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Abstract
In this thesis, I present my work on the characterization of quasar outflows which I
carried out using the statistics and the ionization properties of Narrow Absorption
Lines (NALs). The study is based on a new sample of intermediate resolution
spectra of 100 high-redshift quasars (zem ≈ 3.5− 4.5), obtained with X-shooter at
the European Southern Observatory Very Large Telescope, in the context of the
XQ-100 Legacy Survey (Lopez et al., 2016). The combination of high signal-to-noise
ratio (S/N), wide wavelength coverage and moderate spectral resolution of this
survey have allowed me to look for empirical signatures to distinguish between two
classes of absorbers: intrinsic (produced in gas that is physically associated with
the quasar) and intervening, without taking into account any a priori definition or
velocity cut-off. Previous studies have shown that NALs tend to cluster near the
quasar emission redshift, at zabs ≈ zem. I detect a significant excess of absorbers
over what is expected from randomly distributed intervening structures. This
excess does not show a dependence on the quasar bolometric luminosity and it is
not due to the redshift evolution of NALs. Most interestingly, it extends far beyond
the standard 5000 km s−1 cut-off traditionally defined for associated absorption
lines. I take advantage of the large spectral coverage (from the UV cutoff at 300
nm to 2.5 µm) of the XQ-100 spectra to study the relative numbers of NALs in
different transitions, indicative of the ionization structure of the absorbers and
their locations relative to the continuum source. Among the ions examined in
this work, NV is the ion that best traces the effects of the quasar ionization field,
offering an excellent statistical tool to identify intrinsic systems and derive the
fraction of quasar driving outflows. I also test the robustness of the use of NV as
additional criterium to select intrinsic NALs, performing a stack analysis of the
Lyα forest of the XQ-100 sample, to search for NV signal at large velocity offsets.
Lastly, I compare the properties of the material along the quasar line of sight,
derived from my sample, with results based on close quasar pairs investigating the
transverse direction. I find a deficiency of cool gas (traced by CII) along the line
of sight connected to the quasar host galaxy, in contrast with what is observed in
the transverse direction in agreement with the predictions of the AGN unification
models.
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Motivations

Supermassive black holes (SMBHs) are ubiquitous at the center of stellar spheroids.
Moreover, their mass is tightly related to global properties of the host galaxy
(e.g., Kormendy and Ho, 2013; McConnell and Ma, 2013; Ferrarese and Merritt,
2000). Despite this close interplay between SMBHs and their host systems, several
compelling questions remain unanswered. Hence, a full description of why, how,
and when black holes alter the evolutionary pathways of their host systems remain
key questions in galaxy formation. High velocity quasar outflows appear to be a
natural byproduct of accretion onto the SMBH and have therefore attracted much
attention as a mechanism that can physically couple quasars to the evolution of
their host galaxies.

Simulations of galaxy evolution (e.g., Booth and Schaye, 2009; Sijacki et al., 2015;
Schaye et al., 2015) suggest that feedback from active galactic nuclei (AGN) plays
a crucial role in heating the interstellar medium (ISM), quenching star formation
and preventing massive galaxies to over-grow. As a consequence, the colors of
the host galaxies evolve quickly and become red, in agreement with the observed
color distribution of nearby galaxies. Quasar outflows may also contribute to the
blowout of gas and dust from young galaxies, and thereby provide a mechanism
for enriching the intergalactic medium (IGM) with metals and reveal the central
accreting SMBH as an optically visible quasar (Silk and Rees, 1998; Moll et al.,
2007). Several mechanisms have been proposed that could produce the force
accelerating disk winds in AGN, including gas/thermal pressure (e.g., Weymann
et al., 1982; Krolik and Kriss, 2001), magnetocentrifugal forces (e.g., Blandford
and Payne, 1982; Everett, 2005) and radiation pressure acting on spectral lines
and the continuum (e.g., Murray and Chiang, 1995; Proga, 2000). In reality, these
three forces may co-exist and contribute to the dynamics of the outflows in AGN
to somewhat different degrees.

