples of Type I AGN at z < 0.9 with Hβ-[OIII] region covered to study
their [OIII] properties. In the upper panel of Fig. 1.28 the FWHM of the broad Hβ
emission (from BLR) as a function of the FeII strength (RFeII=EWFeII/EWHβ) is
shown. Large values of RFeII are indicative of high Eddington ratio. Each point
is color-coded according to the strength of the [OIII]λ5007 (i.e. EW[OIII]). The
EW[OIII] decreases with increasing of the FeII strength, which is the well known
Eigenvector 1 correlation, i.e. lower BH mass or higher Eddington ratio leads to
weaker [OIII]. The total SDSS sample was divided in bins in order to study the
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Figure 1.27. Scheme of a possible interpretation of the observations of the broad [OIII]
emission lines. If the outflow is oriented along the line of sight, we expect to see high
velocity offset and small spatial extent, instead if the outflow is in the plane of the sky
then small velocities offset and large spatial extent are observed; in both cases broad
emission lines are always observed (Harrison et al. 2012).

average [OIII] properties in each bin. In particular they focused on the [OIII] line
profiles as a function of the continuum luminosity at 5100 Å , as shown in the bottom
panel of Fig. 1.28. The [OIII] strength decreases with luminosity (i.e. the well-know
Baldwin effect) and the [OIII] wings, associated with the outflowing gas, becomes
more prominent. This suggests that at increasing luminosity the core component
is photoionized by the continuum emission from the accretion disk, whereas the
blueshifted wings are likely excited by others mechanisms.

With the advent of spatially resolved spectroscopy, step forwards have been made
about our knowledge on the extension of ionized outflows. Cano-Díaz et al. (2012)
studied the luminous quasar 2QZJ002830.4-281706 at z = 2.4 using VLT/SINFONI
integral field spectroscopy. They revealed a powerful outflow on several kpc scales,
traced by the [OIII]λ5007 line, with a high outflow velocity ( > 1000 km s−1) and
an outflow rate of 200 M�/yr. They also revealed the presence of a narrow Hα
component which traces star formation in the host galaxy on kpc scales and with
a SFR ∼ 100 M�/yr. The star formation is not distributed uniformly, found in the
regions not directly invested by the outflow and heavily suppressed in the region
where the strongest outflow is detected (see Fig. 1.29), supporting the negative
feedback scenario.

Another example of spatially resolved spectroscopy is shown in Fig. 1.30, found
by Cresci et al. (2015). They presented SINFONI IFU spectra of the obscured,



1 Physics of Active Galactic Nuclei: accretion and ejection 41

Figure 1.28. (upper panel) FWHM of the Hβ emission line as a function of the FeII strength
( = EWFeII/EWHβ). Red contours show the distribution of the SDSS quasar sample.
The points, which represent the individual sources, are color-coded by the [OIII]λ5007
Å strength. The FWHM of the Hβ and the strength of FeII are divided into bins denoted
by gray grids. (lower panel) The average [OIII] profiles in each different bin along the
gray grid. In each bin it is shown the [OIII] profile as a function of the quasar luminosity
L5100 (Shen & Ho 2014).
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Figure 1.29. Map of the core component of Hα. (left) The white contours identify the
strongest gas outflow traced by the highly blueshifted [OIII] line. (right) The white
contours identify the highest velocity dispersion region, which is likely the region where
the strong outflow interacts with the host galaxy disk (Cano-Díaz et al. 2012).

radio-quiet QSO XID2028 at z=1.59. They found a fast (1500 km s−1) and extended
(up to ∼13 projected kpc from the QSO position) outflow in the [OIII] emission line,
driven by the AGN. In Fig. 1.30 the integrated SINFONI spectrum of XID2028 is
shown, where the blue shaded area denotes the blue wing associated to outflowing
material and the red shaded area refers to the systemic [OIII] emission. In the bottom
panel the continuum subtracted [OIII] images corresponding to the core component
(left) and the blue wing (right) are shown.

They also mapped the on-going star formation in the host galaxy using Hα
emission. As shown in Fig. 1.31 the outflow position lies in the center of an empty
cavity surrounded by star forming regions. In this case the outflow is both removing
gas from the host galaxy and triggering star formation, which makes XID2028 the
first example of QSO supporting both negative and positive feedback.

Molecular outflows

The first discovery of molecular outflow was in Mrk 231 observed with IRAM
Plateau de Bure Interferometer, with the detection of broad wings of CO(1-0) as
shown in Fig. 1.32, with v ∼ 1000 km s−1 (Feruglio et al. 2010, Feruglio et al.
2015) spatially resolved on the kpc scale and with a mass outflow rate ∼ 700 M�/yr
much higher than the ongoing SFR (∼200 M�/yr) observed in the host galaxy. It is
possible to use the CO detection in order to constrain the abundance of H2, which is
the most abundance molecular gas. H2 has no permanent electric dipole moment,
but it can be traced via CO (Scoville et al. 1991) using a conversion factor αCO =

MH2/LCO, where MH2 is the mass of H2 and LCO is the CO luminosity. This leads
to a mass of the outflowing H2 molecular gas for Mrk 231 of 5.8×108 M�, which
is consistent with the lower limit of 7 × 107 M� inferred by Fischer et al. (2010),
analyzing the absorption molecular lines detected by Herschel.

Indeed an unresolved P Cygni profile in the OH molecules at 65, 79 and 119 µm
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Figure 1.30. Upper panel: J-band SINFONI IFU spectrum of XID2028, integrated in a
region of 1"×1" around the QSO. The red and blue shaded areas refer to the spectral
channels in which the images shown in the bottom panels are collapsed. Bottom panels:
[OIII]λ5007 images corresponding to the narrow [OIII] emission (left) and to the blue
wing (right). Black contours refer to the position of the central QSO (Cresci et al.
2015).
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Figure 1.31. Narrow Hα map of XID2028. The contours indicates the [OIII] blue wing
tracing the outflow position. A and B mark the position of two clumps of star formation.
An anti-correlation between the outflow location and the star formation suggest that
the outflowing gas is sweeping the material but also compressing the gas at its edge,
triggering star formation in the marked position (Cresci et al. 2015).

Figure 1.32. Continuum subtracted spectrum of the CO(1-0) transition in Mrk231. In the
left panel the total profile is shown. In the right panel the zoom on the broad wing is
presented (Feruglio et al. 2010).
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Figure 1.33. P-Cygni profiles of the OH 119 µm and OH µm molecules revealed in Mrk
231 by Hershel/PACS, observed by Fischer et al. (2010)

is also revealed in Mrk 231 by Herschel/PACS with a velocity shift of 1000 km s−1

(Fischer et al. 2010) as shown in Fig. 1.33.

Another important results concerning the properties of massive, galactic-scale
molecular outflows has been provided by Cicone et al. 2014. They studied the CO(1-
0) emission lines from IRAM/PdBI observations of local ultra-luminous infrared
galaxies (ULIRGs) and quasar-hosts, discovering a clear signature of massive and
energetic molecular outflows, extending on kpc scales, in four out of seven sources,
with measured outflow rates of several 100 M� yr−1. More specifically, they found
that the presence of an AGN can boost the outflow rate by a large factor with respect
to the star formation rate (SFR) measured in their host galaxies. Furthermore, the
Ṁ increases with the LAGN / Lbol ratio, where LAGN is the AGN luminosity and
Lbol is the total galaxy bolometric luminosity. The gas depletion time scales due
to molecular outflows (i.e. the time required by the outflow to completely remove
the whole gas content in the host galaxy) are anti-correlated with the presence and
luminosity of an AGN in these galaxies. In AGN hosts, the molecular gas depletion
time scales due to the outflow are much shorter than the depletion time scales due to
star formation. Cicone et al. (2014) derived an outflow kinetic power corresponding
to about 5% of the AGN luminosity, as expected by models of AGN feedback (Di
Matteo et al. 2005), and the outflow momentum rate of ∼ 20 LBol/c, which supports
an energy-conserving expansion of these kpc-scale outflows.
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1.5 The AGN outflow driving mechanism
As discussed by Proga (2007), considering an ideal gas, we can impose the conser-
vation of momentum and write the equation of motion as follows:

ρ
Dv
Dt

+ ρ∇Φ = −∇P +
1

4π
(∇ × B) × B + ρFrad (1.40)

where ρ is the gas mass density, v is the velocity, P is the gas pressure, B is the
magnetic field, Φ is the gravitational potential and Frad is the radiation force. The
right hand of the equation of motion is the sum of three forces:

• The gradient of gas pressure (∇P)

• The Lorentz force 1
4π (∇ × B) × B

• The radiation force ρFrad.

In order to have a wind one of these forces have to dominate over gravitational
force. Below i will review the driving mechanisms such as thermal driving, radiation
driving and magnetic driving.

Thermal driving. Considering a Keplerian accretion disk in hydrostatic equilib-
rium, the radiation from the inner hotter disk can heat up the outer part of the disk
to high temperature, with important consequences on the dynamics in the disks. The
X-ray radiation can heat the gas to high temperature of ∼107 K (e.g. the Compton
temperature), as a consequence a hot corona forms or a thermal wind is produced
depending on whether the thermal velocity exceeds the escape velocity (Proga &
Kallman 2002). The thermal driving is expected to be more efficient at large radii
where the escape velocity is small. The velocities reached by a thermal wind are
very low velocities (vmax = vsound ∼ 100 km s−1) and can explain the low velocity
X-ray absorption features in AGN spectra (e.g. Chelouche & Netzer 2005). This
mechanism is less important for temperature < 107 K, whereas the radiation and
magnetic driven can be more important. In particular radiation-driven can dominate
at temperature <105K.

Radiation driving. For a fully ionized gas, the radiation pressure is due to
electron scattering and a near-Eddington source is expected in this case to have
a dynamically important radiation driving. Therefore, the outflow is driven by a
radiation pressure on electrons, such as those observed in UFOs (Pounds et al.
2016). However an outflow can also be driven even if the system is below the
Eddington limit provided the gas opacity is higher than the electron scattering. An
enhancement of the gas opacity is obtained via bound-free (photo-electric) and
bound-bound (line-driving) transitions. The bound-free transitions are likely the
mechanism by which the X-ray warm absorbers are accelerated near the BH.

For the case of line driving mechanism, its efficiency depends on the presence
of bound electrons, i.e. it is most efficient when the gas is moderately ionized so
that many UV transitions can occur (Castor et al. 1975). For a gas ionized by UV
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radiation in the optically thin case the ratio between the line opacity and the electron
scattering can be high of ∼ 2000-4000 (i.e. the so-called Force multiplier, Castor
et al. 1975). When the gas is highly ionized, the ratio between the line opacity and
the electron scattering drops to zero. Therefore the line driving requires a shielding
mechanism in order to prevent overionization of the gas and see AGN outflows
in UV absorption lines or UV disk winds (Murray et al. 1995; Proga & Kallman
2004).

In the radiation driven scenario for an outflow, it is expected a luminosity
dependence of the outflow velocity (Laor & Brandt 2002 and reference therein). If

that gas is moving with a Keplerian velocity (vkep ∝

√
MBH

R , where MBH is the mass
of the BH) at a certain radius R and then is launched driven by radiation, then the
terminal velocity is defined as follows:

vter ' vkep

√
ΓL

LEdd
(1.41)

where Γ is the force multiplier which depends on the line opacity and it is
assumed to be constant. From the definition of the Keplerian velocity we can
rewritten the Eq. 1.41 as follows:

vter ∝

√
ΓL
R

(1.42)

with its maximum value at R = Rmin where Rmin is the minimum launching radius.
Considering the dust as the main opacity source of the gas, the Rmin is the minimum
radius where dust grains survive, which is just outside the BLR radius (see Sect.
1.2.b) (Laor & Draine 1993). In this case Rmin ∝ L1/2.

If the bound-bound transitions (line-driven) are the source of opacity then Rmin =

RBLR ∝ L1/2 as discussed in Sect. 1.2.b. The similar dependence of the outflow radius
on luminosity for both dust and line driving mechanism indicates that it expected a
similar outflow. If the force multiplier Γ is independent of L, which means that the
gas ionization level, the dust/gas ratio and the grain size distribution are the same in
all objects, then turns out that the maximum velocity of the outflow is given by:

vmax ∝ L1/4 (1.43)

i.e. the higher the AGN luminosity, the higher the outflow velocities (Arav et al.
1994; Scoville & Norman 1995).

Magnetic driving. Magnetic effects are important in AGNs, since they may be
responsible for the angular momentum transport in disks (magneto-rotational insta-
bility). Two types of magnetic-driven winds can exists: magneto-centrifugal, with
the magnetic tension as the major contribution to the Lorentz force and magnetic-
pressure winds, with the magnetic pressure as the major contribution to the Lorentz
force. Strong ordered and large-scale magnetic fields are required in order to produce
such magneto-centrifugal winds. Magnetic winds can be effective in low luminosity
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AGN and in those where the radiation overionized the gas, since they do not require
radiation pressure. A difference of the magneto-centrifugal winds with respect to
radiation driven winds is that they co-rotate with the disk, whereas radiation driven
winds do not.

Magneto-centrifugal winds can reach high terminal velocity, close to the speed
of light due to strong centrifugal force. Indeed they has been suggested as the
mechanism responsible for the relativistic jets (Blandford & Payne 1982).

1.6 AGN Galaxy co-evolution and the role of AGN
Feedback

Several theoretical and observational motivations lead to the idea that the BHs
and their host galaxy are linked to each other, despite the difference of orders of
magnitude in size between them. In this section i will present two observational
results that imply a connection between BH and the host galaxy: (i) the cosmic
evolution of BH growth and star formation, (ii) galaxy luminosity function and the
colour of galaxies.

1.6.a The cosmic evolution of BH growth and star formation
The luminosity function (φ(L)) describes the space density of objects with different
intrinsic luminosities. The number of sources per unit of volume with luminosity in
the range L and L+dL can be written as dN=φ(L)dL . Defining the lower limit of
the flux detection as S, the number of objects in a solid angle Ω can be written as
follows:

N(> S ) =

∫
Ω

3
r3φ(L) dL (1.44)

Taking into account the lower detection S, this implies that sources with lumi-
nosity L can be observed out to a certain distance r = (L/4πS)0.5.

This leads to:

N(> S ) =
Ω

3(4π)3/2 S −3/2
∫

L3/2φ(L) dL (1.45)

The change with time of the luminosity function and number density of AGN
is fundamental to understand the nature of the BHs and their evolution with the
galaxies. In 1970s Schmidt (1978) discovered that the AGN luminosity function
evolves with time. This function can be therefore described by considering an
evolution term:

φL(L, z) =
φ(L)

(L/L∗)a + (L/L∗)b (1.46)

where L* is the break luminosity, a and b are the slopes at low and high L, respec-
tively. Two major problems affect the determination of this function: the bolometric
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Figure 1.34. Bolometric corrections as a function of bolometric luminosity in the X-ray and
optical band (hatched area) (Marconi et al. 2004)

correction applied to the AGN luminosity function observed in a specific band and
the incompleteness due to obscuration.

Marconi et al. (2004) provided a bolometric correction based on the total
intrinsic luminosity, defined as the luminosity directly produced by the accretion
process. The luminosity of an AGN is the result of the luminosity arises by the
accretion disc in the Optical-UV range and that from the hot corona in the X-ray
band. As mentioned in Sect. 1.2.a, the IR radiation is the UV radiation reprocessed
by dust, which emits in the IR band. Thus in order to retrieve the correct value of
AGN luminosity, the IR contribution must be subtracted. In Fig. 1.34 the bolometric
correction as a function of bolometric luminosity is shown, in the X-ray and optical
band (Marconi et al. 2004).

Since most of the AGNs are obscured, because of the nucleus hidden by an
absorbing material which may resides in the torus, the efficient way in localizing and
identifying AGNs is to use X-ray observations. X-rays can penetrate the obscuring
dust, leading to X-ray surveys to be less biased with respect to the Optical ones.
Indeed the hard x-ray surveys provide the most complete census of AGN activity
(Merloni & Heinz 2013), as it is shown in Fig. 1.35.

Taking into account the previous considerations for the luminosity function, the
cosmic mass accretion history of massive BHs can be inferred using the Soltan
argument (Soltan 1982) according to which from the integrated AGN bolometric
luminosity function it is possible to obtain the density of mass accreted on BHs as a
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Figure 1.35. The fraction of AGN that are missed in a survey with a specific band as a
function of bolometric luminosity. Red, cyan, blue and purple shaded areas correspond
to the rest-frame mid-IR (15µm, UV (B-band), soft X-rays(0.5-2 keV) and hard X-rays
(2-10 keV) (Merloni & Heinz 2013).
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Figure 1.36. Bolometric luminosity density as a function of redshift computed from a
compilation of X-ray luminosity function integrated in the range logLX = 42-45 and
assuming the Marconi et al. (2004) bolometric correction (red band) and compared with
the similar determination of Aird et al. (2015) (blue line) and with the evolution of the
UV luminosity density from Santini et al. (2009), Gruppioni et al. (2015), Bouwens
et al. (2011, 2015)(cyan band). The comparison with the SF luminosity density as
estimated by Madau & Dickinson (2014) is also shown (black curve) (Fiore et al. 2017).

function of redshift:

ρBH(z) =
1 − η
ηc2

∫
Lφ(L, z)dL (1.47)

where η is the mass-energy conversion efficiency. The bolometric luminosity can
be derived by X-ray, IR or Optical emissions using an appropriate bolometric
correction.

In Fig. 1.36 the bolometric luminosity density is shown as a function of redshift
computed from a compilation of X-ray luminosity function integrated in the range
logLX = 42-45 and assuming the Marconi et al. (2004) bolometric correction (red
band) and compared with the similar determination of Aird et al. (2015) (blue line)
and with the SF luminosity density from Santini et al. (2009), Gruppioni et al.
(2015), Bouwens et al. (2011, 2015) (cyan band) and that estimated by Madau &
Dickinson (2014) (black solid line). The AGN bolometric and SF luminosity density
reveal a roughly similar shapes, with a peak at z = 1.5 - 2.5 and a drop to the present
epoch, suggesting a co-evolution of BHs and their host-galaxies (Boyle & Terlevich
1998; Silverman et al. 2008).



1 Physics of Active Galactic Nuclei: accretion and ejection 52

Figure 1.37. Role of feedback in modifying the galaxy luminosity function

1.6.b Galaxy luminosity function and the colour of galaxies
The luminosity function of the galaxies is usually fit by a Schechter function
Schechter 1976. The shape of the luminosity function and scaled ΛCDM halo
mass function are different, in particular the assumption that the stellar mass follows
the halo mass leads to unseen many small galaxies and many big extremely bright
galaxies, as shown in Fig. 1.37.

In order to reproduce the faint-end of the luminosity function winds from Super-
novae and photoionization of pre-galactic gas are invoked. In the first case the cold
gas is ejected from the galactic disk and the efficiency of star formation is reduced
(Larson 1974). Observational evidences of supernova driven wind in dwarf galaxies
(Ott et al. 2005) are in agreement with the model predictions (Croton et al. 2006).