Some immediate questions on quasar outflows spring to mind about: 1) Their
Nature. What are they? Which conditions trigger them? What powers them?
How energetic are they? Are they relatively quiescent or explosive? What mass,
momentum, energy, and metals do they transport? How far? 2) Their Frequency
of Occurrence. How common were they in the past and are they now? What is
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their duty cycle? When did they begin to blow? 3) Their Impact. How important
are they? What impact do they have on the nucleus, bulge, disk, halo, and dark
matter of the host galaxy? Are they the dominant source of feedback in galaxy
evolution? How do they influence the intergalactic environment? What are their
fossil signatures?

These are questions so complex, that an answer to each of them is likely not to be
found in a single lifetime. This thesis seeks to shed light on one particular aspect:
how common this phenomenon is.

A key piece of information to understand if outflow feedback can affect the host
galaxy evolution, is the fraction of quasars driving outflows, as well as their
energetics. The latter quantity can be inferred from the velocity, column density,
and global covering factor of the outflowing gas. Observations of outflows are mainly
carried out in absorption against the central compact UV/X-ray continuum. Quasar
narrow absorption lines (NALs) with velocity widths less than 500 kms−1 and
broad absorption lines (BALs), with velocity widths greater than a few thousand
kms−1, are examples of these potential outflow signatures. Therefore, absorption
line studies of high-z quasars is a powerful tool to search for distant galactic outflows
and to constrain their environmental impact.

To build a more complete picture of quasar outflows, and explore what effects do
they have on their surrounding host galaxy, we need better observational constraints
on the physical properties of each outflow type. Better are the estimates of the
detection rate of the absorbers, stronger are the constraints on the theoretical
models. Indeed, the intrinsic fraction of absorption line quasars is important in
constraining geometric and evolutionary models of quasars. In this context, large
spectroscopic surveys provide a statistical means of measuring the frequency with
which outflows are observed, but we must carefully select systems that truly sample
outflowing gas.

With this short teaser in mind, we can start digging into the details of this work.
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1 Chapter 1

Introduction

It has been nearly a century since it was realized that the Universe was not
confined to our own galaxy, the Milky Way. Hubble (1925) demonstrated that
the Andromeda nebula is a vast "island universe" of stars similar to our own
galaxy. This breakthrough in our cosmological understanding — to paraphrase
Christopher Marlowe — "launched a thousand exploratory studies" beyond the
edges of the Milky Way. As we looked farther away, we made more and more
puzzling discoveries: violent galactic collisions, powerful explosions of stars, and
super massive black holes (SMBHs) feeding on surrounding gas.

Early suggestions about unusual activity in the nuclei of galaxies go back to the
work of Sir James Jeans (1929). But, the modern understanding of the important
role of galactic nuclei probably began with the famous paper by Seyfert (1943),
who reported the presence of broad strong emission lines in the nuclei of seven
spiral nebulae. Although Seyfert’s name ultimately became attached to the general
category of galaxies with broad nuclear emission lines associated with highly ionized
elements, his 1943 paper apparently went unnoticed until Baade and Minkowski
(1954) drew attention to the similarity between the optical emission line spectrum
of the galaxies studied by Seyfert and that of the galaxy they had identified with
the Cygnus A radio source.

During the following years many radio galaxies were identified. The paradigm
which had previously considered all discrete radio sources as galactic stars quickly
changed to one where most high latitude sources were assumed to be extragalactic.

Although the extragalactic nature of 3C 48 and of other quasi stellar radio sources
was already discussed in 1960 by John Bolton and others, it was initially rejected
largely because the derived radio and optical luminosities appeared to be unrealis-
tically high. Not until the 1962 occultations of the strong radio source 3C 273 at
Parkes Radio Telescope, which led Maarten Schmidt to recognize that the spectrum
of the identified 13th magnitude apparently stellar object could be most easily
interpreted assuming a redshift of 0.158. Successive radio and optical observations
quickly led to increasingly large measured redshifts and the recognition of the broad
class of active galactic nuclei (AGN) of which quasars occupy the high luminosity
end (see Kellermann, 2014, for an historical review of the road to quasars).
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1 Introduction

Although other radio sources had been identified with distant galaxies, before
the discovery of quasars there was great confusion as to the origin of this very
large-scale radio emission which had no obvious connection with the galactic nuclei.
It is beyond the scope of this thesis to review the twists and turns that finally led
to the consensus that all these quasi-stellar objects (QSOs) were the extremely
luminous active nuclei of distant galaxies.