For the bright-end of the luminosity function, the failed of a supernova super-
wind in reproducing the slope have required a different mechanism (Benson et al.
2003): the energy released by the accretion of matter onto the BH at the centre of
the galaxy. Many semi-analytical models (SAMs) show how the central engine can
be the responsible of the suppression of the cooling flow in massive galaxies. As an
example, the SAM of Croton et al. (2006) takes into account the presence or not of
AGN feedback. The AGN injects sufficient energy into the surrounding medium that
can reduce or stop the cooling flow in more massive halos and allow to reproduce
the high luminosity cut-off in the galaxy luminosity functions in the K and bJ bands
as shown in Fig. 1.38.

The AGN feedback has also a significant effect on bright galaxy colours. The
feedback model of Croton et al. (2006) shows how the colour distribution changes
with or without the feedback. In particular the AGN feedback modifies the lumi-
nosities, colours and morphologies of high-mass galaxies. If no feedback acts, there
are more massive, much bluer elliptical galaxies than to what is observed. Instead



1 Physics of Active Galactic Nuclei: accretion and ejection 53

Figure 1.38. Galaxy luminosity function in the K (left) and bJ (right) photometric bands.
The solid line represents the galaxy luminosity function with radio mode feedback; the
long dashed line represents the galaxy luminosity function without feedback (Croton
et al. 2006).

AGN heating cuts off the gas supply allowing the massive galaxies to redden. The
B-V colours of model galaxies against stellar masses with and without radio mode
feedback is shown in Fig. 1.39.

1.6.c The role of AGN feedback
As already stressed in the previous sections, it is now widely accepted that a SMBH
is capable of controlling the growth of its host galaxy on scales much larger than
its gravitational sphere of influence. The energy released by accretion in building a
SMBH indeed considerably exceeds the bulge binding energy. The binding energy
can be expressed as follows:

Egal = Mgalσ
2 (1.48)

where Mgal is the galaxy mass and σ is the velocity dispersion of the galaxy. The
energy released by the growth of the BH is:

EBH = ηMBHc2 (1.49)

where η is the radiative efficiency for the accretion process and, as found in Sect.
1.1 it is ∼ 10%.

The mass of the BH is observed to be ∼ 10−3 times the mass of the bulge
(Kormendy & Gebhardt 2001; Merritt & Ferrarese 2001; Häring & Rix 2004) and
that most galaxies have velocity dispersion of ∼400 km s−1. According to Eq. (1.48)
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Figure 1.39. The B-V colours of model galaxies vs stellar masses with (top) and without
(bottom) radio mode feedback. Red triangles and blues circles correspond to early and
late morphological type respectively. The thick dashed lines mark the resolution limit to
which morphology can be determined in the Millennium Run and it corresponds to the
stellar mass of 4 x 109 M� (Croton et al. 2006).
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and (1.49), the ratio EBH/Egal is greater than 80, implying that, despite the difference
of orders of magnitude in size between a BH and a host galaxy, they are connected
to each other.

Furthermore the mass of the BH is correlated with the mass of the bulge, which
suggests that galaxies hosting classical spheroids grew in concert with their BHs.
A connection between the growth of the BH (via accretion process) and the galaxy
spheroid (via star formation) is expected since both processes are driven by a
common fuel, i.e. the availability of cold gas.

The hierarchical galaxy evolution scenario support the idea that this fuel is the
result of galaxy mergers which are a responsible to trigger both SF and AGN activity
(Kauffmann & Haehnelt 2000; Di Matteo et al. 2005).

In this scenario the type-2 AGNs are likely an earlier phase triggered by gas-
rich mergers, which moves from dust-enshrouded AGNs to type-1 AGNs, through
powerful winds which clear out the environment (Sanders et al. 1988, Hopkins
et al. 2006, Glikman et al. 2015). In particular, as presented by Hopkins et al.
(2008) using a simulation of a galaxy evolution through a gas-rich major mergers,
the galaxy evolution can be described as follows: (i) Gas-rich mergers are expected
to produce massive inflows of gas to the galaxy center, triggering intense nuclear
starbursts. The high gas densities feed a rapid growth of the BH which is obscured
at optical wavelengths by dust and gas.

(ii) The obscured AGN activity ends when the nuclear gas is consumed by
the starburst and the residual gas is dispersed by strong winds originated by SN
explosions and by the black holes energy released into the ISM. This blow-out phase
is associated with highly dust-reddened and/or IR-luminous quasars which represent
∼20-40% of the quasar population (Hopkins et al. 2004). As the dust is removed,
an unobscured phase of quasar occurs and the BH becomes. Finally, as no more fuel
is available, star formation and quasar activity decline, and the galaxy is quiescent,
evolving passively and satisfies observed correlations between black hole and its
spheroid. This scenario is presented in Fig. 1.40.

1.6.d Quasar and Kinetic feedback
The energy released by the AGN accretion can be distinguished in two different
modes, as shown in Fig. 1.41:

1. kinetic/maintenance/radio mode, which is usually associated with low Edding-
ton ratios.

2. radiative/quasar mode, which is associated with high accreting BHs (λEdd≥0.01)

Kinetic feedback. The kinetic mode or radio mode occurs when the BH is
coupled with the hot gas via radiatively inefficient accretion, and the accretion
energy is channeled into relativistic outflows, i.e. jets with narrow opening angle.
Radio mode-dominated AGN are found in massive galaxies (Mstellar ≥ 1011 M�)
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Figure 1.40. A scheme of the galaxy formation mechanism, which goes through a gas-rich
major merger, adapted from Hopkins et al. (2008)

Figure 1.41. The two main modes of AGN outflows are illustrated: superwind-mode (i.e.
quasar mode) outflows and radio-mode outflows.
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Figure 1.42. (Top panel) Chandra X-ray image of the Perseus cluster. Red-green-blue
indicates soft to hard X-rays. The dark blue filaments in the center are likely due to
a galaxy that is falling into NGC 1275, the giant galaxy that lies at the center of the
cluster. (Lower Left) Pressure map derived from Chandra imaging X-ray spectroscopy
of the Perseus cluster. Note the thick high pressure regions containing almost 4PV of
energy surrounding each inner bubble, where V is the volume of the radio-plasma filled
interior. (Lower Right): unsharp-masked image showing the pressure ripples or sound
waves (Fabian et al. 2006).

with old stellar populations in the local universe. The jets extend outward in a
bipolar flow, inflating lobes of radio-emitting plasma. These lobes transfer energy to
the surrounding X-ray emitting gas, leading to the formation of bubbles or X-ray
cavities. The best-studied case for the radio mode is the Perseus cluster (Fig. 1.42),
where spherical bubbles surrounded by a thick high-pressure region fronted by weak
shock are present. These bubbles can transfer energy to the cluster gas, ∼ 4PV where
P is the pressure and V is the volume of the lobe, which is the internal energy of a
cavity dominated by relativistic plasma. This heating is often in balance with the
radiative cooling of the hot gas (Rafferty et al. 2008), indeed no evidence of cooling
flow is observed in massive galaxies in the center of clusters (Fabian 1994).

Radiative feedback. The radiative feedback consists on the coupling of the
energy released by the growth of the BH and the surrounding material through the
winds. These winds gives rise to wide-angle and sub-relativistic outflows in multiple
gas phases, which are driven by the AGN radiation. This flavour of feedback is
prevalent in high-accreted objects and has a typical timescale of ∼107 years.
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These outflows can evacuate the cold gas and suppress the star formation, as
suggested by measurements of kinetic energy and mass outflow rates. However it is
not clear the long-term impact of the winds on the host galaxies, where the efficiency
of converting the available gas into stars may be reduced by AGN outflows, with no
need of removing the gas (Harrison 2017).
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Chapter 2

Systematic study of AGN winds in
Quasars Surveys: the WISSH
quasars Project

In this Chapter, i present the selection criteria and the general properties of the
WISE-SDSS selected hyper-luminous (WISSH) quasars sample. Specifically i
discuss about the discovery of powerful ionized winds in WISSH QSOs.

2.1 The WISSH survey

2.1.a Sample selection

As already mentioned, the energy released by the growth of the BH can be larger
than the binding energy of the galaxy bulge, hence the AGN can have an important
effect on the evolution of its host galaxy. Moreover powerful AGN-driven outflows
are invoked as a viable mechanism for kinetic energy injection into the ISM, which
can affect the evolution of their host galaxies. This scenario is expected to be more
significant in the redshift interval 1< z <3, i.e. the golden epoch of AGN and galaxy
evolution, when the SMBHs of the most powerful QSOs have accreted most of
their mass. Furthermore, from theory and observations we know that the efficiency
in driving energetic winds increases with AGN luminosity (Menci et al. 2008;
Faucher-Giguère & Quataert 2012; Cicone et al. 2014, Matzeu et al. 2017), which
brings out that the most luminous QSOs are potentially the best targets to hunt for
powerful AGN-driven outflows, especially at high redshift.

Weedman et al. (2012) presented the 100 most luminous quasars in νLν(7.8 µm)
(i.e.νLν(7.8 µm) ≥ 1047 erg s−1) selected by cross-correlating the sample of SDSS
DR7 Type-1 AGNs in the redshift range 1.5 < z < 5 with the Wide-field Infrared
Survey Explorer all-sky survey detections at 22µm, assuming a detection if fν(22 µm)
> 2 mJy. The sample selection has been made from the mid-IR, because this band is
less biased against dusty quasars than optical surveys, since the optical emission is
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Figure 2.1. Bolometric luminosity as a function of redshift for the WISSH QSOs (red stars).
The WISSH objects are compared with the Type I and Type II COSMOS AGNs from
Lusso et al. (2012) sample (blue and green squares) and SDSS DR7 AGNs from Shen
et al. (2011) sample (grey points)

absorbed in obscured quasars by dust and in fact re-emitted at IR wavelengths.
The objects analyzed in this Thesis work belong to the WISSH quasars sample,

which has been obtained from the Weedman et al. sample after removing the lensed
objects and those with a contaminated WISE photometry. The final sample consists
of 86 hyper-luminous quasars at z ∼ 1.8 - 4.6.

In Fig. 2.1 the bolometric luminosity as a function of redshift is shown for
the WISSH QSOs (red stars). The bolometric luminosity has been obtained from
broad-band multi-component SED fitting for each WISSH object (Duras et al. 2017;
Duras et al. in prep) and the redshift estimates are those from SDSS survey (Shen
et al. 2011). The WISSH QSOs are compared with typical quasars such as the Type
I and Type II COSMOS AGNs (blue and green squares, respectively) from Lusso
et al. (2012) sample and with SDSS DR7 AGNs from Shen et al. (2011) sample
(grey points). Fig. 2.1 clearly points out that the WISSH quasars are among the
luminous AGNs in the Universe.

The WISSH survey was designed to determine the nuclear, host galaxy and AGN
feedback properties in QSOs located at the brightest end of the AGN luminosity
function. We are collecting data on the Hβ emission line of these sources in order
to provide the best single-epoch estimate of the SMBH mass and accretion rate in
units of the Eddington ratio, and hence characterize the nuclear properties. Indeed
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as discussed in Sect. 1.2.b, it is worth noting that the CIV-based estimates of the
BH mass deriving from the SDSS spectra are biased due to the presence of outflows
which affect the CIV line profile.

There is on-going large multi-band observing program for the WISSH QSOs,
based on ALMA, NOEMA, SINFONI, LBT, X-shooter, TNG, XMM-Newton and
Chandra proprietary data. The project also benefits of public data as Herschel and
2MASS, in addition to WISE photometry and SDSS photometry and spectroscopy
available for all the sources in the sample.

With the NIR coverage we were able to carefully infer accretion properties.
Moreover thanks to the multi-wavelength coverage of the WISSH survey we are able
to analyze the UV-mid-IR SED for each source and derive the bolometric luminosity
of the AGNs. This enable us to investigate whether the AGN physical parameters
such as BH mass, Eddington ratio and bolometric luminosity are correlated with the
properties of outflows in different gas phases. Thanks to the huge luminosity of the
WISSH QSOs, they are the ideal candidate for the AGN feedback and hence it is
possible to probe the role of these outflows in the evolution of their host galaxies.
Furthermore the AGN/galaxy co-evolution is linked to the SFR and consumption of
the gas, therefore it is also crucial to study the star formation activity of the quasar
host galaxies. Herschel/SPIRE data are available for ∼ 20% of the WISSH QSOs
which enabled us to study the host properties as the SFR, IR luminosities and dust
masses. On-going follow-up with ALMA and NOEMA will also provide crucial
information on the cold gas content and molecular outflows in these hyper-luminous
QSOs.

2.1.b General properties
As previously mentioned, thanks to the multi-wavelength coverage of the WISSH
survey we were able to analyze the UV-mid-IR SED for each source in the sample
(Duras et al. in preparation) and, therefore, derive the extinction, the UV and
mid-IR monochromatic luminosities (at 2500 Å and 6µm, respectively) and the
bolometric luminosity of the AGNs. Furthermore, the availability of Herschel/SPIRE
photometry in the Far-IR range for ∼ 20% of the sample, enabled us to perform a
broad-band SED fitting with a multi-component model, based on the combination
of quasar and host galaxy emission in the IR, where the reprocessed stellar light is
re-emitted by the dust, as described in Duras et al. (2017).

The quasar emission is the combination of power laws to describe the central
source (Feltre et al. 2012) and the model by Stalevski et al. (2016) to characterize
the reprocessed emission by a smooth and clumpy dusty torus. The galaxy cold dust
emission in the IR was modeled with a modified black body, which accounts for the
emission powered by star formation, absorbed by the dust grains and re-emitted in
the MIR and FIR.

For some sources an additional component was added to reproduce the NIR
emission, because of the peculiar feature not well reproduced by the standard
modelization.
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A small collection of broad-band SEDs of WISSH objects is shown in Fig. 2.2.

Through the SED multi-components method we derived robust measurements
of Bolometric and monochromatic luminosities, dust mass and star formation rates
(SFRs). In particular, integrating the best-fit modified blackbody in the range 8-
1000 µm we derived the IR luminosity of the host galaxy and from the relation by
Kennicutt (1998), i.e,

S FR(M�/yr) = 10−10LHost
IR 8−1000µm(L�) (2.1)

we computed the SFR, assuming that all the FIR emission comes from young stars
but keeping in mind that could be a contribution of the quasar to the FIR emission.

We found giant star nurseries in the WISSH quasars observed with Herschel,
with SFRs up to 4500 M�/yr. In Fig. 2.3 it is shown the SF luminosity as a function
of bolometric luminosity for the WISSH quasars (blue stars), which populate the
extreme region. We also plotted the SF luminosity corrected for the quasar contribu-
tion to the FIR (red asterisks). These findings are in agreement with those found for
high-z sample in the same luminosity range presented by Netzer et al. (2014, 2016)
(magenta pentagons and cyan triangles) and Fan et al. (2016) (orange squares). We
also compared the WISSH samples with local sample of IR-selected galaxies from
Gruppioni et al. (2016) (brown circles) and the quasar sample from the COSMOS
survey (Bongiorno et al. 2012) (contours), in order to collect samples in a wide
range of luminosity and redshift. We found a smaller dispersion at high luminosities
than that found at the low luminosities.

We should keep in mind that the SF derived by FIR luminosity is the result of
the integration of bursts of star formation that occurred over billions of years, thus
we can not directly linked the SF luminosity with the on-going star formation in the
host galaxy.

As presented in Martocchia et al. (2017), we have also investigated the nuclear
properties of WISSH sources detected in the X-ray (∼ 50 %, X-WISSH hereafter).
They exhibit L2−10 keV ≈ 1045−46 erg s−1, which extends the typical X-ray luminosity
range of AGN investigated in previous X-ray spectroscopic studies. Furthermore, the
MIR selection enables us to extend and complete the study of the nuclear properties
of hyper-luminous quasars, which have been mainly based on X-ray and/or optically
selected AGN samples so far. We found that the X-WISSH QSOs show a low level
of X-ray absorption along the line of sight to the nucleus (see Fig. 2.4). The 70%
of the X-WISSH shows an intrinsic obscuration NH ≤ 5 × 1022 cm−2, as expected
being classified as Type-1 QSOs.

In Martocchia et al. (2017) we also investigated the X-ray-to-Optical flux ratio
(X/O) values for the X-WISSH QSOs, which is commonly used to provide a basic
classification for X-ray sources without optical identification. The X-WISSH quasars
show very low X/O values (< 0.1) compared to the typical AGN values of 0.1 <

X/O < 10 measured for COSMOS, CDFS and PG samples, as shown in Fig. 2.5.
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Figure 2.2. Resulting rest-frame SED decompositions for eight WISSH sources. Black
circles are the rest-frame photometric points corresponding to the observed bands used
to constrain the SED. Black open circles represent the photometric points not included
in the fits (at λ < 1216 Å due to Ly-α absorption) while the black arrows correspond to
upper limits on the observed flux densities at 1σ. Lines (and shaded areas) correspond
to the model templates (and the 1σ error) found as best-fit solution to describe the
photometric points through the χ2 minimisation: blue is the accretion disc plus torus
template, red is the cold dust component while dark green is the NIR excess when
present. Finally, the black line shows the sum of all these contributions. Blue, orange,
and light green shaded areas correspond to the accretion disc plus torus, the cold dust,
and the NIR excess templates respectively, within 1σ of the best-fit template, and light
grey shaded area to their sum (Duras et al. 2017).
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Figure 2.3. SF luminosity as a function of quasar bolometric luminosity for the WISSH
quasars in comparison with other samples. The 16 WISSH quasars are shown as blue
stars in the plot, while the red asterisks show SF luminosity values reduced by a factor
of about 2 to account for the quasar contribution to the FIR. The same correction has
been applied to the samples from Netzer et al. (2014, 2016) and Fan et al. (2016),
which are of the same luminosity range (Duras et al. 2017).



2 Systematic study of AGN winds in Quasars Surveys: the WISSH quasars
Project 65

Figure 2.4. The distribution of absorption column densities for 35 X-ray detected WISSH
quasars derived by the hardness ratio1 or spectral analysis (Martocchia et al. 2017).

Thanks to the high-luminosities of the WISSH quasars, it was possible to in-
vestigate the bolometric correction in the X-ray (i.e. kBol,X = LBol/L2−10 keV which
quantifies the relative importance of the accretion disk and the corona to the total
radiative output from an AGN) up to L2−10 keV ≥ 1045 erg s−1 and LBol > 1047 erg
s−1, as shown in Fig. 2.6. The X-WISSH QSOs are compared with the Type-1
AGNs from XMM-Newton-COSMOS survey (Lusso et al. 2012) and PG quasars.
The X-WISSH lie in the kBol,X - LBol relation found by Lusso et al. (2012), which
provides a good description for hyper-luminous quasars as the WISSH. The posi-
tive correlation observed between kBol,X and LBol lends support to the scenario of
a weaker corona radiative power with respect to the optical/UV disk emission at
increasing LBol.