For most of the past five decades the communities that studied galaxies and AGN
remained largely disconnected. AGN were studied primarily as laboratories in
which to probe exotic high-energy processes. There was some effort to understand
the role that the environment might play in triggering or fueling the AGN (e.g.,
see the ancient review by Balick and Heckman, 1982) but there was almost no idea
that AGN played a prominent role in the evolution of galaxies. Things are very
different today. The notion of the co-evolution of galaxies and AGN has become
inextricably engrained in our current cosmogony.

The reasons for this change are easy to see. First came the realization that powerful
AGN (as represented by Quasars) were only the tip of the iceberg. Astronomers
have put enormous effort into compiling large surveys of AGN in the radio, optical,
and X-ray domains, revealing that a significant fraction of nearby galaxies exhibits
signs of unusual activity in their nuclei unrelated to normal stellar processes. It
has been established that evidence of weak level activity were commonplace in the
nuclei of early-type galaxies (e.g., Ho, 2008). This strongly suggested that the AGN
phenomenon — rather than being simply a rare and exotic event — was a part
of the lifecycle of typical galaxies. A second reason followed from the remarkable
agreement between the inferred cosmic histories of SMBH growth (traced by AGN)
and stellar mass growth (tracing the populations of galaxies). The evolution of the
two populations is strikingly similar: a steep rise in both the star formation rate
(SFR) and SMBH growth rate by about a factor of 10 from redshift z = 0 to 1, a
broad maximum in both rates at z ∼ 2 to 3 and then a relatively steep decline at
higher redshifts (see Fig. 1.1; Shankar et al., 2009 and references therein).

For at least the last ∼ 11 Gyr of cosmic history the ratio of these two growth rates
has remained roughly constant with a value of order 103, suggesting that the two
processes are intimately linked somehow.

Finally, stellar/gas dynamics and photometric observations over the past decade
have not only established that SMBH exist in the nuclei of almost all galactic
bulges, they have shown that the BH mass, MBH , correlates strongly with physical
properties of the host galaxy (see Kormendy and Ho, 2013 for a recent review). In
addition to the accumulating observational evidence for the co-evolution of galaxies
and SMBHs at their centers, a considerable theoretical argument to invoke this
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Figure 6. Black hole growth and stellar mass growth. (a) Average black hole accretion rate as computed via Equation (4) compared to the SFR as given by Hopkins
& Beacom (2006) and Fardal et al. (2007), scaled by the factor M•/MSTAR = 0.5 × 1.6 × 10−3. The gray area shows the 3σ uncertainty region from Hopkins &
Beacom (2006). (b) Cumulative black hole mass density as a function of redshift. The solid line is the prediction based on the bolometric AGN luminosity function.
The light-gray area is the local value of the black hole mass density with its systematic uncertainty as given in Figure 5. The dark squares are estimates of the
black hole mass function at z = 1 and z = 2 obtained from the stellar mass function of Caputi et al. (2006) and Fontana et al. (2006), scaled by the local ratio
M•/MSTAR = 1.6 × 10−3. The lines are the integrated stellar mass densities based on the SFR histories in panel (a), scaled by 8 × 10−4.

3.2. The Integrated Mass Density

Before turning to the evolution of the differential black hole
mass function, the central theme of this paper, we briefly revisit
the classic Sołtan (1982) argument, which relates the integrated
black hole density to the integrated emissivity of the AGN
population. If the average efficiency of converting accreted mass
into bolometric luminosity is ε ≡ L/Ṁinflowc2, where Ṁinflow
is the mass accretion rate, then the actual accretion onto the
central black hole is Ṁ• = (1−ε)Ṁinflow, where the factor 1−ε
accounts for the fraction of the incoming mass that is radiated
away instead of being added to the black hole. The rate at which
mass is added to the black hole mass function is then given by

dρ•

dt
= 1 − ε

εc2

∫ ∞

0
ΦL(L)Ld log L. (4)

The mass growth rate implied by Equation (4) and our estimate
of the AGN LF from Section 2 is shown by the solid line
in Figure 6(a). We set the radiative efficiency to a value
of ε = 0.075, as it provides a cumulative mass density in
agreement with the median estimate of the local mass density
discussed in Section 3.1. At each time step we integrate
Equation (4) down to the observed faint-end cut in the 2–
10 keV AGN LF, which we parameterize as

log LMIN,2−10 keV(z) = log L0, 2−10 keV + 2.5 log(1 + z). (5)

We set log L2−10 keV/(erg s−1) = 41.5, in agreement with the
faintest low-redshift objects observed by U03 and La Franca
et al. (2005). For a typical Lopt/LX, Equation (5) yields an
optical luminosity of MB ∼ −22 at z ∼ 6, comparable to the
faintest AGN sources observed by Barger et al. (2003) in the
2 Msec Chandra Deep Field North (see also Figure 1 and
Shankar & Mathur 2007). At each time step we compute the
minimum observed luminosity given in Equation (5) and convert
it into a bolometric quantity LMIN(z) applying the adopted
bolometric correction by Marconi et al. (2004).

Dashed and dot-dashed lines in Figure 6(a) show two recent
estimates of the cosmic star formation rate (SFR) as a function
of redshift, from Hopkins & Beacom (2006), reported with its
3σ uncertainty region (dark area), and Fardal et al. (2007).

We have multiplied both estimates by a redshift-independent
factor of 8 × 10−4. Since local estimates imply a typical
ratio M•/Mstar ∼ 1.6 × 10−3 for spheroids (e.g., Harı̀ng &
Rix 2004), this is a reasonable scaling factor if roughly 50%
of star formation goes into spheroidal components (see also
Marconi et al. 2004 and Merloni et al. 2004). The agreement
between the inferred histories of black hole growth and star
formation suggests that the two processes are intimately linked.
In particular, this association seems to hold down to the last
several Gyrs, even at z ! 1.5 when disk galaxies are expected
to dominate the SFR. A possible link between black hole growth
and star formation in disks could arise from re-activations
induced by tidal interactions between satellite and central
galaxies (e.g., Vittorini et al. 2005). Also, bars could possibly
funnel gas into the central black hole, though empirical studies
cast some doubt on this mechanism as a primary trigger for black
hole growth (Peeples & Martini 2006 and references therein).

Figure 6(b) presents the same comparison in integrated form
(see also De Zotti et al. 2006 and Hopkins et al. 2006b). Solid
squares show the black hole mass density obtained by converting
the z = 1 and z = 2 galaxy stellar mass function into a black
hole mass function by assuming a ratio M•/Mstar equal to the
local one (i.e., 1.6 × 10−3). The galaxy stellar mass function
has been computed from the Caputi et al. (2006) K-band galaxy
luminosity function, assuming an average mass-to-light ratio
Mstar/LK = 0.4 at z = 1 and Mstar/LK = 0.3 at z = 2.
The latter values have been obtained from the Pegase2 code
(Fioc & Rocca-Volmerange 1997) by taking a short burst of
star formation (<109 yr) and a Kennicutt double power-law
stellar initial mass function. The quoted values for Mstar/LK

can be taken as lower limits, as other choices of the parameters
in the code would tend to increase their value. However, we
also note that our result on the stellar mass function is in
good agreement with the recent estimate by Fontana et al.
(2006). Our scaling factor of 1.6× 10−3 implicitly assumes that
all the stellar mass in the luminous galaxies probed by these
high-redshift observations resides in spheroidal components
today, and is therefore associated with black hole mass.

Figure 6 suggests that the ratio of black hole growth to SFR is
approximately the same at all redshifts, and suggests a close link
between black hole accretion and star formation. If the average

Figure 1.1: Average BH accretion rate compared to the SFR as a function of redshift,
the latter is given by Hopkins and Beacom, 2006 and Fardal et al., 2007,
scaled by the factor M•/M? = 0.8 ×10−3. The shaded grey area shows the
3σ uncertainty region from Hopkins and Beacom, 2006. Figure from Shankar
et al., 2009.

linkage has developed as well. The current paradigm for AGN phenomenon is
a central engine that consists of a hot accretion disk surrounding a BH. In this
context, the accretion of matter on the central BH triggers a release of energy on
the surrounding interstellar medium (ISM), which controls the evolution of the
host galaxy. This is called AGN feedback. The impact of the AGN feedback can
dramatically affects the properties of massive galaxies, inducing a cut-off similar to
that observed at the bright end of the galaxy luminosity function, and bringing
colours, morphologies and stellar ages into much better agreement with observation
than is the case for models without such feedback (e.g., Granato et al., 2004;
Croton et al., 2006, but also see Fabian, 2012 for a review). In conclusion, while the
evidence to date remains indirect, it is hard not to infer that the cosmic evolution
of galaxies and of SMBHs have seemingly been driven by a suite of inter-linked
physical processes.