We also found that the X-WISSH quasars follow the well-known anti-correlation
between αox - L2500 Å (Vignali et al. 2003, Lusso et al. 2010). The αox provides
an indication of the relative strength of the emission produced in the accretion disk
at 2500 Å and that emitted via Compton up-scattering in the hot corona at 2 keV.
We compared the X-WISSH sample with other Type 1 AGN at lower bolometric
luminosities, such as those from the XMM-COSMOS survey (Lusso et al. 2010,
blue open triangles) and PG quasars (yellow squares). The X-WISSH quasars
populate the lower right corner of the plane, i.e the brightest end of the distribution
with the steepest αox, as shown in Fig. 2.7, which implies that at high luminosities
the X-ray emission is relatively weaker than the optical/UV contribution.

This finding suggests that the formation of radiation line driven winds from
the accretion disk are favored in AGNs with strong UV luminosity and low-X ray
level such as the WISSH quasars, where a soft ionizing continuum prevents the

1The hardness-ratio HR is defined as HR = H−S
H+S , where H is the number of counts in the

hard band and S is the number of counts in the soft band
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Figure 2.5. The X/O ratio as a function of the hard X-ray luminosity L2−10 keV . The X-
WISSH quasars (red stars) are compared to Chandra COSMOS, CDFS and PG Quasars.
Blue triangles indicate the X-ray selected broad line COSMOS AGN, while open circles
indicate X-ray selected narrow-line COSMOS AGN. Unclassified X-ray selected AGN
of both COSMOS and CDFS are represented with grey crosses. PG quasars are indicated
with yellow squares (Martocchia et al. 2017).
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Figure 2.6. Bolometric correction kBol,X as a function of the bolometric luminosity LBol.
The X-WISSH QSOs are plotted as: BAL WISSH quasars are represented with green
symbols while non-BAL WISSH are represented with red symbols. Filled symbols
indicate objects which have LBT/LUCI optical spectrum. Star and diamond symbols
indicate the presence of broad [OIII] emission lines and CIV shifts > 2000 km s−1 ,
respectively. Blue triangles indicate the Type-1 AGN sample from the XMM-Newton-
COSMOS survey by Lusso et al. (2012). The yellow squares indicate PG quasars
while green symbols represent BAL AGNs. Violet asterisks indicate the hyper luminous
quasars ULASJ 1539+0557, ULASJ 2315+0143 and 2QZ0028-2830. The black solid
curve represents the relation found by Lusso et al. (2012) for type 1 AGN, while the
gray shaded area indicates the σ dispersion on the relation. The two values for the hard
X-ray luminosity of J0045+1438 (i.e. the object with the lowest X-ray luminosity in the
X-WISSH sample) are also reported and connected by a gray line. We calculated the
L2−10 keV by using the best fit value of NH (i.e. 4 × 1022 cm−2, green open circle) and
the upper error (i.e. NH =1.5 × 1023 cm−2, gray open circle), respectively (Martocchia
et al. 2017).



2 Systematic study of AGN winds in Quasars Surveys: the WISSH quasars
Project 68

27 28 29 30 31 32 33

Log[L2500Å/erg s−1 Hz−1]

2.2

2.0

1.8

1.6

1.4

1.2

1.0

0.8

α
O

X

This Work

XMM-COSMOS Ty 1

XMM-COSMOS Ty 1 BAL

PG QSOs

PG QSOs BAL

Figure 2.7. αox values as a function of extinction-corrected 2500 Å monochromatic
luminosities. BAL WISSH quasars are plotted with green symbols while non-BAL
WISSH are represented with red symbols. Blue triangles indicate the Broad-line AGN
sample from the XMM-Newton-COSMOS survey by Lusso et al. (2010), while the
yellow squares indicate PG quasars. Green symbols represent BAL AGN (Martocchia
et al. 2017).

over-ionization of the gas in the wind (Leighly 2004, Proga 2003 and references
therein). Further details about the relation of αox and the high-ionization lines winds
will be discussed in Sect. 5.4.

2.2 Discovery of powerful ionized winds in WISSH
QSOs: early results.

The first results of the WISSH quasars survey are presented in Bischetti et al. (2017),
which is focused on the analysis of the LBT/LUCI1 optical rest-frame spectra of
five WISSH quasars in the redshift z ∼ 2.5 - 3.5 showing prominent, broad [OIII]
emission lines, observed during the Cycles 2014-2015 of the observing campaign at
LBT.

In Fig. 2.8 an example of the Optical rest-frame LUCI1 spectrum of the WISSH
QSOs J1326-0005 is shown. From the best-fitting decomposition of all the five
WISSH spectra, we found the presence of very broad (FWHM[OIII] up to 2200 km/s)
[OIII] components (blue curve in Fig. 2.8), among the largest observed so far, which
are blueshifted with respect to the systemic redshift (in all but one case, i.e. J1549
for which we found a broad redshifted [OIII] component), indicative of the presence
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Figure 2.8. Example of LUCI1 spectrum of the WISSH quasar J1326-0005. Blue and green
curves refer to the NLR core and broad emission of both [OIII] and Hβ, respectively.
BLR Hβ emission line is indicated in orange and FeII emission is indicated in magenta.
Gray bands indicate the regions excluded from the fit because of the presence of telluric
features. (See Bischetti et al. 2017 for further details.)

of outflowing gas in the NLR.
We compared the results found for the WISSH quasars about the [OIII] properties

of the broad emission line with previous studies, such as from the Type 1 and Type 2
objects both at low and high redshift, in Fig. 2.9. The WISSH quasars are in the top
right corner of the plane exhibiting the highest [OIII] luminosities observed so far.

This clearly indicates that the WISSH selection gave the opportunity to extend
the discovery of ionized outflows up to sources with [OIII] luminosity up to ∼ 1045

erg s−1. Moreover it seems that a correlation between the FWHM[OIII] and [OIII]
luminosity exists, with a lack of luminous AGNs with narrow [OIII] line profile.

We have been also able to retrieve spatial information from the LBT/LUCI
spectra. As reported in Bischetti et al. (2017) we extracted 1D spectra at increasing
offset distances from the central position from the 2D spectrum. With this technique
the contamination from the nuclear emission is reduced and possible spatially
extended [OIII] emission should be enhanced (Perna et al. 2015). We found that
three out of five WISSH QSOs show possibly extended [OIII] emission.

In one case, namely J1201+1206, we found a blueshifted and redshifted com-
ponents, extended up to ∼ 7 kpc and likely associated with a bipolar outflow. The
velocity shift of the blue- and redshifted component with respect to the systemic
redshift, at increasing distances from the central position, is shown in Fig. 2.10.
The velocity shift between the two components (∼ 1500 km s−1) is too large to be
associated with rotation (∼ a factor of ≥ 4 larger than the typical value observed for
a z∼ 2-3 galaxy (Bouché et al. 2007)).
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Figure 2.9. FWHM[OIII]
broad as a function of the total observed [OIII]λ5007 Å luminosity for

the WISSH quasars (red stars) compared with other samples of Type 1 and Type 2 AGN
both in low (empty symbols) and high redshift (filled symbols). We plot the values
obtained for a sample of obscured (Greene et al. 2009; Brusa et al. 2015; Perna et al.
2015), red (Urrutia et al. 2012), Type 2 (Villar-Martín et al. 2011; Liu et al. 2013),
luminous z ∼ 2.4 (Cano-Díaz et al. 2012; Carniani et al. 2015), KASHz at z ∼ 1.1-1.7
(Harrison et al. 2016), and radio quasars (Kim et al. 2013), and those obtained for the
local and high-z ULIRGs by Rodríguez Zaurín et al. (2013) and Harrison et al. (2012),
respectively. The average values in two LTot

[OIII] bins for optically selected Type 2 AGN
in Mullaney et al. 2013 are also shown (Bischetti et al. 2017).
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Figure 2.10. Velocity shift of the blue- and redshifted [OIII] component with respect to sys-
temic redshift (at 5007 Å) (dashed line), detected in the off-nuclear Petra of J1201+1206
extracted from different apertures. Negative (positive) pixel values correspond to south
(north) direction (1 pixel ∼ 1.9 kpc at the redshift of J1201+1206) (Bischetti et al.
2017).

By energetic consideration, the [OIII] outflows found in the WISSH QSOs
exhibit huge values of mass outflow rate Ṁ (up to 7700 M� yr−1) and kinetic power
Ėkin ∼ 1045−46 erg s−1, indicating that WISSH quasars allow us to reveal extreme
outflows. In Fig. 2.11 it is shown the mass outflow rate and the kinetic power as
a function of bolometric luminosity, for the WISSH QSOs and other samples with
ionized outflows from literature. Both Ṁ and Ėkin seem to exhibit a correlation with
the luminosity, in particular at increasing LBol the mass outflow rate increases, which
is consistent with a theoretical scenario according to which the more luminous the
AGN, the more the amount invested by a radiatively driven wind (Menci et al. 2008).
Moreover it seems that the ionised outflows, revealed at the highest luminosities,
may trace a larger fraction of the total outflowing gas than outflows in low luminosity
AGN. Indeed at high luminosities the mass rate of the ionized and molecular outflow
become comparable, as suggested considering the steeper best-fit relation of ionized
outflow Ṁ ∝ L1.21

bol than to the best-fit relation of the molecular outflows Ṁmol ∝ L0.78
bol .

Most of Ėkin values derived for these five WISSH quasars are broadly consistent
with a fraction of ∼1% of bolometric luminosity, up to a value of ∼3%. These values
are therefore very close to the predictions (i.e. Ėkin/LBol ∼5%, see Sect. 1.3) of the
vast majority of AGN feedback models (e.g. Di Matteo et al. 2005; Zubovas &
King 2012) for an efficient feedback mechanism to be able to account for the MBH -
σ relation.
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Figure 2.11. Kinetic power of the ionized outflows as a function of the bolometric luminos-
ity. The WISSH quasars (red stars) are compared with others sample from literature
(Harrison et al. 2012, 2014; Genzel et al. 2014; Carniani et al. 2015; Perna et al.
2015; Brusa et al. 2015; Nesvadba et al. 2006, 2008; Rupke & Veilleux 2013. Dashed,
dotted and solid lines indicate an outflow kinetic power of 10%, 1% and 0.1% of the
AGN luminosity, respectively (Bischetti et al. 2017).
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Chapter 3

Observations and data reduction

One of the main goals of the WISSH survey is to determine the SMBH mass (via Hβ
emission line) and the presence of AGN-driven outflows in sources at the brightest
end of the AGN luminosity function, traced by the possibly broad blueshifted
[OIII]λ5007Å emission line. Accordingly, we have collected Near-infrared (NIR)
spectroscopic observations for 18 WISSH quasars with LUCI1 at LBT during the
2013-2015 campaigns and SINFONI at VLT during the period 093.A 1, according
to the following selection criteria:

• sources with z > 3.7 and 1.6 < z < 2 have been excluded, because for these
cases LBT/LUCI1 or VLT/SINFONI bandwidth does not cover the [OIII]
spectral region.

• sources with no available 2MASS J H K magnitudes have been excluded, in
order to estimate the expected S/N of the spectroscopic data without uncer-
tainties.

• sources with a redshift for which telluric lines contaminate the [OIII] emission
line or the LBT/LUCI1 or VLT/SINFONI bandwidth does not simultaneously
cover both [OIII] and Hβ emission lines.

Furthermore, we obtained LUCI observing time for additional 18 WISSH objects
in the Period 2016-2017 and 2017-2018 (observations are still on-going), which
will give us the opportunity to double up the WISSH sample size with Hβ/[OIII]
information and reach much more statistically sounder conclusions. In Table 3.1
it is listed the total number of WISSH QSOs for which we obtained spectroscopic
observations in the rest-frame Optical range.

As discussed in Sect. 2.2, in Bischetti et al. (2017) we presented results about
five WISSH objects with prominent broad [OIII] emission. In this Thesis I have
analyzed additional 13 quasars with LUCI1/LBT (10 objects) and VLT/SINFONI (3
objects) observations and the rest-frame UV spectra of the 18 WISSH QSOs (see
Table 3.1).

1Details on VLT/SINFONI and LBT/LUCI1 are given in Sect. 3.1 and 3.2
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The coordinates, SDSS 12th data release (DR12) redshift, optical photometric
data (Ahn et al. 2014), 2MASS NIR photometric data (Skrutskie et al. 2006) and
colour excess E(B−V) (Duras et al 2017, in prep) of the 13 targets are listed in
Table 3.2. In Appendix B are shown the LBT/LUCI1 and VLT/SINFONI rest-frame
spectra of the WISSH quasars analyzed in this Thesis. In Appendix C are shown the
SDSS spectra of the 18 WISSH QSOs considered here.
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Table 3.1. The LBT/LUCI campaign of WISSH quasars. (The PI of the LBT/LUCI observations is E.
Piconcelli, while F. Fiore is the PI of the SINFONI observations). Redshifts are from SDSS DR12.

Observing period SDSS Name RA DEC z INSTRUMENT
P13/14 J111119.10+133603.9 11 11 19.10 +13 36 03.9 3.481 LBT
P13/14 J120147.90+120630.2 12 01 47.90 +12 06 30.2 3.484 LBT†

P13/14 J123641.45+655442.1 12 36 41.45 +65 54 42.1 3.387 LBT
P13/14 J132654.96-000530.1 13 26 54.96 -00 05 30.1 3.307 LBT†

P13/14 J142123.97+463318.0 14 21 23.97 +46 33 18.0 3.363 LBT
P13/14 J142243.02+441721.2 14 22 43.02 +44 17 21.2 3.545 LBT Vietri et al. 2017, sub
P13/14 J152156.48+520238.5 15 21 56.48 +52 02 38.5 2.208 LBT
P13/14 J154938.72+124509.1 15 49 38.72 +12 45 09.1 2.386 LBT†

P14/15 J074521.78+473436.1 07 45 21.78 +47 34 36.1 3.214 LBT †

P14/15 J080117.79+521034.5 08 01 17.79 +52 10 34.5 3.217 LBT†

P14/15 J090033.50+421547.0 09 00 33.50 +42 15 47.0 3.295 LBT
P14/15 J095841.21+282729.5 09 58 41.21 +28 27 29.5 3.382 LBT
P14/15 J110610.72+640009.6 11 06 10.72 +64 00 09.6 2.205 LBT
P14/15 J115747.99+272459.6 11 57 47.99 +27 24 59.6 2.214 LBT
P14/15 J120144.36+011611.6 12 01 44.36 +01 16 11.6 3.240 LBT
P14/15 J153830.55+085517.0 15 38 30.55 +08 55 17.0 3.551 LBT*

P14/15 J212329.46-005052.9 21 23 29.46 -00 50 52.9 2.269 LBT*

P14/15 J234625.66-001600.4 23 46 25.66 -00 16 00.4 3.489 LBT*

P16/17 J041420.90+060914.2 04 14 20.90 +06 09 14.2 2.614 LBT
P16/17 J081855.77+095848.0 08 18 55.77 +09 58 48.0 3.694 LBT
P16/17 J094140.17+325703.2 09 41 40.17 +32 57 03.2 3.452 LBT
P16/17 J101336.37+561536.3 10 13 36.37 +56 15 36.3 3.633 LBT
P16/17 J101447.18+430030.1 10 14 47.18 +43 00 30.1 3.126 LBT
P16/17 J102541.78+245424.2 10 25 41.78 +24 54 24.2 2.382 LBT
P16/17 J102714.77+354317.4 10 27 14.77 +35 43 17.4 3.112 LBT
P16/17 J111017.13+193012.5 11 10 17.13 +19 30 12.5 2.498 LBT Data acquisition
P16/17 J120447.15+330938.7 12 04 47.15 +33 09 38.7 3.596 LBT is still on-going
P16/17 J121027.62+174108.9 12 10 27.62 +17 41 08.9 3.640 LBT
P16/17 J124957.23-015928.8 12 49 57.23 -01 59 28.8 3.638 LBT
P16/17 J131011.60+460124.4 13 10 11.60 +46 01 24.4 2.133 LBT
P16/17 J142656.18+602550.8 14 26 56.18 +60 25 50.8 3.189 LBT
P16/17 J145125.31+144136.0 14 51 25.31 +14 41 36.0 3.102 LBT
P16/17 J154446.34+412035.7 15 44 46.34 +41 20 35.7 3.548 LBT
P16/17 J155912.34+482819.9 15 59 12.34 +48 28 19.9 3.423 LBT
P16/17 J163300.13+362904.8 16 33 00.13 +36 29 04.8 3.576 LBT
P16/17 J223808.07-080842.1 22 38 08.07 -08 08 42.1 3.122 LBT

† Data presented in Bischetti et al. (2017)
* VLT/SINFONI spectroscopic data are also available for these QSOs.
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Table 3.3. LUCI modes. Columns: (1) Type of Camera, (2) Pixel scale, (3) Field of view
(4) Resolution, (5) Spectroscopic mode (LSS stands for Long SLIT Spectroscopy and
MOS for Multi-Object Spectroscopy)

Camera Scale FOV Resolution Spectroscopic mode
(1) (2) (3) (4) (5)

"/pixel arcmin
N1.8 0.25 4×2.8 1900-8500 LSS & MOS
N3.75 0.12 4×2.8 3800-17000 LSS& MOS
N30 0.015 0.5×0.5 10000-40000 LSS

3.1 LUCI/LBT NIR spectroscopy

3.1.a LUCI spectrograph at LBT
The observations of WISSH quasars were carried out with LUCI1, a NIR spec-
trograph and imager for the Large Binocular Telescope (LBT) located in Mount
Graham, Arizona. The spectrograph LUCI1 is mounted on the bent Gregorian focus
of the SX mirror of LBT, together with an identical one, LUCI2, on the other side
of the telescope (DX mirror). Both the spectrographs operate from 0.85 to 2.5 µm
wavelength range, i.e. the bands z, J, H and K are covered, using a 2048 x 2048
element Hawaii II detector array from Rockwell. The observing modes currently
available are:

• seeing-limited imaging

• seeing-limited longslit spectroscopy (LSS)

• seeing-limited multi object spectroscopy with slit masks (MOS)

• diffraction-limited imaging with LUCI1

The seeing-limited and the diffraction-limited modes are available over a 4
arc-minute square and 0.5 arc-minute square Field of View (FOV), respectively.

In Table 3.3 the LUCI spectroscopic observation modes and the relative cameras
are summarized. The N1.8 and N3.75 cameras are used in seeing-limited mode for
spectroscopy and imaging respectively, while the N30 camera is used in diffraction-
limited mode.

Broad band filters in z-J-H-Ks-K bands, medium and narrow band filters are
available for each LUCI instrument. For the WISSH QSOs we required medium
resolution spectroscopic observations in longslit mode with a slit of 1 arcsec width,
using the N1.8 camera. We chose as instrument setup the 150_Ks grating with the Ks

filter and the 210_zJHK grating with the H filter, for objects at redshift bins 2.1 < z
< 2.4 and 3.1 < z < 3.6, respectively. Table 3.4 summarizes the main characteristics
of the gratings and the filters used during the LUCI1 observations.