1.1 The Central Engine

In the AGN paradigm, the energy is generated by gravitational infall of material
which is heated in a dissipative accretion disk. We can consider a simple spherical
model in which a central source with luminosity L is surrounded by gas with
density distribution ρ(r). The flux at a radius r from the source is L/(4πr2) and

6



1 Introduction

the radiation pressure is
Prad(r) = L

4πr2c
(1.1)

For simplicity, we can consider the case of a completely ionized hydrogen gas. So,
the pressure force on a unit volume of gas due to the scattering of photons by
electrons is

Frad = σTPrad(r)ne(r)r̂ (1.2)

where σT is the Thomson scattering cross-section, ne(r) is the electron density at
radius r, and r̂ is a dimensionless unit vector in the radial direction. The gas is
not dispersed quickly if the pressure force is smaller than the gravitational force of
the gas, i.e.

|Frad| ≤ Fgrav = GMBHρ(r)
r2 . (1.3)

This defines the largest possible luminosity of a source of mass MBH that can be
achieved by spherical accretion, the Eddington luminosity:

LEdd ≡
4πGcmp

σT
MBH ≈ 1.28× 1046 M8 erg s−1 (M8 ≡ MBH/108 M�) (1.4)

where mp is the mass of the proton, G is the gravitational constant, and c is the
speed of light. The above relation can be inverted to give a minimum central mass
required to achieve a given luminosity:

MEdd = 8× 107 L46 M� [L46 ≡ L(1046 erg s−1)]. (1.5)

A bright quasar with luminosity L ∼ 1046 erg s−1 may be powered by a BH with
a mass MBH ∼ 108 M�. The fundamental process at work in an AGN is the
conversion of mass to energy. Under the assumption that the luminosity is powered
by the gravitational potential of the central BH, the accretion luminosity can be
written as

L = GMBH

r
ṀBH , (1.6)

where ṀBH is the mass accretion rate, i.e. the rate at which mass crosses a shell
of radius r. From the previous relation we see that the efficiency at which the rest
mass of accreted material is converted into radiation is

η ≡ L
ṀBHc

2 = 1
2
rS
r

(1.7)

7
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where rS is the Schwarzschild radius of a BH with mass MBH , i.e.

rS = 2GMBH

c2 ≈ 10−2 M8 light− days. (1.8)

If we ignore relativistc effects, the energy available from a particle of mass m falling
to within 5 rS, which is about where most of the optical/UV continuum radiation is
expected to originate, is ∼ GMBHm/5 rS = 0.1mc2. This oversimplified calculation
suggests that η ≈ 0.1. This is a very high efficiency, much higher than the efficiency
with which hydrogen is burned into helium in stars, which is only ∼ 0.007. For
η = 0.1 an accretion rate of Ṁ ∼ 2 M� yr−1 is required to power a bright quasar
with luminosity L = 1046 erg s−1. The Eddington luminosity defined in Eq. 1.4
corresponds to a mass accretion rate

ṀEdd = LEdd
ηc2 ≈ 2.2M8

(
η

0.1

)−1
M� yr−1. (1.9)

This critical rate can easily be exceeded, however, with models that are not
spherically symmetric. For example, the Eddington rate can be exceeded if the
mass accretion occurs primarily equatorially in a disk, while the radiation escapes
from the polar zones.

1.2 The Unified Model for AGN

Although different classes of AGN appear quite differently, many of them have prop-
erties in common. For example, radio-quiet quasars (RQQs) and radio-loud quasars
(RLQs) have very different radio properties, but their emission line properties are
very similar. Unified models of AGN propose that different observational classes of
AGN are a single type of physical object observed under different conditions. The
currently favored unified model is a "orientation-based unified model", where the
apparent differences amongst AGN arise because of their different orientations to
the observer (Antonucci, 1993; Padovani and Giommi, 1995). Fig. 1.2 shows the
AGN components according to the picture offered by the unification model:

(1) The SMBH at the very heart of the quasar surrounded by the accretion disc.
Hurled away from the plane of the disc are jets of matter, moving at velocities
close to the speed of light. This region is typically a few light-days across. (2) The
broad line region (BLR) at about 100 light days from the central source. Some
of its properties will be described in section § 1.5.2. (3) The molecular torus at
about 100 light years across. This "doughnut" is made up of many clouds of dusty
gas. The torus is optically thick, so if the torus is edge-on, the central regions will

8
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1.2 Active Galactic Nuclei and Active Galaxies

Figure 1.5: Artist’s view of an Active Galactic Nucleus (AGN). The black core represents
the accreting black hole, and the red ring the accretion disk. The jets are colored in salmon.
Grey clouds close to the accretion disk represent the Broad Line Region (BLR), while the
most outer clouds are the Narrow Line Region (NLR). The dusty torus is represented in
brown/yellow. Courtesy of Sebastian Kiehlmann.

radiation from the accretion disc excites cold atomic material close to the black hole
and this, in turn, radiates at particular emission line frequencies. Another mechanisms
of ionization could be the “auto-ionizing shocks”, e.g. jets in radio galaxies. These
heat the local medium sufficiently that it re-radiates in UV and X-ray (8). Often, a
combination of these processes is needed to explain the observed emission-line ratios
(9).
Unified models of AGN propose that different observational classes of AGN are a sin-
gle type of physical object observed under different conditions. The currently favored
unified model is a “orientation-based unified model”, where the apparent differences
amongst AGNs arise because of their different orientations to the observer (10, 11).
Fig. 1.5 shows the AGN components according to the picture offered by the unification
model. The Narrow Line Region (NLR) of an AGN is a region of clouds embedded in
ionized and neutral gas generally characterized by strong [NII] and [OIII] emission. In
contrast to the more compact (less than 1 pc, or several light days) Broad Line Region
(BLR), the NLR is in the order of 103 pc in size and contains relatively low-density

9

Figure 1.2: Artist’s view of an AGN. The black core represents the accreting BH, and
the red ring the accretion disk. The jets are colored in salmon. Grey clouds
close to the accretion disk represent the Broad Line Region, while the most
outer clouds are the Narrow Line Region. The dusty torus is represented in
brown/yellow.

be blocked out and the AGN will look different according to the angle at which it
lies. (4) The narrow line region (NLR) is outer region (see section § 1.5.2 for more
details). It is similar to the BLR, but it has a lower density and the clouds move
with a lower velocity. Clouds that are in the cone of light from the inner nucleus
are more ionized than those that lie in the shadow of the torus.

1.3 Coevolution of SMBHs and Host Galaxies

After decades of indirect and circumstantial evidence, stellar and gas dynamical
studies in an ever increasing number of galaxies have established that many — and
perhaps all — luminous galaxies contain central SMBHs (e.g., Kormendy and
Richstone, 1995; Ferrarese and Merritt, 2000). While efforts to build ever larger
sample continued, we have moved from debating the existence of SMBHs to asking
what regulates their formation and evolution and how their presence influences,
and is influenced by, their host galaxies.

AGN feedback features in many theoretical, numerical and semi-analytic simu-
lations of galaxy growth and evolution. These works have greatly improved our
understanding of the physics of galaxy formation and evolution and are widely used
to guide the interpretation of observations and the design of new observational
campaigns and instruments. Observations, on the other hand, can provide direct
constraints on how BHs and galaxies co-evolve by probing the scaling relations over
cosmic time. Such an empirical evidence is essential to determine the underlying
fundamental physical processes at work and to constrain models.

9
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In the following sections I will briefly summarize the main evidences for the co-
evolution of galaxies and SMBHs as derived from observations (§ 1.3.1) and models
(§ 1.3.2). A comprehensive review of these two fascinating subjects is beyond the
scope of this work.

1.3.1 Observational evidences

The Hubble Space Telescope revolutionized BH research by advancing the subject
from its proof-of-concept phase into quantitative studies of BH demographics.
Consequently, empirical correlations between the masses of SMBHs, M•, and
numerous properties of their host galaxies have been explored in the past decade.