3 Observations and data reduction 78

Table 3.4. Characteristics of the gratings and filters used for the WISSH QSOs observations.
Columns: (1) Grating, (2) Filter, (3) Minimum wavelength of the grating (micron), (4)
Nominal center wavelength of the grating (micron), (5) Maximum wavelength of the
grating (micron), (6) Spectral resolution (Angstrom), (7) Resolving Power

Grating Filter λmin λcen λmax Spectral resolution Resolving power
(1) (2) (3) (4) (5) (6) (7)

210_zJHK(2nd order) H 1.541 1.650 1.743 2.02 7838
150_Ks Ks 1.890 2.170 2.423 5.33 4150

Table 3.5. Journal of the LBT/LUCI1 observations of the 13 WISSH QSOs analyzed for
the first time in this Thesis. The columns give the following information: (1) SDSS ID
(2) grating, (3) resolution power R, (4) exposure time (in units of s), (5) average seeing
(in units of arcsec), (6) observation date, (7) standard star and (8) arc-lamps or sky lines.

SDSS grating R texp seeing Obs date Standard Star Arclamp/Sky
(1) (2) (3) (4) (5) (6) (7) (8)
J0801+5210 150 Ks 4150 2400 1.05 Feb 10th 2015 HIP41798 ArNe
J0958+2827 150 Ks 4150 3600 0.75 Mar 21th 2015 HIP41798 ArNe
J1106+6400 210 zJHK 7838 1800 0.69 Apr 17th 2015 HIP52877 ArNe
J1111+1336 150 Ks 4150 2400 0.55 Apr 20th 2014 HIP64231 OH sky
J1157+2724 210 zJHK 7838 1200 0.9 Mar 22th 2015 HIP56736 ArNe
J1201+0116 150 Ks 4150 1440 0.78 Apr 27th 2015 HIP75230 ArNe
J1236+6554 150 Ks 4150 2400 0.66 Apr 20th 2014 HIP64231 OH sky
J1421+4633 150 Ks 4150 1500 0.52 Apr 20th 2014 HIP71171 OH sky
J1422+4417 150 Ks 4150 800 0.55 Apr 20th 2014 HIP64231 OH sky
J1521+5202 210 zJHK 7838 1200 1.01 Apr 20th 2014 HIP68868 ArXe
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3.1.b LUCI data reduction
The LUCI observations were performed from April 2014 to June 2015, in two
different observing Periods (i.e. Period 2013-2014 and 2014-2015). The average
seeing of both cycles is comparable, i.e. ∼0.8 arcsec (See Table 3.5 for further
details). I have performed the data reduction using IRAF tasks, ESO-MIDAS and
IDL routines on both targets and standard stars.

The LUCI1 data reduction can be summarized as follows:

• Correction of the CCD response.

• Cosmic rays subtraction.

• Wavelength calibration.

• Sky emission lines subtraction.

• Spectrum extraction.

• Atmospheric correction and Flux calibration.

1) Correction of the CCD response. The pixels matrix which constitutes CCD
detectors is characterized by a non-uniform response, with the resulting effect of
elevating the counts in every pixel. To correct for this effect, several "zero" exposure
time images are acquired with no light incident upon the detector, the so-called bias
frames. These are used to subtract any accumulated charge electronic contamination
to the scientific images.

Because the response of each pixel in the CCD may vary from one pixel to the
next, a series of flat field frames are also taken in order to correct for any variations in
the pixel-to-pixel sensitivity of the CCD. This is done by illuminating the CCD with
a uniform radiation. Then a medium bias subtracted flat field has been computed
and a normalized flat field with count values close to 1 has been created (see Fig.
3.1, upper panel). Finally, the science image has been divided for the normalized
flat field. This procedure corrects the pixels to a uniform sensitivity level.

2) Cosmic rays subtraction. The CCD is sensitive to energetic charged particles
such as cosmics rays, which produce bright spots on images. An approach to clean
background pixels from cosmic rays is to detect pixels with a signal larger than a
threshold value and replace them with a median level. This can be done by the task
crmedian in the IRAF package.

3) Wavelength calibration. In order to perform wavelength calibration, the
emission line spectrum of a well understood excited gas is used, i.e. the arc lamp.
An arc spectrum should contain a number of spectral lines useful for the wavelength
calibration, but in some cases other solutions are preferred. In the NIR band, the
sky emission is strong overall the spectral range and it is measured simultaneously
with the science observation. This leads to the sky background as a good calibrator
with respect to the arc lamps. The wavelength identification is performed with the
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IRAF task identify, using a list of wavelengths for the arc lamps or sky spectrum.
Rousselot et al. (2000) provides a complete template of the nigh-sky OH emission
lines. As a next step, bi-dimensional wavelength map is create with fitcoords and
transform tasks, in order to calculate the geometric distortion solution for the
instrument. Indeed may effects tend to curve the image as shown in Fig. 3.1(lower
panel), with no univocal correspondence between the position on the x-direction
and wavelength. A check on the goodness of the bi-dimensional wavelength map
is done sampling three different horizontal part of the 2d images using MIDAS
environment. If the wavelength solution is correctly done, it can be applied to
the science image in an interactive mode using the IRAF task transform. We
used Argon and Neon arc-lamps for the wavelength calibration of J0801+5210,
J0958+2827, J1106+6400, J1157+2724 and J1201+0116; OH sky emission lines
for the J1111+1336, J1236+6554, J1421+4633 and J1422+4417; finally, Argon and
Xenon arc-lamps for J1521+5202.

4) Sky emission lines subtraction The sky subtraction has been done by sub-
tracting frames corresponding to different telescope pointings along the slit, i.e. the
ABBA method. The A-B and B-A images have been produced by subtracting the
images at position A and B, as shown in Figure XX. In this way, the sky emission
lines have been almost totally subtracted. The B-A images are shifted with respect
to the A-B images, as shown in Fig. 3.2. The shift has been calculated and applied
to B-A images, in order to re-align the positive emission of both images along the
y-axis. As the next step, the aligned images have been summed using the IRAF task
imarith.

5) Extraction of the spectrum. The one-dimensional spectrum has been then
extracted from the wavelength calibrated and sky subtracted 2-dimensional image
(see Fig. 3.5, left panel). The analyzed spectra have been extracted taking into
account their maximum emission in the y-axis direction. It is worth noting that the
extraction aperture width cannot be smaller than the slit width (1") or the seeing.

6) Atmospheric correction and Flux calibration. To account for telluric ab-
sorption and flux calibration, the observations of stars with known spectral type
were taken during the observing nights (see Table 3.5). To remove the atmospheric
absorption features we used the IDL routine XTELLCOR_GENERAL (Vacca et al.
2003). This routine makes use of (i) the observed standard stars spectra, which are
affected by telluric absorption as the targets, and (ii) a Vega model spectrum, useful
to build up an atmospheric absorption free spectrum. As the magnitudes of the
standard stars are also known, we calibrated the target spectra in absolute flux, with
the same IDL routine. The reduced final frames are sky lines and telluric absorption
free, wavelength and flux calibrated (see Fig. 3.5, right panel).
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Figure 3.1. Normalized flat field (upper panel) and curved bi-dimensional spectroscopic
image (lower panel) derived for the LUCI/LBT observations of J1326-0005

Figure 3.2. ABBA method for the subtraction of the sky emission lines in the NIR. It is
evident the difference between the frames in the top left and the bottom right panels,
where the frames are free from the sky emission lines
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Figure 3.3. Integrated spectrum of WISSH QSO J0745+4734 before (left panel) and after

(right panel) removing the absorption telluric feature in the Hβ wavelength range. The
spectrum in the right panel is flux calibrated with respect to the that on the left panel (in
counts)

3.2 SINFONI NIR spectroscopy

3.2.a SINFONI spectrograph at VLT
In addition to the long-slit LUCI1 observations, three quasars (namely J1538+0855,
J2123-0050, J2346-0016) were observed with Spectrograph for INtegral Field
Observations in the Near Infrared (SINFONI), at the VLT installed at the Cassegrain
focus of Unit Telescope 4 (UT4). The observing program is 093.A-0175(A) with PI
F. Fiore.

SINFONI is composed by two subsystems: the Multi-Application Curvature
Adaptive Optics unit (MACAO) which allows diffraction and seeing limited observa-
tions; and the SPectrograph for Integral Faint Field Imaging (SPIFFI), a near-infrared
(1.05 - 2.45 µm) integral field spectrograph.

The spectrograph operates with gratings such as J, H, K, H+K with a spectral
resolution of 2000, 3000, 4000 and 1500 respectively. In the case of IFU, the
SINFONI FOV is sliced into 32 slices by an image slicer of 32 plane mirrors, which
disperse the light. It is possible to choose the slice height between 250, 100 and
25 mas/pixel, corresponding to a field of views of 8"×8", 3"×3" and 0.8"×0.8",
respectively. SINFONI provides rectangular pixel which is then re-sampled to a
square pixel, during the cube reconstruction. Another set of 32 mirrors is used
to collect the light and forms a long pseudo-slit for each slice, which is dispersed
according to a specific grating. Each slice corresponds to a detector slitlet and each
of the 32 slitlets is imaged onto 64 pixels of the detector, resulting in 32x64 pixels
and corresponding spectra of the imaged region on the sky. In Fig. 3.4 an overview
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Figure 3.4. Overview of how a Integral Field Unity spectrometer works

of how a Integral Field Unity spectrometer works is shown. The data reduction
software then reconstructs the 3D cube containing the spatial on-sky information in
(x,y) direction and spectral information in z direction, as shown in the bottom-left
corner of the Fig 3.4.

The MACAO optics offers the chance to partially correct the atmospheric turbu-
lence. In general the light from a source which enters the atmosphere is distorted
by atmospheric turbulence. An Adaptive Optics system (AO) tries to compensate
the deformation of the wavefront by means of a wavefront sensor, which is able
to measure the distortion. It is fundamental to measure the correct shape of the
wavefront to perform its correction. For this purpose the light from a reference star,
i.e. natural guide star (NGS), is used since it passed through the same turbulence as
the science source. In order to provide the best correction, the guide star should be
as close as possible to the science target. For SINFONI system can be also used a
sodium laser guide star in the same way as the NGS.

For the WISSH QSOs, the SINFONI observations were performed in service
mode during the period 093.A, with the adaptive optics (AO) - Laser Guide Star
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mode. All the targets were observed within a FoV of 3”×3”, with a spaxel scale
of 0.05”×0.1”. J1538+0855 and J2123-0050 were observed during the nights of
Jul 19th-Jul 20th 2014, while J2346−0016 was observed during Aug 18th and Sept
1st 2014. Given the redshift range of the QSOs, we used K filters to target the Hβ
- [OIII]λ5007Å spectral region with a spectral resolution of R∼4000. The final
spatial resolution obtained thanks to the LGS correction is 0.3” for J1538+0855 and
J2346−0016, and 0.2” for J2123-0050, as derived by the Hβ broad emission line.

3.2.b Data reduction
The SINFONI data reduction has been performed using ESO pipelines, in Reflex
environment (Freudling et al. 2013) and IDL routines. The data reduction procedure
is quite similar to that applied to LUCI1/LBT data. The recipes used for the data
reduction are summarized as follows:

• sinfo_rec_delin. The detector responsitivity as a function of the pixel intensity
is computed in order to generate a non linear pixel map. For the identification
of the non-linear pixels, linearity frames obtained by illuminating the detector
for several exposure times are used. The grism and the filter used are the same
as the science observations.

• sinfo_rec_mdark. A master dark frame is generated by stacking raw dark
frames in order to correct for the accumulation of electrons in the pixels of the
detector, which is related to the temperature of the detector itself. This also
produce a bad pixels map flagging the hot-current pixels.

• sinfo_rec_mflat. A master flat is then created from the stacking of the input
flat field frames. The intensity of this frame is normalized to that of the central
pixel. A bad pixels mask is also created, identifying bad pixels which deviate
too much from a certain threshold.

• sinfo_rec_distortion. The spatial distortion are computed using a set of
75 distortion fibres, which consist of an illuminated fibre along each slitlet
position and a pair of arc lamp on/off. The distance between the individual
slitlets is also retrieved.

• sinfo_rec_wavecal. The wavelength map is produced by means of arc lamp
frames. The distortion products are used in order to assign a wavelength value
to each pixel on the detector.

• sinfo_rec_jitter. Wavelength calibrated frames, corrected for the flat-field
and distortion, are built. At this stage, it is also possible to choose to subtract
or not the sky emission. The background sky emission subtraction for the
WISSH QSOs was removed with the IDL routine SKYSUB, using object
frames taken at different telescope pointings (Davies 2007).
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Table 3.6. Journal of the SINFONI observations. The columns give the following informa-
tion: (1) SDSS ID, (2) observation date, (3) exposure time (in units of s), (4) grating, (5)
resolution power R, (6) the final spatial resolution thanks to AO observations (in units
of arcsec) and (7) the telluric standard stars

SDSS Obs date texp grating R spatial resolution Telluric Standard
(1) (2) (3) (4) (5) (6) (7)
J1538+0855 Jul 19th 2014 2400 K 4000 0.3 HIP074546
J2123-0050 Jul 20th 2014 600 H 3000 0.2 HIP099193
J2346-0016 Aug18th - Sept 1st 2014 4800 K 4000 0.3 HIP022061
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Figure 3.5. LBT/LUCI (left) and VLT/SINFONI (right) integrated spectra of the WISSH
QSO J2123-0050 in the H band. The nominal wavelength range in the H band for LUCI
is 15500-17400 Å and for SINFONI 14500-18500 Å. Thanks to the large bandwidth the
FeII emission lines are well sampled, which allows to model properly all the features in
the spectrum.

• sinfo_utl_cube_combine. The reconstruction of the image FOV from the
32 image slices and the coaddition of different science frame is performed,
applying the relative offset to each science frame.

After the cube reconstruction, the flux calibration has been performed with
my own IDL routines, by means of telluric spectra acquired during the same
nights as the targets. As a final step, I extracted a 1D spectrum for each source.
This procedure does not allow to have the spatial information, but at this stage
we are interested in the integrated emission from AGN. Information about
SINFONI observation epochs, standard stars used for the telluric correction
and flux calibration are listed in Table 3.6.
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Table 3.7. Optical spectroscopic information: SDSS vs BOSS spectrograph

SDSS spectrograph BOSS spectrograph
Area covered 9274 square degrees 6373 square degrees

Plate area 1.49 deg radius, 6.97 deg2 1.49 deg radius, 6.97 deg2

Fibers per plate 640 1000
Wavelength coverage 3800 to 9200 Å 3600 to 10400 Å

Resolution 1800 to 2000 1400 to 2600

3.3 Sloan digital sky survey
The Sloan Digital Sky Survey (SDSS) is a multi-filter imaging and spectroscopic
redshift survey, aiming to make a map of one quarter of the sky (10000 square
degrees), centered on the North Galactic Pole. The SDSS survey uses a dedicated
wide-field 2.5m telescope (Gunn et al. 2006) at Apache Point Observatory in
Southern New Mexico. The project consists of four phases up to now: SDSS-I
(2000-2005), SDSS-II (2005-2008), SDSS-III (2008-2014) and SDSS-IV (2014-
2020).

We retrieved the rest-frame UV spectrum of the 18 WISSH quasars with NIR
spectroscopic data, from the SDSS Data Release 12 (DR12) public archive, in order
to derive the properties of the CIV emission line. The SDSS-III DR12 offers the final
data from the SDSS-III, which include the complete dataset of the BOSS survey. The
spectra are obtained with two spectrographs, SDSS-I with 640 fibers per plate and
BOSS with 1000 fibers per plate. Both have a spectral resolution of 1500 at 3800 Å
and 2500 at 9000 Å. There are two cameras for each spectrograph, one red and one
blue. The red cameras cover at least 5650-10000 Angstroms, blue cameras cover at
least 3600-6350 Angstroms. The optical imaging and spectroscopic information are
listed in the Table 3.7.
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Chapter 4

Spectral analysis

4.1 Modeling of the Hβ and [OIII] emission

Bischetti et al. (2017) report the results of LBT/LUCI1 spectroscopy of five WISSH
QSOs with the prominent broad [OIII] emission line observed in 2014. We present
here the results of the analysis of the spectra of additional 13 WISSH QSOs taken
at LUCI1 during the 2013-14 and 2014-15 observing campaign at LBT. Further-
more, three quasars (namely J1538+0855, J2123-0050, J2346-0016) also benefit of
VLT/SINFONI spectroscopy, we report for them the results of the analysis of these
data (see Table 4.1).

The visual inspection of the rest-frame optical spectra of the 13 WISSH quasars
taken with LBT/LUCI or VLT/SINFONI revealed the weakness of the [OIII]
5007/4959 Å doublet emission lines and the presence of a strong and complex
FeII emission (see Appendix B). This combination makes the determination of
[OIII] spectral parameters an extremely challenging task. In one case, i.e. J1422,
the LBT/LUCI1 bandwidth does not cover the [OIII] spectral region. We developed
a model based on the IDL package MPFIT (Markwardt 2009), in order to accurately
infer the properties of the [OIII] and Hβ emission in these hyper-luminous quasars.
The NIR spectra were fitted with a spectral model which consists on:

• Hβ/[OIII] core components associated with the Narrow line region (NLR).
Specifically, one Gaussian component has been adopted for fitting the core
of Hβ4861 Å line with FWHMcore

Hβ ≤ 1000 km s−1 1 plus one Gaussian profile
for each component of the [OIII]λλ4959,5007 Å doublet. The FWHM of the
[OIII] doublet was forced to be the same as that of the Hβ core component.
Moreover, we assumed the theoretical flux ratio for [OIII]λλ4959, 5007 Å
equal to 1:3 and the separation between [OIII]λ4959-5007 Å and Hβ fixed to
98–146 Å in the rest-frame, respectively.

1The limit of 1000 km s−1 for the FWHM has been set in order to account for a possible subtle
Hβ outflow component.
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• [OIII] outflow components. Specifically, one Gaussian profile with the same
σ for each component of the [OIII] has been adopted in order to accurately
constrain the possible presence of subtle broad/shifted components associ-
ated to outflows. Furthermore, we left free to vary the values of the FWHM
(FWHMbroad

[OIII]) and centroids (λbroad
[OIII]) in the range 500–2500 km s−1 and 4980–

5034 Å, respectively, which are based on the values derived for these spectral
parameters from the analysis of the [OIII] broad features in Bischetti et al.
(2017). Given the weakness of the outflow in our objects, we do not in-

cluded any outflow component in the Hβ line, corresponding to the [OIII]
outflow component, as it will be irrelevant with respect to the dominant broad
component from the BLR.

• Hβ broad component associated with the Broad line region (BLR). We
used one Gaussian profile with width free to vary or a broken power-law
component convolved with a Gaussian curve (e.g. Nagao et al. 2006, Carniani
et al. 2015, Bischetti et al. 2017).