These include scaling relations between M• and stellar velocity dispersion, σ (e.g.,
Ferrarese and Merritt, 2000; Gebhardt et al., 2000; Merritt and Ferrarese, 2001;
Tremaine et al., 2002; Hu, 2008; Gültekin et al., 2009; Schulze and Gebhardt, 2011;
McConnell et al., 2011; Graham et al., 2011; Beifiori et al., 2012; McConnell and
Ma, 2013; Ho and Kim, 2014) and between M• and the stellar mass of the bulge
(e.g., Kormendy and Richstone, 1995; Magorrian et al., 1998; Marconi and Hunt,
2003; Häring and Rix, 2004; Sani et al., 2011; Beifiori et al., 2012; McConnell and
Ma, 2013). Various scaling relations between M• and the photometric properties of
the galaxy have also been examined: bulge optical luminosity (e.g., Kormendy and
Richstone, 1995; Kormendy and Gebhardt, 2001; Gültekin et al., 2009; Schulze and
Gebhardt, 2011; McConnell et al., 2011; Beifiori et al., 2012), bulge near-infrared
luminosity (e.g., Marconi and Hunt, 2003; McLure and Dunlop, 2002; Graham and
Driver, 2007; Sani et al., 2011), total luminosity (e.g., Kormendy and Gebhardt,
2001; Beifiori et al., 2012; Kormendy and Bender, 2011), and bulge concentration
or Sérsic index (e.g., Graham et al., 2001; Graham and Driver, 2007; Beifiori et al.,
2012).

On a larger scale, correlations between M• and the circular velocity or dynamical
mass of the dark matter halo have been reported as well as disputed (e.g., Ferrarese,
2002; Baes et al., 2003; Zasov et al., 2005; Kormendy and Bender, 2011; Volonteri
et al., 2011; Beifiori et al., 2012). More recently,M• has been found to correlate with
the number and total mass of globular clusters in the host galaxy (e.g., Burkert and
Tremaine, 2010; Harris and Harris, 2011; Sadoun and Colin, 2012). In early-type
galaxies with core profiles, Lauer et al. (2007) and Kormendy and Bender (2009)
have explored correlations between M• and the core radius, or the total "light
deficit" of the core relative to a Sérsic profile.

The existence of theM• scaling relations supports the idea that the host galaxies and
their SMBHs form and grow in a coordinated way by a common physical mechanism.
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These relations are established based on M• measurements from spatially resolved
kinematic of stars, gas or maser around BH’s sphere of influence. M• estimates
have become available for AGN through methods such as reverberation mapping
and single-epoch spectroscopy of broad emission lines (e.g., Peterson, 1993; Merloni
et al., 2010; Woo et al., 2013). Recent and ongoing data and modeling efforts
have substantially expanded the various samples used in all of the studies above,
allowing to derive more robust correlations and to better understand the systematic
effects in their scatter.

Perhaps the most commonly used relation — due to the small level of scatter (∼
0.3 dex) — is the M• − σ relation.

The Astrophysical Journal, 764:184 (14pp), 2013 February 20 McConnell & Ma

Figure 1. M•–σ relation for our full sample of 72 galaxies listed in Table 3 and at http://blackhole.berkeley.edu. Brightest cluster galaxies (BCGs) that are also the
central galaxies of their clusters are plotted in green, other elliptical and S0 galaxies are plotted in red, and late-type spiral galaxies are plotted in blue. NGC 1316 is
the most luminous galaxy in the Fornax cluster, but it lies at the cluster outskirts; the green symbol here labels the central galaxy NGC 1399. M87 lies near the center
of the Virgo cluster, whereas NGC 4472 (M49) lies ∼1 Mpc to the south. The black hole masses are measured using the dynamics of masers (triangles), stars (stars), or
gas (circles). Error bars indicate 68% confidence intervals. For most of the maser galaxies, the error bars in M• are smaller than the plotted symbol. The black dotted line
shows the best-fitting power law for the entire sample: log10(M•/M") = 8.32+5.64 log10(σ/200 km s−1). When early-type and late-type galaxies are fit separately, the
resulting power laws are log10(M•/M") = 8.39+5.20 log10(σ/200 km s−1) for the early type (red dashed line), and log10(M•/ M") = 8.07+5.06 log10(σ/200 km s−1)
for the late type (blue dot-dashed line). The plotted values of σ are derived using kinematic data over the radii rinf < r < reff .
(A color version of this figure is available in the online journal.)