Similarly to Bischetti et al. (2017), in order to fit the prominent FeII emission, we
included one or two Fe II templates depending on the complexity of the iron emission
(see Sect. 1.2.b for a detailed discussion about the FeII). Specifically, we chose
among a library consisting of the three observational templates by Boroson & Green
(1992), Véron-Cetty et al. (2004), Tsuzuki et al. (2006) and twenty synthetic FeII
templates obtained with the CLOUDY plasma simulation code (Ferland et al. 2013),
which takes into account different hydrogen densities, ionizing photon densities and
turbulence. The FeII template was then convolved with a Gaussian function with
a σ in the range 500-4000 km s−1. Finally, the continuum was fitted by a power
law component with the normalization left free to vary and the slope derived from
the best-fit SED in the wavelength range of the observations. This parametrization
worked well for all but two sources, i.e. J1538 and J2123, for which we used a slope
left free to vary. We estimated the statistical noise from the line-free continuum
emission and assumed to be constant over the entire wavelength bandwidth.

This fit yielded a good description of the observed NIR spectrum of the WISSH
quasars. The results of our spectral analysis and of Bischetti et al. (2017) for the Hβ
and [OIII]λ5007 emission lines are listed in Table 4.1 and Table 4.2, respectively.
From the [OIII]-Hβ core component, we estimated the spectroscopic redshift.

The bulk of the Hβ emission is provided by the BLR component, well fitted by
a broken power-law for all but four cases (J0801, J0958, J1422, J1521), which are
better fitted by a Gaussian component. The FWHM of Hβ associated with the BLR
has a range of 4000-7000 km s−1, with a rest-frame equivalent width of 20–100 Å .

The normalization of the [OIII] emission line associated to the NLR is consistent
with zero in all but three quasars (namely J0958, J1106 and J1236) for which the
rest-frame equivalent width (REW hereafter) of the core component of the [OIII]
emission line is ≈ 1 Å, confirming the weakness of this feature in the LUCI spectra
considered here.
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Table 4.1. Properties of NLR and BLR components of the Hβ emission line derived from parametric model fits
(see Sect. 4.1 for details)

SDSS Name za FWHMNLR
Hβ REWNLR

Hβ λBLR
Hβ FWHMBLR

Hβ REWBLR
Hβ Flux HβBLR/ Flux HβTot

(Å) (km s−1) (Å)
J0801+5210 3.257±0.002 1000∗ 2 4862±1 6100+100

−200 43.8+0.2
−0.7 0.95+0.05

−0.09
J0958+2827 3.434±0.001 1000∗ 1 4859±1 5100+100

−200 39±1 0.95±0.05
J1106+6400 2.221+0.002

−0.003 1000∗ 1 4850+1
−2 7900+300

−200 92±3 0.99±0.01
J1111+1336 3.490+0.004

−0.005 1000∗ 1 4871+1
−2 7400±100 71+2

−1 0.99+0.01
−0.02

J1157+2724 2.217±0.001 1000∗ 3 4849±1 4200±100 56±1 0.95±0.03
J1201+0116 3.248+0.002

−0.001 1000∗ 7 4855±2 4700+100
−300 55±2 0.89+0.05

−0.04
J1236+6554 3.424±0.001 1000∗ 1 4848±2 5300±200 64±2 0.98+0.02

−0.03
J1421+4633 3.454±0.002 1000∗ 2 4838±3 6500±300 55+2

−1 0.96+0.04
−0.03

J1422+4417 3.648±0.001 1000∗ 3 4851±2 4400+300
−200 21±1 0.89±0.20

J1521+5202 2.218±0.001 1000∗ 1 4861±1 7200±100 26±1 0.96+0.04
−0.06

J1538+0855 3.567+0.003
−0.002 1000∗ 2 4843±2 5500+400

−200 104+4
−3 0.98±0.02

J2123-0050 2.282±0.001 1000∗ 1 4850±2 4900±200 41±1 0.97+0.01
−0.02

J2346-0016 3.511+0.001
−0.002 1000∗ 4 4864+4

−7 5800+300
−600 66+6

−5 0.94+0.06
−0.09

J0745+4734† 3.225±0.001 500±200 - 4862±1 8600±200 86+3
−2 0.98+0.02

−0.08
J0900+4215† 3.294±0.001 300±100 <1 4861±1 3200±200 55±1 0.98±0.02
J1201+1206† 3.512±0.002 1700±200 10±2 4865±2 6200±300 68±1 0.86±0.07
J1326-0005† 3.303±0.001 700±200 <2 4862±1 3700±200 96±1 0.93+0.07

−0.09
J1549+1245† 2.365±0.001 300±200 <1 4871±2 8300±300 64±2 0.98+0.02

−0.09

a Redshifts are based on the core component of Hβ emission line from NIR spectroscopy.
* Best fit value corresponding to the maximum allowed value of FWHM (see Sect. 4). For these objects we

only report the REWNLR
[Hβ] and FWHMNLR

[Hβ] corresponding to the best-fit values.
† WISSH quasars with LUCI1 spectra analyzed in Bischetti et al. (2017). For these objects the redshifts are

based on the core component of the [OIII] emission line.
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Table 4.2. Properties of the core (C) and broad (B) components of the [OIII]λ5007
emission line derived from parametric model fits. (see Sect. 4.1 for details)

SDSS Name Component FWHM[OIII] λ[OIII] REW[OIII] L[OIII]

(km s−1) (Å) (Å) (1042 erg s−1)
J0801+5210 C 1000* 5007±1 <0.1 <2.3

B 1200±300 5026±5 0.7+0.3
−0.2 15±7

J0958+2827 C 1000* 5007±2 1 13
B 2500* 4980* 4 44

J1106+6400 C 1000* 5007±4 1 10
B 500* 5022±2 0.3 5

J1111+1336 C 1000* 5007+3
−2 <0.04 <1

B 1000±200 5029±2 0.9±0.2 16±4
J1157+2724 C 1000* 5007±1 <0.1 <2

B 500* 4995±2 1 6
J1201+0116 C 1000* 5006±1 <0.2 <3

B 500* 5022+7
−35 0.2 5

J1236+6554 C 1000* 5007±2 1 16
B 800+300

−200 5022±2 1.0+0.4
−0.3 12±4

J1421+4633 C 1000* 5007±2 <0.01 <1
B 700±100 5027±2 1.4±0.2 26±6

J1521+5202 C 1000* 5007±1 <0.1 <0.1
B 1300±100 5033±1 1.5±0.1 46.0±4.0

J1538+0855 C 1000* 5007±3 <1 <16
B 2000±300 4987+3

−2 8±1 210+40
−30

J2123-0050 C 1000* 5007±2 <0.01 <0.3
B 2300 4980* 3 60

J2346-0016 C 1000* 5007±2 <0.2 <4
B 1500±400 5030+4

−3 3±1 50±20

J0745+4734† C 500±200 5007±1 4±1 200±100
B 1600±200 4999±1 25±1 1100±300

J0900+4215† C 300±100 5007±1 1±1 50+100
−30

B 2200±200 4999±1 13±1 500±100
J1201+1206† C 1700±200 5007±2 19±1 500±100

B 900±200 4990±2 6±1 200±100
J1326-0005† C 700±200 5007±1 27±1 600±300

B 1900±200 4997±1 50±1 1100±300
J1549+1245† C 300±200 5007±1 1±1 20+40

−10

B 1200±200 5012±1 14±1 500±100
† WISSH quasars analyzed in Bischetti et al. (2017)
* Best fit value corresponding to the minimum or maximum allowed value of

FWHM or centroid (see Sect. 4). For these we only report the REW[OIII] and
L[OIII] corresponding to the best-fit values.
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Regarding the spectral components associated to a wind, for all but one (J1538)
QSOs the best value of their FWHMs or centroids is equal to the maximum or
minimum value allowed by our model (500–2500 km/s and 4980Å, respectively), or
the centroids fall extremely redward to 5007 Å (i.e. > 5020 Å). The combination
of these findings strongly suggests that this weak (REWbroad

[OIII] ≤ 3 Å) Gaussian
component is likely accounting for additional FeII emission not properly fitted by
the templates, instead of being due to a wind. In the case of J1538, we measure a
broad (FWHMbroad

[OIII] = 1980 km s−1), blueshifted (vbroad
[OIII] ∼ 1200 km s−1) component

with a REWbroad
[OIII] = 7.7 Å, making us highly confident to associate this spectral feature

with blueshifted [OIII] emission. Hereafter, we refer to "[OIII] sample" as the
group of WISSH quasars showing a REW of the [OIII] emission line (narrow+broad
components) ≥ 5 Å, while quasars with REW[OIII] < 5 Å are included in the "Weak
[OIII] sample".

4.2 Modeling of the CIV emission
We shifted the SDSS UV rest-frame spectra of the 18 WISSH QSOs with Optical
rest-frame spectroscopy (i.e. 13 QSOs analyzed this Thesis work plus 5 from
Bischetti et al. (2017), see Table 4.3) to the systemic rest-frame using the redshift
measured from Hβ/[OIII] core component. The analysis of the SDSS spectra was
focused in the spectral region of CIV emission line at 1549 Å, including spectral
ranges free of emission/absorption features at both sides of the CIV line centroid, in
order to constrain the underlying continuum.

The CIV emission was fitted using a combination of up to three Gaussian profiles
with spectral parameters (centroid, width and normalization) left free to vary. We
found that for all but three quasars the best-fit model consists on a combination of
two Gaussian components. For the BAL quasars J1157+2724 and J1549+1245,
for which the blue side of CIV line profile is heavily affected by absorption, the
CIV is modeled by one Gaussian component (see Fig. C.4(left) for J1157 and Fig.
C.8(right) for J1549 in the Appendix C) and for the quasar J0745+4734, showing
a very prominent peak at 1549 Å , the best-fit model of the CIV profile is the
combination of three Gaussian components (see Fig. C.1(left) in the Appendix C).

We considered in our fits the presence of FeII emission by using UV FeII
templates from Vestergaard & Wilkes (2001), although FeII is not particularly strong
in the CIV region. These templates were convolved with Gaussian profiles of
different widths to account for the observed FeII-related emission features in the
spectra. If requested, we also included in the model one or two Gaussian components
to account for HeIIλ1640 Å and/or OIII]λ1664 Å emissions.

The resulting physical parameters of the CIV emission for the 18 WISSH quasars
are listed in Table 4.3. We found a median value of REWCIV = 21 Å with the lowest
value for the object J1521 (REWCIV = 8 Å), confirming its WLQ nature (Just et al.
2007; see Sect. 1.4.a for more details about WLQs). The CIV emission profile

is broad with a median value of FWHMCIV = 7800 km s−1 and, in four cases,
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Figure 4.1. Parametrization of the CIV emission line profile of a Weak [OIII] quasar (Upper
panel) and a [OIII] quasar (lower panel). In both panels the red, yellow and blue curves
refer to the best-fit of the spectrum, virialized component and outflow component of the
CIV emission line, respectively. The black dashed line indicates the λCIV at 1549 Å .
The red dotted-dashed line denotes the peak of the CIV emission line and vpeak

CIV represent
its velocity shift with respect to the systemic λ1549 Å . The blue dotted-dashed line
indicates the peak of the outflow component and vout

CIV is its velocity shift with respect to
the systemic redshift. In the lower panel the green curve refers to component required
by the fit, in order to better described the CIV profile.
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exceptional values of FWHMCIV (> 10000 km s−1) are detected. Moreover we found
that the peak of the CIV profile is blueshifted with respect to the systemic redshift
with a velocity shift (vpeak

CIV hereafter) in the range of vpeak
CIV = 200 – 7500 km s−1 in all

cases but J1326 (vpeak
CIV = -50 km s−1) 2.

The CIV emission line in the Weak [OIII] quasars shows broad, strongly blue
and asymmetric profiles, with vpeak

CIV in the range of vpeak
CIV = 2500 – 7500 km s−1 .

This clearly indicates the presence of an outflowing component associated with this
transition. According to the best-fit model, we refer to the Gaussian line with the
most blueshifted centroid as the outflow component with vout

CIV indicating its velocity
shift with respect to the systemic (see Fig. 4.1 upper panel).

The [OIII] sample exhibits the FWHMCIV in the range of 2000-5000 km s−1,
and lower blueshifts than those of the Weak [OIII] QSOs , i.e. vpeak

CIV
>
∼ 2000 km

s−1. The profile of the CIV line in [OIII] QSOs typically is more symmetric than in
Weak [OIII] objects, indicating a dominant contribution from emission of virialized
gas. We therefore consider in this case the Gaussian component with the largest
FWHM as the virialized one of the CIV emission line, while the second Gaussian
component with a smaller FWHM is assumed to represent the emission associated
to the wind (see Fig. 4.1 lower panel). It is worth noting that for the vast majority of
our objects we measure a virialized component with a centroid not consistent (> 2σ)
with 1549 Å (see Appendix C). This can be interpreted in terms of a low-velocity
component likely associated to a virialized flow in a rotating accretion disk wind
(Young et al. 2007; Kashi et al. 2013). Finally, in case of J1538, an [OIII] object
that also exhibits some distinctive properties of Weak [OIII] sources (e.g. Appendix
A), the virialized and outflow components of the CIV emission are assumed as for
Weak [OIII] sources.

2It is important to bear in mind the presence of BAL features affecting the CIV line profile in this
quasar
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Table 4.3. Properties of CIVλ1549 emission line derived from parametric model fits (see
Sect. 4.2 for details)

SDSS Name λCIV peak vpeak
CIV

,† REWCIV FWHMCIV LCIV

(Å) (km s−1) (Å) (km s−1) (1045 erg s−1)
J0745+4734 1548±1 200±100 31.0+0.2

−4.5 4300±100 8.3+0.2
−0.1

J0801+5210 1535±1 2700±200 17±1 10900+100
−200 2.9±0.1

J0900+4215 1546±1 600±10032±1 4200±200 6.4+0.3
−0.2

J0958+2827 1520±1 5600±280 19±4 10000±500 1.7±0.2
J1106+6400 1534±1 2900±200 20.6±0.3 7800±200 2.8±0.1
J1111+1336 1540±1 1900±100 20±1 8200±200 3.0±0.2
J1157+2724a 1529+4

−3 3800+700
−600 71+12

−14 7600+700
−800 0.9±0.1

J1201+0116 1531±1 3400±100 17±1 8500±300 1.8±0.1
J1201+1206 1544±1 1000±100 37+3

−2 5100±100 4.4+0.2
−0.1

J1236+6554 1532±1 3400±100 19.9+0.3
−0.4 7400±100 2.9±0.1

J1326-0005a 1549±1 -50+200
−100 82+6

−7 2100±200 17±2
J1421+4633 1523±1 5000+300

−100 16±2 10200+200
−300 2.1±0.2

J1422+4417 1525±1 4700±200 20±3 12400±200 5.9±0.1
J1521+5202 1511±1 7400±200 8±1 11500±400 2.1±0.1
J1538+0855 1538±1 2200±100 20.8±0.2 5160+60

−30 4.0±0.1
J1549+1245a 1547±1 400+300

−200 23±1 5700+300
−200 3.8+0.2

−0.3

J2123-0050 1537±1 2300±200 12±1 6700±200 1.7±0.1
J2346-0016 1532±1 3400+100

−200 13±2 8600+100
−200 1.2±0.1

† Velocity shifts of the CIV emission line are calculated from the peak of the
multiple Gaussians modeling the CIV profile, with respect to the systemic redshift.
See Fig. 4.1.

a Sources J1157+2724 and J1549+1245 are classified as BAL quasars according
to the Balnicity Index (BI, Weymann et al. 1991) while J1326-0005 according
to the modified absorption index (AI1000 > 100, Bruni et al. 2012), a more
conservative version of the Hall et al. (2002) AI definition. The detailed analysis
of the BAL properties of the WISSH QSOs will be presented in a forthcoming
paper (Bruni et al. in prep). For these objects the strong absorption in the CIV
emission line affects the spectral parameters.
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Chapter 5

Results

5.1 Properties of the [OIII] emission: REW[OIII] and
orientation

As discussed in Sect. 1.2.c, the observed equivalent width of the total profile of
the [OIII] emission line (REW[OIII]) can be used as indicator of the line of sight
inclination as found by Risaliti et al. (2011) and Bisogni et al. (2017), i.e. REW[OIII]

= REWintrinsic/cos(θ) (with θ as the angle between the disc axis and the line of sight).
In these works they showed that the distribution of REW[OIII] of a large sample of
SDSS DR7 AGN with 0.001 < z < 0.8, hereafter SDSS distribution, shows a power-
law tail with Γ ∼ −3.5 at the largest REW[OIII] values, which is well reproduced
by assuming an isotropic [OIII] emission (which is proportional to the intrinsic
disc luminosity) and a random inclination of the disc with respect to the line of
sight. This demonstrates that the inclination effect is the likely responsible of the
large-REW[OIII] power-law tail, whereby the higher REW[OIII] the higher inclination.

The [OIII] sample of the WISSH quasars exhibits REW[OIII] ≈ 7-80 Å, which is
mostly due to the broad blueshifted component of the [OIII] emission. Risaliti et al.
(2011) and Bisogni et al. (2017) reported that REW[OIII] ≥ 25-30 Å are associated
to nearly edge-on AGN. Half of [OIII] sources populate the high-tail of the SDSS
REW[OIII] distribution with REW[OIII]

>
∼ 25 Å (Fig. 5.1 top). Therefore, a high

inclination, i.e. θ ≈ 28◦ - 73◦ (Bisogni et al. in prep.), can likely explain such large
REW[OIII].

For all but four quasars in the Weak [OIII] sample we estimated the REW[OIII]

<2 Å, i.e. a range not covered by the SDSS distribution, which indeed includes
objects having REW[OIII] > 2. Given their high bolometric luminosities, weak [OIII]
emission is expected in WISSH quasars due to over-ionization of the circumnuclear
gas as found in Shen & Ho (2014) by analyzing the rest-frame optical spectra of ∼
20000 Type-1 SDSS quasars (see Sect. 1.4.b). Another explanation for the reduced
[OIII] emission could be linked to geometrical factors: if the ionization cone is
indeed more perpendicular to the galaxy disk it would intercept a lower amount of
ISM, resulting in a [OIII] line with a lower REW.
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Figure 5.1. Observed distribution of the WISSH quasars for the [OIII] and Weak [OIII]
samples of (a) REW[OIII] and (b) REWHβ, compared to the best-fit of the REW[OIII] and
REWHβ observed distributions of SDSS DR7 AGNs of Bisogni et al. (2017) (black
solid line).

Furthermore, the [OIII] WISSH quasars typically have higher REWHβ values
than the Weak [OIII] sources (Fig. 5.1, bottom), supporting a larger inclination
scenario which leads to an observed lower underlying continuum. We also note
that the REWHβ distribution of the WISSH quasar is consistent with SDSS REWHβ

distribution.
If the inclination plays a role to explain the large differences in REW[OIII] between

[OIII] and Weak [OIII] WISSH quasars, we also expect differences in the near-
and mid-IR SED, as found by Bisogni et al. 2017 (in preparation) in a large SDSS
sample of quasars. Face-on quasars offer a direct view of the hottest dust component
located in the innermost part of the torus, while in case of high-inclination sources
the view of this region can be partially blocked. This is consistent with the result
obtained by comparing the average near- to mid-IR SEDs corresponding to WISE
photometry of the quasars in the [OIII] and Weak [OIII] samples (Fig. 5.2) where
sources with high REW[OIII] show a flux deficit in the NIR part of the SED around 3
µm with respect to Weak [OIII] sources.

5.2 Single epoch Hβ-based SMBH masses and Ed-
dington ratios

In Sect. 1.2.b i presented the common method of measuring the black hole mass
(MBH), i.e. the so-called Single Epoch technique (SE), which depends on BLR
size estimated from the continuum luminosity of the quasar and on the velocity
dispersion of the BLR, derived from the FWHM of a specific broad emission line, i.e
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Figure 5.2. Average near- to mid-IR SEDs corresponding to WISE photometry of the
WISSH [OIII] (dashed blue line) and Weak [OIII] samples (red line), normalized at
15µm (dot-dashed line).

Figure 5.3. Bolometric luminosity as a function of BH mass for the WISSH sample, com-
pared to PG quasars from Tang et al. (2012) and Baskin & Laor (2004) and WLQs from
Plotkin et al. (2015). Luminosity in fractions of 0.1, 0.5 and 1 Eddington Luminosity
are respectively indicated with dot-dashed, dotted and dashed lines. Contours levels
(0.01, 0.1, 0.5, and 0.9 relative to the peak) refer to SDSS DR7 quasars from Shen et al.
(2011).
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Hα, Hβ, MgII or CIV, depending on the redshift (McGill et al. 2008; Trakhtenbrot
& Netzer 2012; Matsuoka et al. 2013). As mentioned in Sect. 4.2, the CIV emission
line is affected by the presence of non virialized components (Baskin & Laor 2005;
Richards et al. 2011) which can bias the BH mass estimation. The Hβ clouds
are mostly dominated by virial motions, ascribing this emission line as the best
estimator of the SMBH mass (Denney 2012). In order to estimate MBH, we used SE
relation for Hβ reported in Bongiorno et al. (2014), i.e.

Log(MBH/M�) = 6.7 + 2 × Log
(

FWHM
103 km s−1

)
+ 0.5 × Log

(
λLλ

1044 erg s−1

)
(5.1)

For each quasar, we used the best-fit value of the FWHM of the broad component
of Hβ line derived in Sect. 4 (see Table 4.1) and the continuum luminosity at 5100 Å
obtained from broad-band multi-component SED fitting (Duras et al. in prep). We
list the results of Hβ-based MBH for all the WISSH quasars with rest-frame optical
spectroscopy in Table 5.1. 1

We found that all the BHs have masses larger than 109 M�, with 9 out of 18
quasars hosting SMBHs with MBH

>
∼ 5 × 109 M�. Based on these Hβ-based MBH

values and bolometric luminosities, derived from broad-band multi-component SED
fitting (Duras et al. in prep), we derived Eddington ratios λedd = 0.4 – 3.1 (with
a median value of 1). Fig. 5.3 shows the comparison of the MBH, LBol and λedd

measured for WISSH quasars with those derived from (i) a sample of ∼23,000
SDSS quasars with 1.5 ≤ z ≤ 2.2 with MgII-based MBH (Shen et al. 2011, contour
lines), hereafter "SDSS sample", (ii) the z < 0.5, bright PG quasars with Hβ-based
MBH (Tang et al. 2012; Baskin & Laor 2004, green diamonds) and (iii) the WLQs
with Hβ-based MBH from Plotkin et al. (2015) (orange circles). The luminosity in
fraction of 0.1, 0.5 and 1 Eddington Luminosity is reported. The WISSH quasars
are therefore powered by highly accreting SMBHs at the heaviest end of the MBH

function and allow to probe the extreme AGN accretion regime and the impact of
this huge radiative output on the properties of the nuclear region and the surrounding
host galaxy.

5.3 Properties of the CIV emission line

5.3.a CIV velocity shift
Previous works have found that the CIV emission line typically shows a velocity
blueshift with respect to the systemic redshift (Gaskell 1982), suggesting it is
associated with outflowing gas in the BLR (see Sect. 1.4.a for a discussion about
the CIV winds). As already mentioned in Sect. 4.2, for the WISSH objects we

1The error associated to the MHβ
BH and MCIV

BH includes both the statistical uncertainties and the
systematic uncertainty in the virial relation itself (∼ 0.3 dex, see Bongiorno et al. , 2014, for a
complete discussion)
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Table 5.1. The following information is listed: (1) SDSS ID, (2) Logarithm of intrinsic
luminosity at 5100 Å , (3) Hβ-based SMBH mass (in units of 109 M�), (4) CIV-
based SMBH mass listed in Shen et al. (2011) (in units of 109 M�), (5) Logarithm
of bolometric luminosity (Duras et al. 2017, in prep), and (6) Eddington ratio

SDSS Name Log L5100 MHβ
BH MCIV

BH Log LBol λEdd

(1) (2) (3) (4) (5) (6)
J0745+4734 47.3 15.7±10.8 8.7±6.0 48.0[48.2]a 0.5+0.5

−0.3

J0801+5210 47.1 6.2±4.3 38.9±26.9 47.8 0.7±0.5
J0900+4215 47.2 2.1±1.5 6.6±4.6 48.0[48.1]a 3.1+0.6

−2.2

J0958+2827 46.9 3.5±2.4 33.9±23.4 47.6 0.8±0.6
J1106+6400 47.0 10.0±6.9 19.1±13.2 47.8 0.5±0.3
J1111+1336 47.0 8.5±5.9 21.9±15.1 47.7 0.5±0.3
J1157+2724 47.0 2.6±1.8 2.1±1.5 47.6 1.3±0.9
J1201+0116 47.0 3.2±2.3 19.9±13.8 47.6 1.0±0.7
J1201+1206 47.1 6.5±4.5 6.2±4.3 47.8[47.9]a 0.7+0.3

−0.5

J1236+6554 47.0 4.3±3.0 22.9±15.8 47.7 0.8±0.6
J1326-0005 47.0 2.1±1.6 0.11±0.08 47.8[48.3]a 2.1+0.7

−1.6

J1421+4633 47.0 6.2±4.3 25.1±17.4 47.7 0.6±0.4
J1422+4417 47.3 4.4±3.1 28.2±19.5 48.0 1.8±1.3
J1521+5202 47.2 9.98±6.8 9.9±6.8 47.9 0.7±0.5
J1538+0855 47.1 5.5±3.8 10.5±7.3 47.8[47.8]a 1.0+0.8

−0.7

J1549+1245 47.1 12.6±8.7 1.9±1.3 47.8[47.9]a 0.4+0.9
−0.3

J2123-0050 47.0 3.9±2.7 20.4±14.1 47.7 1.1±0.7
J2346-0016 46.8 4.3±3.0 17.4±12.0 47.5 0.7±0.2
a [..] refers to Bolometric Luminosity corrected for orientation effect
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Figure 5.4. REWCIV as a function of vpeak
CIV for different samples. The WISSH quasars

are indicated by blue and red stars, for [OIII] and Weak [OIII] samples respectively.
Contours levels (0.03, 0.1, 0.5, and 0.9 relative to the peak) refer to the SDSS DR7
sample from Shen et al. (2011). The green diamonds indicate the PG quasars from
Baskin & Laor (2004) and Tang et al. (2012). The orange circles refer to the sample of
WLQs from Plotkin et al. (2015), Luo et al. (2015) and Wu et al. (2011). The purple
dashed line marks the REWCIV = 10 Å , which is the threshold for the WLQs. The
distribution of the REWCIV and vpeak

CIV are on the right and on the bottom, respectively.
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Figure 5.5. Rest-frame EW of [OIII]λ5007 as a function of REWCIV (left) and vpeak
CIV (right)

for the WISSH targets (i.e. blue stars for the [OIII] sample and red stars for the Weak
[OIII] sample), compared to the Shen (2016a) and Tang et al. (2012) samples. The
dashed red line refers to the WISSH [OIII] dichotomy, with REW[OIII] boundary value
of 5 Å.

measured the CIV velocity shifts (vpeak
CIV ) from the peak of the entire CIV emission

line model fit with respect to the systemic redshift (similar approach is used in the
work of Shen et al. (2011) for "SDSS sample").

Fig. 5.4 indicates an anti-correlation between the vpeak
CIV and the strength of the

CIV emission line for the WISSH quasars. This result was already reported by
previous studies, e.g. Corbin & Boroson (1996); Richards et al. (2002).

We compare our findings with those derived for the SDSS sample 2 (contours),
PG quasars (Tang et al. 2012; Baskin & Laor 2004), and WLQs and PHL1811-
analogs (Plotkin et al. 2015, Luo et al. 2015 and Wu et al. 2011). Remarkably, Weak
[OIII] WISSH quasars show extreme velocity shifts, comparable to the largest vpeak

CIV
reported so far in WLQs. Interestingly, while WLQs show the distinctive property
of a REWCIV ≤ 10 Å, the WISSH sample have a REWCIV ≥ 10 Å, demonstrating the
existence of high-velocity outflows traced by high-ionization species also in sources
with higher REWCIV than those of the WLQs.

In Fig. 5.5 the REW[OIII] as a function of the REWCIV (left) and vpeak
CIV (right) is

shown for the WISSH QSOs. We considered the core and broad components of the
[OIII] emission line for the WISSH sources with fixed values of REW[OIII] and the
broad component alone for the WISSH objects having upper limits on the [OIII]
core component (see Sect. 4.1 about results of [OIII] spectral analysis).

2We used the improved redshift estimates of Hewett & Wild (2010), derived using emission lines
not including the CIV.
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We discovered an intriguing dichotomy between [OIII] sample, which shows
small values of vpeak

CIV ( <
∼ 2000 km s−1) with REWCIV ≥ 20 Å and Weak [OIII] sample,

exhibiting vpeak
CIV

>
∼ 2000 km s−1 with REWCIV ≤ 20 Å. This is also supported by

the same behaviour shown by the quasars in the Shen (2016a) and Tang et al.
(2012) samples, which populate the same region of the plane REW[OIII] – vpeak

CIV . This
dichotomy can be likely interpreted assuming a polar geometry for the CIV winds,
where the bulk of the emission is along the polar direction, against [OIII] quasars
which are supposed to be viewed at high inclination.

We also investigated the possible relation between the vpeak
CIV with the FWHM of

the broad emission lines, i.e. CIV and Hβ, by combining WISSH quasars with other
samples in Fig. 5.6 (top) . For this purpose we used 84 SDSS quasars at 1.5 < z <
3.5 with available Hβ information (67 sources from Shen 2016b, Shen & Liu 2012
and 17 objects from Coatman et al. 2016), 44 radio-quiet non-BAL PG quasars
from Baskin & Laor (2004) and Tang et al. (2012), 6 WLQs from Plotkin et al.
(2015) with z ∼ 1.4 – 1.7. All these objects cover a luminosity range Log(Lbol/erg
s−1) = 44.5 – 48. We refer to these samples as "Hβ sample". As expected, sources
with large vpeak

CIV ( >
∼ 2,000 km s−1) show a CIV emission line with a broad profile

( >
∼ 6,000 km s−1). This suggests that for these sources the line profile is likely

the result of the combination of virialized component plus a strongly outflowing
one. Fig. 5.6 (bottom panel) shows the behaviour of the FWHM of the outflow
component of the CIV emission line resulting from our multi-component fit (see
Sect. 4.2) as a function of the vpeak

CIV . Performing the Spearman rank correlation we
found r = 0.6 and P-value = 5.2× 10−3, indicating that a large width of this spectral
component can be indeed considered as a proxy of the presence of high velocity
outflows.

No clear trend is found between the FWHMHβ and the vpeak
CIV , as shown in Fig. 5.7.

Interestingly, the WISSH QSOs show the FWHMHβ ≥ 4000 km s−1, even for those
sources with large vpeak

CIV , while previous works claimed the presence of large vpeak
CIV

in quasars with FWHMHβ < 4000 km s−1, i.e. the so-called Population A (Sulentic
et al. 2011, 2007; Marziani et al. 2010, 2016) and WLQs (Plotkin et al. 2015).
This indicates that the inclusion of quasars with extreme luminosities as the WISSH
ones put no limits on the FWHMHβ for the presence of large CIV blueshifts.
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Figure 5.6. (top) FWHMCIV of the entire emission line profile as a function of vpeak
CIV for

the WISSH sample, compared to PG QSOs from Baskin & Laor (2004) and Tang et al.
(2012) (green diamonds), WLQs from Plotkin et al 2015 (orange circles) and SDSS

quasars from Shen (2016a) and Coatman et al. (2016) (magenta squares). (bottom)
FWHM(CIV) of the outflow component , as a function of vpeak

CIV for the WISSH sample.
The black line indicates the best linear fits to the data and the purple lines are its 1
standard deviation error.
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Figure 5.7. FWHM(Hβ) as a function of vpeak
CIV for the WISSH sample, compared to PG

QSOs from Baskin & Laor (2004) and Tang et al. 2012 (green diamonds), WLQs from
Plotkin et al 2015 (orange circles) and SDSS quasars from Shen (2016a) and Coatman
et al. (2016) (magenta squares).
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5.3.b Mass and kinetic power of CIV winds

We estimated the ionized gas mass (Mion
out) of the outflow associated to the outflow

component of the CIV emission line for the Weak [OIII] sources according to the
following formula from Marziani et al. (2016). This relation assumes a constant
density scenario for the CIV emitting gas (i.e., n(C3+)/n(C) = 1) and takes into
account the carbon abundance:

Mion = 9.5 × 102 × L45(CIV) × Z−1
5 × n−1

9 (M�) (5.2)

where L45(CIV) is the luminosity of the outflow component in units of 1045 erg
s−1, Z5 is the metallicity in units of 5 Z� (i.e. the typical value measured for the
BLR in high-z luminous quasars, Nagao et al. 2006) and n9 is the gas density in
units of 109 cm−3. For the Weak [OIII] sample we estimated Mion =150 – 1100 M�,
assuming Z = 5 Z� and n = 109.5 cm−3 (see Table 5.2). From equation (5.2) it is
possible to derive the mass outflow rate (Ṁion

out), i.e. the mass of ionized gas passing
through a sphere of radius R:

Ṁion = 3 × (Mion × v)/R1 (M� yr−1) (5.3)

where v = vout
CIV and R1 is the outflow radius in units of 1 pc. The BLR radius-

luminosity relation (RBLR ∝ L0.5
5100, e.g. Bentz et al. 2009), indicates a typical radius

of ∼ 1 pc for the WISSH quasars with luminosity L5100 > 6 × 1046 erg s−1. We
inferred Ṁion

out in the range ≈ 3 – 30 M� yr−1, which is similar to the accretion rate
for a quasar with LBol corresponding to the median LBol of the WISSH range, i.e.
∼ 70 M�yr−1 for LBol = 4 × 1047 erg s−1, assuming a radiative efficiency of 10%.
Accordingly, the kinetic power of the outflow can be expressed as:

Ėkin =
1
2

Ṁ × v2 (erg s−1) (5.4)

The resulting values of Ėkin associated to the outflow component as a function
of LBol are plotted in Fig. 5.8 as red filled symbols for objects in the Weak [OIII]
sample.

Since the [OIII] quasars also show an outflow component of the CIV emission
(see Fig. 4.1), we were able to provide an estimate of Mion

out, Ṁion
out and Ėkin also

for them. Moreover, as discussed in Sect. 5.1, [OIII] quasars are supposed to be
viewed at high inclination. Accordingly, we estimated Ṁion

out and Ėkin by assuming
the so-called maximum velocity vmax

CIV = vout
CIV+ 2×σout

CIV, where σout
CIV is the velocity

dispersion of the outflow component, taking into account projection effects and can
be indeed considered representative of the bulk velocity of the outflow in case of
biconically symmetric outflowing gas (see Bischetti et al. (2017) and references
therein). In Fig. 5.8 the Ėkin values associated to the outflow component in [OIII]
sources are plotted as blue filled stars.

As mentioned in Sect. 4.2, the bulk of virialized component of the CIV emission
line is located bluewards 1549 Å in our fits for both the Weak [OIII] and (even
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Figure 5.8. Kinetic power of the BLR winds as a function of LBol . Red filled stars refer to
values of Ėkin of the Weak [OIII] quasars derived from the CIV outflow component using
vout

CIV . Blue filled stars refer to values of Ėkin of the [OIII] quasars derived from the entire
CIV profile using vmax . Blue and red empty stars refer to values of Ėkin derived from
the entire CIV profile using vpeak

CIV , for the [OIII] and Weak [OIII] QSOs, respectively.
BLR winds are compared with WISSH NLR ionized outflows from Bischetti et al.
(2017) (green diamonds).

slightly) [OIII] quasars. This means that it can be also associated with an outflow
and, therefore, we also derived Mion

out, Ṁion
out and Ėkin using the formula (2), (3), (4),

considering its luminosity in addition to that of the outflow component and adopting
vpeak

CIV in the calculations of the outflow rates (see Table 5.3). The kinetic power
derived by considering the entire profile of the CIV emission line are shown in
Fig. 5.8 as red and blue empty symbols for the Weak [OIII] and [OIII] samples,
respectively. In the case of Weak [OIII] sources they are a factor of ≈ 2-10 smaller
than the values based only on the luminosity and velocity of the outflow component
(vpeak

CIV< vout
CIV), due to the Ėkin ∝ v3 dependence. In the case of [OIII], the Ėkin

calculated in this way are a factor of >
∼ 100-1000 smaller than those derived by

using vmax. Accordingly, they can be considered as very conservative estimates of
Ėkin.

As shown in Fig. 5.8 the bulk of kinetic power of the BLR winds discovered
in WISSH quasars is Ėkin ∼ 10−5 × LBol for both Weak [OIII] and [OIII] quasars.
It is instructive to compare these Ėkin with those inferred for ionized NLR winds
traced by [OIII]. The 20% of the BLR winds detected in WISSH quasars shows
kinetic powers comparable (i.e. 10−3 < Ėkin < 10−2 × LBol) to those estimated for
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Table 5.2. Properties of the CIV outflows derived from the outflow component. The
following information are listed: (1) SDSS ID, (2) CIV luminosity (in units of 1045

erg s−1), (3) ionized gas mass, (4) velocity of the outflow component, (5) ionized gas
mass rate and (6) kinetic power (units of 1042 erg s−1)

SDSS Name LCIV Mion
out vout/max

CIV
* Ṁion

out Ėkin

(1045erg s−1) (M�) (km s−1) (M� yr−1) (1042erg s−1)
(1) (2) (3) (4) (5) (6)
J0745+4734† 1.90+0.05

−0.03 570 4200±100 7.3 40
J0801+5210 2.6±0.1 770 5100+200

−100 11.9 100
J0900+4215† 1.4±0.1 420 2600+100

−200 3 7
J0958+2827 0.7±0.2 220 10700+1400

−1000 7 260
J1106+6400 2.3±0.1 690 3800±200 8 40
J1111+1336 2.6±0.2 780 2400±200 6 10
J1157+2724 0.9±0.1 270 3800+700

−600 3 15
J1201+0116 0.5±0.1 150 9800+500

−300 4 130
J1201+1206† 1.1±0.1 340 3600+100

−200 4 20
J1236+6554 2.4±0.1 710 4600+200

−100 10 68
J1326-0005† 6.9±0.1 2090 1600±200 10 8
J1421+4633 0.5±0.1 160 10400+500

−300 5 170
J1422+4417 3.7±0.1 1100 9400+400

−700 31 870
J1521+5202 1.1±0.1 330 12600+1500

−700 13 630
J1538+0855† 1.9±0.1 585 13400±300 24 1360
J1549+1245† 3.8+0.2

−0.3 1070 5200+300
−200 16 125

J2123-0050 1.2±0.1 350 4700+300
−200 5 35

J2346-0016 0.5±0.1 150 7600+500
−300 3 62

* We used vout
CIV and vmax

CIV in the calculation of the outflow properties of the Weak
[OIII] and [OIII] quasars respectively (see Sect. 5.3.b).

† [OIII] WISSH quasars
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Table 5.3. Properties of the CIV outflows derived from the CIV entire profile. The following
information are listed: (1) SDSS ID, (2) CIV luminosity (in units of 1045 erg s−1), (3)
ionized gas mass, (4) velocity shift, (5) ionized gas mass rate and (6) kinetic power
(units of 1042 erg s−1)

SDSS Name LCIV Mion
out vpeak

CIV Ṁion
out Ėkin

(1045erg s−1) (M�) (km s−1) (M� yr−1) (1042erg s−1)
(1) (2) (3) (4) (5) (6)
J0745+4734 8.3+0.2

−0.1 2500 200±100 2 0.02
J0801+5210 2.9±0.1 860 2700±200 7 17
J0900+4215 6.4+0.3

−0.2 1940 600±100 3 0.3
J0958+2827 1.7±0.2 520 5600±200 9 90
J1106+6400 2.8±0.1 840 2900±200 7 19
J1111+1336 3.0±0.2 900 1900±100 5 6
J1157+2724 0.9±0.1 270 3800+700

−600 3 15
J1201+0116 1.8±0.1 540 3400±100 6 20
J1201+1206 4.4+0.2

−0.1 1350 1000±100 4 1
J1236+6554 2.9±0.1 870 3400±100 9 32
J1326-0005 17±2 4990 -50+200

−100 1 0.001
J1421+4633 2.1±0.2 640 5000+300

−100 10 78
J1422+4417 5.9±0.1 1780 4700±200 25 174
J1521+5202 2.1±0.1 620 7400±200 14 250
J1538+0855 4.0±0.1 1210 2200±100 8 12
J1549+1245 3.8+0.2

−0.3 1130 400+300
−200 1 0.01

J2123-0050 1.7±0.1 520 2300±200 4 6
J2346-0016 1.2±0.1 350 3400+100

−200 4 13
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NLR winds in [OIII] sources (green diamonds). Remarkably, in one case, i.e. J1538,
the outflows associated to CIV and [OIII] have consistent Ėkin values (see Appendix
A). This would suggest that we are possibly revealing the same outflow in two
different gas phases at increasing distance from the AGN (in an energy conserving
scenario). This further supports the idea that this object represents a hybrid showing
a mixture of the distinctive properties of the two populations of Weak and [OIII]
quasars, suggesting not a clear dichotomy between the two samples but a continuous
correlation.

Hereafter, we consider the outflow parameters derived by using vout
CIV and vmax

for the Weak [OIII] and the [OIII] quasars, respectively, as the most representative
ones. Fig 5.9 shows a comparison of Ėkin as a function of LBol between the NLR
and BLR winds revealed in WISSH quasars and a large collection of [OIII]-based
NLR winds from a heterogeneous AGN sample reported in Fiore et al. (2017). A
sizable fraction of BLR winds in Weak [OIII] and [OIII] quasars are as powerful
as NLR winds in less luminous quasars, with Ėkin < 1043−44 erg s−1. This suggests
that BLR winds should be taken into account to obtain a complete census of strong
AGN-driven winds and comprehensively evaluate their effects of depositing energy
and momentum into the ISM.

In order to give an idea of the possible uncertainties affecting the calculations of
Ėkin, in Fig. 5.9 we show the maximum and minimum values obtained by considering
a very large range of variation for the two fundamental parameters ne and Z. More
specifically, the lower bound corresponds to the assumption of ne = 1010 cm−3

based on the presence of the semiforbidden line CIII]λ1909 Å (Ferland & Elitzur
1984), and Z = 8 Z� (Nagao et al. 2006), while the upper bound corresponds to
the assumption of ne=109 cm−3, based on the absence of forbidden lines such as
[OIII]λ4363 Å (Ferland & Elitzur 1984) and Z = 3 Z� (Nagao et al. 2006).

Fig. 5.10(upper panel) displays the outflow momentum load (i.e. the outflow
momentum rate Ṗout (≡ Ṁout × vout) normalized to the AGN radiation momentum
rate ṖAGN ≡ LBol/c) as a function of outflows velocity for different classes of outflow
derived by Fiore et al. (2017), compared to those measured for the winds traced
by the blueshifted CIV emission line in WISSH. The BLR winds in WISSH show
velocities between those measured for X-ray Ultra-Fast (v > 104 km s−1) outflows
(UFOs, crosses) and [OIII]-based outflows (v < 2000 km s−1, triangles). This
matches well with interpreting the outflow velocity distribution as a proxy of the
distribution in radial distance from the AGN, i.e. from the innermost region of the
accretion disk (tens of gravitational radii for the UFOs, e.g. Nardini et al. 2015;
Tombesi et al. 2012, 2013b; Gofford et al. 2015) up to kpc-scale in case the [OIII]
winds (e.g. Harrison et al. 2012; Carniani et al. 2015; Cresci et al. 2015; Bischetti
et al. 2017). In Fig. 5.10(lower panel) a schematic representation of different AGN
regions at different physical scales is shown.

The BLR winds typically exhibit a low momentum load, i.e Ṗout/ṖAGN
<
∼ 0.1,

which is a range poorly sampled by other ionized winds. Furthermore, the BLR
winds seem to represent the low-power, low-velocity analogs of UFOs. The latter
show Ṗout/ṖAGN ∼ 1, as expected in case of quasi-spherical winds with electron
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Figure 5.9. Kinetic power of the CIV outflow component as a function of LBol for the
WISSH quasars (red and blue stars) compared with WISSH NLR ionized outflows from
Bischetti et al. (2017) (green diamonds) and other samples from literature (purple
triangles). The error bar (bottom right corner) is calculated as described in Sect. 5.3.b

scattering optical depth τ ∼ 1 produced by systems accreting at λEdd ∼ 1 (e.g. King
2010). UFOs are found to have a large covering factor (Nardini et al. 2015; King
& Pounds 2015). BLR clouds in luminous AGN are expected to have a covering
factor of ∼ 0.1 (Netzer 1990). We can thus speculate that the low Ṗout/ṖAGN of BLR
winds with respect to that of UFOs may be due to both a lower NH and a lower
covering factor of the CIV outflowing gas with respect to the fast highly ionized gas
responsible for the UFOs.

5.4 What is the physical driver of the CIV velocity
shift?

In order to shed light on the main physical driver of the large blueshifts of the
CIV emission line observed in quasars, we investigated the dependence of CIV
velocity shift on fundamental AGN parameters such as LBol, λEdd and the UV-to-X-
ray continuum slope (αOX). Previous studies indeed found that vpeak

CIV is correlated
with all these three quantities (Marziani et al. 2016, Richards et al. 2011), but it
still unclear which is the fundamental dependency. We proceeded as follows: we
initially identified the main driver of vpeak

CIV between LBol and λEdd and then we studied
the dependency of vpeak

CIV on this parameter with that on αOX.
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Figure 5.10. (Top panel) Wind momentum load as a function of the outflow velocity. The
BLR winds traced by the CIV outflow components from the WISSH quasars (red and
blue stars) are compared with X-ray winds (magenta crosses) and Ionized winds (green
triangle). X-ray winds for Markarian 231 and IRASF11119+13257 are drawn with
magenta square and circle, respectively. (Bottom panel) Schematic representation of
different AGN regions at different physical scales (Courtesy by Chris Done)
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5.4.a Velocity shifts vs. LBol, λEdd and αox

We compared the WISSH sample to quasars for which the BH mass and Eddington
ratio are derived from the Hβ emission line, the "Hβ sample", because of the large
uncertainties of BH mass estimation from CIV emission line, affected by non-
virialized component. All these sources therefore have reliable SMBH masses and
λedd.

Fig. 5.11 shows vpeak
CIV as a function of LBol (a) and λEdd (b) for the WISSH and

the "Hβ sample" quasars. The blueshifts are clearly correlated with both LBol and
λEdd. Specifically, we found a stronger correlation with LBol (Spearman rank r = 0.35
and P-value = 8.6 × 10−6) than with λEdd (Spearman rank r = 0.23 and P-value= 3.9
× 10−3), bearing in mind the large scatter affecting both relations.

Moreover, performing a least squares fit, we found that vpeak
CIV ∝ L0.24±0.05

Bol . This is
consistent with a radiation-driven wind scenario (Laor & Brandt 2002), for which we
indeed expect a terminal outflow velocity vt ∝

√
L/R≥BLR ∝ L0.25 ( Netzer & Laor

1993; Kaspi et al. 2000; Bentz et al. 2009, see Sect. 1.5 for further details), which
is consistent with the slope we measured. A similar dependence is also found for
vpeak

CIV as a function of MBH. This lends further support to the radiative wind scenario
and rule out the hypothesis that vpeak

CIV could be consistent with the Keplerian velocity
at the launching radius of the wind, for which a dependence of ∝M0.5

BH is expected.
In order to determine which is the fundamental variable between LBol and

λEdd, we studied correlations between the residuals from (i) λEdd-LBol and vpeak
CIV -LBol

relations and (ii) LBol-λEdd and vpeak
CIV -λEdd relations (see Appendix B in Bernardi et al.

2005 for further details about residuals analysis). More specifically, we tested the
hypothesis that the bolometric luminosity is the fundamental variable. In this case
we expect that: (i) no significant correlation between the residuals obtained from the
λEdd-LBol (∆λ,L) and vpeak

CIV -LBol (∆v,L) relations; (ii) a correlation between residuals
obtained from LBol-λEdd (∆L,λ) and vpeak

CIV -λEdd (∆v,λ) relations; (iii) the slope of this
correlation should be the same as the vpeak

CIV -LBol relation.
The ∆λ,L–∆v,L residuals are plotted in Fig. 5.11c. In this case we derived a

Spearman rank r = 0.07 and P-value = 4.0× 10−1, which indicates no correlation
between parameters as expected from (i). In Fig. 5.11d the ∆L,λ and ∆v,λ residuals
are plotted. In this case we found a strong correlation with a Spearman rank r = 0.31
and P-value = 8.2 × 10−5, with a slope consistent (2σ) with that we measured for
vpeak

CIV -LBol relation.
By combining these results, we conclude that LBol is the fundamental variable

with respect to the λEdd and it can be considered as the main driver of the observed
CIV blueshifts with respect to λEdd.

We have performed the same analysis between LBol and αOX, to investigated
the primary driver of the CIV blueshifts. Fig. 5.12 shows the vpeak

CIV as a function of
LBol and αOX for 14 WISSH quasars with both Hβ and X-ray detection. The αOX is
defined as :

αOX =
Log(L2keV/L2500Å)
Log(ν2keV/ν2500Å)

(5.5)
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Figure 5.11. vpeak
CIV as a function of LBol (a) and as a function of λEdd (b), for the WISSH

sample (blue/red stars) compared to the PG QSOs from Baskin & Laor (2004) and Tang
et al. (2012) (green diamonds), WLQs from Plotkin et al. (2015) (orange circles) and
SDSS quasars from Shen (2016a) and Coatman et al. (2016) (magenta squares).(c)
Residuals plot of λEdd - LBol and vpeak

CIV - LBol relations. (d) Residuals plot of LBol - λEdd

and vpeak
CIV - λEdd relations. The black lines indicates the best linear fits to the data and

the purple lines are their 1 standard deviation errors
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where L2keV and L2500Å are the luminosities at 2 keV and 2500 Å, respectively. For
the WISSH QSOs the αOX was derived using the monochromatic luminosities at
2500 Å obtained from broad-band multi-component SED fitting and the absorption-
corrected luminosities at 2 keV (Martocchia et al. 2017). We compare our findings
with those derived for 187 radio-quiet, broad-line quasars from the Wu et al. (2009)
sample and 29 WLQs (Luo et al. 2015; Wu et al. 2011) with available UV and
X-ray information.

Performing a least-square fit also for this large sample, we confirm the results
about the presence of correlation between vpeak

CIV and LBol, deriving a dependence vpeak
CIV

∝ LBol
0.25±0.06 (Spearman rank r = 0.30 and P-value = 1.1 × 10−5; see Fig. 5.12a).

As already reported by Richards et al. (2011), we found a very strong anti-
correlation between the vpeak

CIV and αOX (Fig. 5.12b), i.e. vpeak
CIV ∝ α

−1.07±0.16
OX (Spearman

rank r = -0.46 and P-value = 8.7 × 10−13).
We also performed the correlations analysis between the residuals from (i) vpeak

CIV -
-LBol (∆v,L) and αOX-LBol (∆αox,L) relations and (ii) vpeak

CIV -αOX (∆v,αox) and LBol-αOX

(∆L,αox) relations, based on the hypothesis that LBol is the fundamental parameter.
However, the results reported in Fig. 5.12c,d are at odds with this hypothesis, indi-
cating a clear anti-correlation between ∆v,L and ∆αox,L, and no correlation between
∆v,αox and ∆L,αox. Furthermore the slope of the residuals ∆v,L-∆αox,L is consistent
with that found for αOX - vpeak

CIV relation. From a statistical point of view, this points
to αOX as the primary driver of the blueshifts of the CIV emission line observed in
these quasars.

We note that there is a well-known strong anti-correlation between αOX and the
UV luminosity (∼ LBol for Type I quasars), (e.g. Vignali et al. 2003; Steffen et al.
2006; Lusso et al. 2010; Martocchia et al. 2017) according to which the steeper
the αOX the higher the luminosity. Therefore both selecting steep αox or high LBol

allows to pick up fast outflows.
In Table 5.4 a summary of correlations of the CIV velocity shifts with physical

quantities as LBol, λEdd , MBH and αOX is reported. Results from residuals correlations
are also listed.

The dependence of the velocity shift on LBol and hence on αOX is in agreement
with our scenario of radiation driven wind, according to which a strong UV contin-
uum is necessary to launch the wind but the level of Extreme UV (EUV) and X-ray
emission (i.e. up to 2 kev) is crucial to determine its existence, since strong X-ray
radiation can easily overionize the gas and hamper an efficient line-driving mech-
anism. On the contrary, an X-ray weaker emission with respect to the optical/UV
accretion disk emission can allow UV line opacity (Leighly 2004; Richards et al.
2011). Furthermore, as suggested by Wu et al. (2009), the increasing steepness

of the αOX (i.e. the soften of EUV - X-ray emission) at progressively higher UV
luminosities may also explain the weakness of the CIV emission line (ionization
potential 64.45 eV) in luminous quasars: the strength of the line indeed depends on
the number of the photons available to produce it, whereby a deficit of such ionizing
photons leads to CIV weaker emission lines, as typically observed in Weak [OIII]
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Table 5.4. Correlations of vpeak
CIV with LBol, λEdd, MBH and αOX. Results from residuals

correlations are also listed.

Correlation slope Spearman Rank null hyphotesis probability
vpeak

CIV vs. LBol
a 0.24±0.05 0.35 8.5 × 10−6

vpeak
CIV vs. λEdd

a 0.20±0.10 0.23 3.6 × 10−3

vpeak
CIV vs. MBH

a 0.26±0.06 0.32 7.3 × 10−5

∆λ,L vs. ∆v,L
a -0.04±0.06 0.07 4.0 × 10−1

∆L,λ vs. ∆v,λ
a 0.51±0.11 0.31 8.2 × 10−5

vpeak
CIV vs. LBol

b 0.25±0.06 0.30 1.1 × 10−5

vpeak
CIV vs. αOX

b -1.07±0.16 -0.46 8.7 × 10−13

∆v,L vs. ∆αox,L
b -0.97±0.18 -0.38 1.2 × 10−8

∆v,αox vs. ∆L,αox
b 0.09±0.06 0.07 3.0 × 10−1

a Correlations derived for the WISSH quasars and samples from literature with Hβ
detection.

b Correlations derived for the WISSH quasars with both Hβ and X-ray detection
and samples from literature with available UV and X-ray information.

quasars and WLQs.
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Figure 5.12. vpeak
CIV as a function of LBol (a) and αOX (b), for the WISSH sample (blue/red

stars) compared to Radio quiet Type-1 quasars from Wu et al. (2009) (black circles)
and WLQs from Wu et al. (2011) and Luo et al. (2015) (orange circles). The BAL
quasars in WISSH sample are indicated with circles. (c) Residuals plot of vpeak

CIV - LBol

and αOX - LBol relations. (d) Residuals plot of bolometric vpeak
CIV - αOX and LBol - αOX

relations. The black lines represent the best linear fits to the data and the purple lines
are their 1 standard deviation errors.
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Chapter 6

The SUPER survey

6.1 Goals of the project

As discussed in the previous sections, we focus our attention on the most luminous
quasars of the WISSH survey, where, according to theoretical models, the efficiency
of AGN feedback is maximized. This clearly leads to a selection bias towards those
sources which are expected to exhibit powerful outflows.

The Sinfoni Survey for Unveiling the Physics and Effect of Radiative feedback
(SUPER) was designed to overcome most of selection biases affecting previous
studies by a blind search of AGN-driven outflows not selecting a-priori AGNs with
already known outflows or with high chances for being in an outflowing phase. This
will provide us to have a more comprehensive picture of the general AGN population
at high redshift.

This project is based on a VLT-SINFONI large observing program (PI: V.
Mainieri (ESO)) with AO capabilities, aimed at carrying out the first statistically-
sound investigation of ionized outflows in AGN host galaxy at the peak epoch of
AGN and galaxy assembly, i.e. z ≈ 2.

The sample has been selected combining the X-ray catalogues from the deep
observations in the CDFS (Xue et al. 2011) and COSMOS (Brusa et al. 2010;
Civano et al. 2016) with the larger area XMM-XXL survey (Pierre et al. 2007). This
survey consists on 41 objects both Type I and Type II equally divided in number,
with confirmed spectroscopic redshifts and the available multi-wavelength data,
which allow to estimate bolometric luminosities, black hole masses, Eddington ratio,
SFR and stellar mass.

The targets have bolometric luminosity LBol = 1044−47.5 erg s−1 in the redshift
range z = 2.12 - 2.49. Specifically it was designed to map the ionized kinematics
and the on-going star formation using the Hβ, [OIII]λ5007 (in the H band) and Hα
(in the K band) emission lines, with ∼ 1 kpc spatial resolution, and if possible, to
constrain electron densities using [SII]λ6716,6731.

The LBol and the column density NH cover almost four orders of magnitudes as
shown in Fig. 6.2. In the right top panel of Fig. 6.1 it is also evident the wide range



6 The SUPER survey 118

Figure 6.1. Bolometric luminosity as a function of redshift. The red rectangle indicates the
SUPER survey location. The WISSH survey is indicated with a green rectangle and the
violet rectangle refers to the KMOS AGN survey at high redshift (KASHz, Harrison
et al. 2016). The samples at z < 1 (grey rectangles) are from Harrison et al. (2014),
Husemann et al. (2013), Liu et al. (2013)

of accretion rate probed by SUPER survey for Type-1 quasars, from which it is
possible to investigate the outflow properties as a function of λEdd. For Type-2 AGNs
we have reliable estimates of the stellar masses and SFR thanks to the excellent
multi-wavelength coverage, from the UV to the Herschel PACS bands, therefore we
can consider this sub-sample when looking at the average properties of the outflows
in the SFR-stellar mass plane, as shown in the bottom panel of Fig. 6.2. The area
covered by SUPER AGNs is similar to that of covered by the IFU AO observations
of inactive galaxies at z ∼ 2 (grey filled squares, Forster et al. in prep.), which will
serve as a comparison sample.

The SUPER survey has the aim of deliver tight scaling relations between the
frequency, mass, mass outflow rate and momentum rate of ionized outflows, and
AGN bolometric luminosity and Eddington ratio, which can be directly plugged into
models of galaxy evolution. It represents a major advance in the understanding of
the origin of AGN-driven winds and their real impact on the evolution of the host
galaxy.

On-going follow-up with Atacama Pathfinder Experiment Telescope (APEX)
and ALMA will also provide information about the dense and the diffuse molecular
gas, using [CI](2-1), CO(7-6) and CO(3-2) transitions, which allow to make very
significant progress in understanding the origin of any difference in the gas content
of AGN hosts compared to inactive galaxies.
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Figure 6.2. (a) Bolometric luminosity as a function of the column density for the SUPER
survey. The SUPER AGNs are equally divided in Type 1 and Type 2 and cover almost
four orders of magnitudes. (b) Eddington ratio as a function of black hole mass. It is
evident the wide range of accretion rate probed by SUPER survey for Type-1 quasars. (c)
SFR normalized to the one on the main-sequence as a function of stellar masses for Type
2 quasars of SUPER survey, for which we have reliable estimate of the both quantities.
The SUPER targets covered similar area to that covered by IFU AO observations of
inactive galaxies at z ∼ 2 (Forster Schreiber et al in prep), which is used as a comparison
sample.
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6.2 Spatial extension of the NLR outflows with SIN-
FONI: the case of J1549+1245

As a part of the SUPER observing program, the WISSH quasar J1549+1245 was
observed with the IFU spectrograph SINFONI at VLT, using the AO capabilities of
SINFONI on June 23rd 2016 for the H band and on July 29th 2017 for the K band.

This object has a redshift of z = 2.365, as found by Bischetti et al. (2017)
analyzing its rest-frame optical LBT/LUCI1 spectrum. From its SDSS spectrum
(see 1.23), we know that it is a BAL QSO, with strong absorption through blueward
CIV and SiIV emission lines. Moreover this source also shows absorption from
metastable iron species as FeII and FeIII, i.e. FeLoBAL QSO, a rare class of BAL
quasars which constitute only ∼1% of the BAL quasars and ∼0.3% of the total
quasar population (Urrutia et al. 2009 and reference therein).

Furthermore it is also a red quasar (Glikman et al. 2012), i.e. a class of quasars
defined to have NIR colors R - K > 4 and J - K > 1.7. In the context of merger-
driven AGN/galaxy co-evolution, this kind of sources are thought to be undergoing
a dust-enshrouded phase preceding the standard blue, optically-bright phase. The
reddening properties of these types of quasars were analyzed by Glikman et al.
(2012). They applied four different dust laws in order to find the appropriate one
to use for the red quasars by fitting the spectra with the SMC dust law, LMC dust
law from Misselt et al. (1999), Milky Way dust law of Cardelli et al. (1989) and
Calzetti et al. (1994) dust law for starburst galaxies. In Fig. 6.4 it is shown the
UV-to-Optical spectrum of J1549+1245 , with different dust laws superimposed. It
it evident the discrepancy between the fits, whereas the SMC dust law produces the
most reliable fit to the spectrum.

The NIR/Optical rest-frame SINFONI observations in H and K bands allow
us to target both the Hβ+[OIII] and Hα regions. Details about the SINFONI data
reduction can be found in Sect. 3.2.b. We extracted a 1D spectrum in the H band
with a circular aperture of 1” diameter, which clearly shows the presence of a red
wing of the [OIII] emission line (see Fig. 6.5), as previously reported by Bischetti
et al. (2017). Specifically from the spectral decomposition, a redshifted component
(∼ 360 km s−1) with a FWHM[OIII] ∼ 1100 km s−1, suggests the presence of a
receding outflow in the opposite side with respect to the observer.

We collapsed the datacube in the H band on spectral channels corresponding to
the line core. The resulting map is shown in bottom left panel of Fig. 6.5.

In order to look at the extension of this receding outflow, we performed an
analysis based on the deblending of the QSO and host galaxy emission using a
dedicated software, i.e. QDeblend3D (Husemann et al. 2013). The underlying idea
of this tool is to treat the spaxels (i.e. spectral pixel) at different location of the
datacube as a set of independent spectra. In the absence of atmospheric dispersion,
the spectral shape of a point source is the same in each spaxel and the brightness is
a function of position with a certain scale factor, which depends on the point spread
function (PSF) of the observations. It is possible to derive these scale factors from
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the broad line emission profiles, since they trace the central region of the QSOs.
After the PSF subtraction, we collapsed the datacube on the spectral channels

corresponding to the redward line wing of the 1D spectrum, as shown in medium
right panel of Fig. 6.5. It is clear the detection of ionized material located away
from the position of the central quasar (black contours) of up to 5 kpc (1 pixel ≈
0.1 " ≈ 0.8 kpc at z =2.365). Furthermore, the gas associated to the wind has a very
extended morphology, being very different from that of the core [OIII] emission.

We extracted 1D spectrum at two different position in the datacube, namely A
and B in Fig. 6.5, medium and bottom panels. It is evident that the [OIII] emission
line with a peak at 5011 Å and 5015 Å, respectively, i.e. redshifted with respect to
the systemic redshift with a velocity of 240 km s−1 and 480 km s−1.

In Fig. 6.6 is reported the K-band integrated spectrum, extracted with a circular
aperture of 1” diameter, where the Hα emission line is the prominent line. The
profile is dominated by the broad component due to the BLR emission. We do not
find a properly core component, which usually allows to map the star formation.
However we collapsed the datacube in the wavelength range corresponding to the
Hα peak as shown in Fig. 6.6. As contours indicate, it seems that the narrow Hα,
likely tracing the SF, is not affected by the presence of [OIII] outflow. However a
more accurate analysis is required in order to assess any strong conclusions. The
analysis of the SINFONI data is still preliminary, and will be refined in the next
months (Vietri et al. in prep.). Nonetheless, these SINFONI observations clearly
emphasize the power of IFU spectroscopy in shedding light how ionized outflows
expand into the host galaxy ISM.
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Figure 6.3. The rest-frame UV spectrum of the WISSH QSO SDSSJ1549+1245 from SDSS
DR12.

Figure 6.4. UV/Optical spectrum of the WISSH QSO J1549+1245, showing the comparison
between four dust laws, i.e. SMC dust law, LMC dust law from Misselt et al. (1999),
Milky Way dust law of Cardelli et al. (1989) and Calzetti et al. (1994) dust law for
starburst galaxies. (Glikman et al. 2012).
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Figure 6.5. (Upper panel) SINFONI spectrum in the H band of J1549+1245, integrated in a region
with 1" diameter. The best fit to the data is indicated with the red curve.The yellow curve
indicates the Hβ component of the BLR. The red curves indicate the core component associated
with the NLR. The blue curves indicate the outflow components. The shaded area indicate the
telluric absorption, which are excluded from the fit. The FeII emission is shown with magenta
curve. The green and pink regions show the wavelength interval in which the maps in the bottom
panels are collapsed. (Left medium panel) Collapsed map of the core [OIII]λ5007 emission
line continuum subtracted (black contours levels 0.3, 0.5 and 0.9 relative to the peak). (Right
medium panel) Collapsed map of the [OIII]λ5007 red wing, from the cube PSF subtracted. The
black contours of the QSO central position are superimposed and the brown contours denoted
the [OIII] red wing extension (at 0.2, 0.3, 0.5, 0.7 and 0.9 relative to the peak). A and B denote
two regions from which we extracted the 1D spectrum shown in the bottom panels, left and right
respectively.
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Chapter 7

Summary and Conclusions

We have presented the results of the analysis of NIR spectroscopy from LBT/LUCI
and VLT/SINFONI observations of thirteen sources in the WISSH quasar sample,
in addition to five sources already discussed in Bischetti et al. (2017). For each
quasars the analysis of the profile of the CIV emission line from the SDSS spectra
has been also performed.

Our analysis has been designed with the goal of deriving the properties of (i) Hβ
and [OIII] emission lines from the optical rest-frame spectra, and (ii) CIV emission
line by using rest-frame UV SDSS spectra. Our main findings can be summarised
as follows:

• All the randomly-selected 18 WISSH quasars considered here exhibit SMBHs
with mass larger than 109 M�, with 50% of them hosting very massive SMBHs
with MBH

>
∼ 5 × 109 M�. Based on these Hβ-based MBH values, we derived

Eddington ratios 0.4 < λedd < 3.1. This supports the scenario where the
WISSH quasars are powered by highly accreting SMBHs at the massive end
of the SMBH mass function.

• According to the REW([OIII]) > or < 5 Å the WISSH quasars can be di-
vided into two groups: the [OIII] and Weak [OIII] sub-samples, respectively.
More specifically 6 sources exhibit REW([OIII])≈7-70 Å and [OIII] pro-
file dominated by a broad blueshifted component, while 11 sources have
REW([OIII])≈0.3-3 Å(Weak [OIII] sub-sample) .

As reported in Sect. 5.1, there is more than one explanation to ascribe to the
WISSH REW[OIII] distribution. One is in terms of orientation effect, with
the [OIII] sample likely seen at high (≈ 25◦ - 73◦) inclination. This leads
to a lower continuum luminosity and, hence, high REW[OIII] values. On the
contrary, the Weak [OIII] sources are likely associated to nearly face-on AGNs.
But the weak [OIII] emission for the WISSH quasars is expected due to the
high bolometric luminosities of these sources. Indeed the [OIII] emission
tends to decrease because of the over-ionization from the central engine,
as found by Shen & Ho (2014). A further explanation for the difference
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in REW[OIII] between the [OIII] and Weak [OIII] may be ascribed by the
presence of a kpc-scale ionization cone oriented along the galaxy disk for
the [OIII] objects, leading to a larger amount of gas to be ionized, while a
ionization cone oriented more perpendicular to the galaxy disk in the case of
Weak [OIII] sample may lead to a lower content of [OIII] gas to be ionized.

• Most of the WISSH quasars exhibits a REWCIV < 20 Å with the peak of the
entire CIV profile blueshifted with respect to the systemic redshift (vpeak

CIV ∼

200–8000 km s−1), indicating that the emitting gas is outflowing. This suggests
that the luminosity-based selection criterion of WISSH is very effective in
collecting the strong CIV winds. In particular quasars belonging to the Weak
[OIII] sample, representing the 70% of the WISSH sample, show a broad
asymmetric blueward and relatively weak (i.e. REW(CIV) < 20 Å ) CIV
line profile (see Fig 5.5), with the peak of the entire CIV profile extremely
blueshifted (vpeak

CIV ≥ 2000 km s−1 up to 8000 km s−1). On the contrary, 30%
of the WISSH QSOs (i.e. the [OIII] sample) shows peaky CIV profile with
REWCIV > 20 Å and vpeak

CIV ≤ 2000 km s−1. This highlights a dichotomy in
the detection of BLR and NLR winds in the WISSH quasars, which could
be likely due to inclination effects in a polar geometry scenario for the CIV
winds, as suggested in Sect. 5.3. However one object, namely J1538, exhibits
both NLR and BLR winds, suggesting a possible continuous distribution in
BLR-NLR plane.

• We found that a sizable fraction of WISSH quasars exhibit BLR winds traced
by CIV blueshifted emission with Ṁion

out ≈ 3-30 M� yr−1, similar to the me-
dian accretion rate of WISSH quasars. The 20% of the BLR winds detected
in WISSH shows kinetic powers 10−3 < Ėkin < 10−2 × LBol, i.e. compa-
rable to those measured for the powerful NLR winds associated to [OIII]
broad/blueshifted emission lines detected in the [OIII] sample (Bischetti et al.
2017). 80% of the BLR winds in WISSH shows kinetic powers comparable
to [OIII] winds revealed in less luminous AGN. This suggests that the BLR
winds should be taken into account to obtain a complete census of strong
AGN-driven outflows and comprehensively evaluate their effects of depositing
energy and momentum into the ISM.

• The BLR winds discovered here exhibit a velocity range between those mea-
sured for UFO (at sub-pc scale) and NLR winds (at kpc-scale), interpreting the
outflow velocity distribution as a proxy of the distribution in radial distance
for different classes of outflows (see fig 5.10). Moreover, the BLR winds have
a ṖOF/ṖAGN

<
∼ 0.1, which is lower than that found for UFOs (i.e. ṖOF/ṖAGN ∼

1). In this case the momentum rate of the outflow is comparable to that of the
AGN, suggesting a covering factor for the UFOs of the order of unity. Since
the covering factor for the BLR is expected to be ∼ 0.1, we can thus speculate
that the momentum load of the nuclear winds may reflect the covering factor
of the outflowing gas in the BLR.
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• We investigated the dependence of vpeak
CIV on fundamental AGN physical param-

eters such as LBol, λEdd and αOX . We found a stronger correlation with LBol

than the λEdd (see Fig. 5.11), with a dependence consistent with a radiatively
driven winds scenario (vpeak

CIV ∝ L0.24±0.05). Moreover, we further studied the
dependence of vpeak

CIV on αOX, finding a stronger correlation with αOX than LBol.
This relation is expected due to the dependence of αOX on LBol (Vignali et al.
2003), i.e. the steeper αOX the larger LBol. Therefore both selecting sources
with steep αox or, equivalently, high LBol allows to pick up fast outflows in
the BLR.

• Finally, for one source, i.e. J1549+1245, IFU spectroscopic data with VLT/SINFONI
have been collected in the framework of the SUPER survey (PI: V. Mainieri).
Unlike the three WISSH QSOs observed with SINFONI analyzed in this
Thesis work, preliminary results about J1549 reveal the presence of an ionized
wind traced by redshifted [OIII] emission up to ∼ 5 kpc from the nucleus.
This emission has an arc-like morphology, very different from that of the core
[OIII] emission. The complete analysis of these data will be published in a
forthcoming paper (Vietri et al. 2018, in prep).
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Appendix A

SDSSJ 1538+0855

We present here a detailed analysis of the source J1538 since is the only object
exhibiting both NLR and BLR winds.

As reported in Sect. 5.3.b we measured the CIV outflow properties based on the
so-called outflow component. We estimate the gas mass of the outflow Mion = 590
M�, the maximum velocity of the outflow as representative of the bulk velocity of
the outflow vmax

CIV = 13400 km s−1, the ionized gas mass rate Ṁion = 24 M� yr−1 and
the kinetic power Ėkin ∼ 1.4 × 1045 erg s−1. We have also measured the properties of
the CIV outflow considering the entire CIV profile, with the vpeak

CIV as representative
of the outflow velocity. We estimate Mion = 1210 M�, a ionized gas mass rate Ṁion

= 8 M� yr−1 and a kinetic power Ėkin = 12 × 1042 erg s−1.
As mentioned in Sect. 4.1, for J1538 we found a broad (∼2000 km s−1)

blueshifted (4987 Å) [OIII] component, indicative of outflow. In order to char-
acterize the ionized outflowing gas, we calculated the mass rate Ṁ and the kinetic
power Ėkin, assuming the outflow model discussed in Bischetti et al. (2017) and
using the [OIII] emission line. According to the equations (2), (5) and (6) in Bis-
chetti et al. (2017), we derived Mion = 4.2 × 108 M�, Ṁion = 530 M� yr−1 and Ėkin

= 1.4 × 1045 erg s−1 of the ionized outflow, assuming an electron density of ne = 200
cm−3, a solar metallicity and an outflow velocity defined as vmax = |∆v| + 2σbroad

[OIII],
where ∆v is the velocity shift between the broad [OIII] component and the systemic
[OIII] assumed at 5007 Å and σbroad

[OIII] is the velocity dispersion of the broad [OIII]
component (vmax = 2900 km s−1). We refer to Bischetti et al. (2017) for more details
about the assumptions used in the calculation of the outflow parameters.

We investigated how the values of Ṁ[OIII]
ion and Ė[OIII]

kin are sensitive to different
assumed parameters. As in Bischetti et al. (2017), the upper bound corresponds
to the assumption of ne = 80 cm−3, (as in Genzel et al. 2014) and we determined
the Ṁ[OIII]

ion = 1330 M� yr−1 and Ė[OIII]
kin = 3.5 × 1045 erg s−1, while the lower bound

corresponds to ne = 1000 cm−3 (typical value for the NLR, Peterson 1997) and
velocity of W80/1.3 (as in Harrison et al. 2014), where W80 is the velocity width of
the line at the 80% of the line flux. We derived a lower bound of Ṁ[OIII]

ion = 60 M�

yr−1 and Ė[OIII]
kin = 5 × 1043 erg s−1.
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Appendix B

Optical rest-frame spectra of 13
WISSH quasars

We present the LBT/LUCI and VLT/SINFONI (i.e. J1538+0855, J2123-0050 and
J2346-0016) Optical rest-frame spectra in the wavelength range of the Hβ-[OIII]
emission lines for the 13 WISSH quasars analyzed in this Thesis work (see Table
3.2). The red lines show the best-fit of the spectra. Green curves refer to the core
component associated with the NLR emission of Hβ emission line. If present, blue
curves refer to the broad blueshifted emission of [OIII]λ5007/4959 Å, indicative
of outflow. Gold curves indicate the broad component of Hβ associated with BLR
emission. FeII emission is indicated in magenta. Grey band indicates the region
excluded from the fit because of the presence of sky line residual. Lower panels
show the fit residuals.
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Appendix C

SDSS Optical/UV rest-frame spectra
of 18 WISSH quasars

We present the SDSS DR12 UV rest-frame spectra of the 18 WISSH quasars analyzed in
this Thesis work. The red lines show the best-fit of the spectra. If present, green curves refer
to the core component likely associated with the NLR emission of the CIV emission. Blue
curves refer to the broad blueshifted emission of CIV emission line, indicative of outflow.
Gold curves indicate the broad virialized component associated with the BLR emission.
FeII emission is indicated in magenta. Grey bands indicate the region excluded from the
fit because of the presence of absorption lines. The dashed lines denote the CIV λ1549 Å
rest-frame wavelength. Lower panels show the fit residuals.
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