(L), and stellar bulge mass (Mbulge). As reported below, our new
compilation results in a significantly steeper power law for the
M•–σ relation than in G09 and the recent investigation by B12,
who combined the previous sample of 49 black holes from G09
with a larger sample of upper limits on M• from Beifiori et al.
(2009). We still find a steeper power law than G09 or B12 when
we include these upper limits in our fit to the M•–σ relation.
We have performed a quadratic fit to M•(σ ) and find a marginal
amount of upward curvature, similar to previous investigations
(Wyithe 2006a, 2006b; G09).

Another important measurable quantity is the intrinsic or
cosmic scatter in M• for fixed galaxy properties. Quantifying the
scatter in M• is useful for identifying the tightest correlations
from which to predict M• and for testing different scenarios of
galaxy and black hole growth. In particular, models of stochastic
black hole and galaxy growth via hierarchical merging predict
decreasing scatter in M• as galaxy mass increases (e.g., Peng
2007; Jahnke & Macciò 2011). Previous empirical studies of
the black hole scaling relations have estimated the intrinsic
scatter in M• as a single value for the entire sample. Herein,
we take advantage of our larger sample to estimate the scatter
as a function of σ , L, and Mbulge.

In Section 2 we summarize our updated compilation of 72
black hole mass measurements and 35 bulge masses from dy-
namical studies. In Section 3 we present fits to the M•–σ , M•–L,
and M•–Mbulge relations and highlight subsamples that yield in-
teresting variations in the best-fit power laws. In particular, we
examine different cuts in σ , L, and Mbulge, as well as cuts based
on galaxies’ morphologies and surface brightness profiles. In
Section 4 we discuss the scatter in M• and its dependence on
σ , L, and Mbulge. In Section 5 we discuss how our analysis of
galaxy subsamples may be beneficial for various applications of
the black hole scaling relations.

Our full sample of black hole masses and galaxy properties is
available online at http://blackhole.berkeley.edu. This database
will be updated as new results are published. Investigators are
encouraged to use this online database and inform us of updates.

2. AN UPDATED BLACK HOLE AND GALAXY SAMPLE

Our full sample of 72 black hole masses and their host
galaxy properties are listed in Table 3, which appears at the
end of this paper. The corresponding M• versus σ , L, and Mbulge
are plotted in Figures 1–3. This sample is an update of our
previous compilation of 67 dynamical black hole measurements,

2

Figure 1.3: M• − σ relation for 72 galaxies from McConnell and Ma (2013). Brightest
cluster galaxies that are also the central galaxies of their clusters are plotted
in green, other elliptical and S0 galaxies are plotted in red, and late-type
spiral galaxies are plotted in blue. The BH masses are measured using
the dynamics of masers (triangles), stars (stars), or gas (circles). Error
bars indicate 68% confidence intervals. The black dotted line shows the
best-fitting power law for the entire sample, while the red dashed and blue
dot-dashed lines represent the fits for early-type and late-type galaxies,
respectively. Figure from McConnell and Ma (2013).

In the literature, the exact value of the M• − σ slope has been much debated
by observers and regarded by theorists as a key discriminator for models of the
assembly and growth of SMBHs and their host galaxies.

Comparison of works on this relation with each other is trickier than it sounds.
Among the reasons: (1) some them include M• based on kinematics of ionized
gas but it has been shown that emission-line rotation curves underestimate M•
unless broad line widths are taken into account; (2) some include NGC 1316 or
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Fig. 9.— Left: The MBH-σ relation of local galaxies with direct black hole mass measurements (data from

Woo et al. 2013 and references therein). Both AGN (the color-coding includes both radiative-mode and

jet-mode AGN) and quiescent galaxies are consistent with the McConnell & Ma (2013) relation, shown by

the solid line. Right: The distribution of galaxies in the SDSS main galaxy sample on the stellar mass vs.

black hole mass plane, using black hole masses derived from the MBH-σ relation. The greyscale indicates the

volume-weighted distribution of all galaxies, with each lighter color band indicating a factor of two increase.

It is clear that the black hole mass is not a fixed fraction of the total stellar mass. This is also true for AGN:

the blue and red contours show the volume-weighted distributions of high (>1%; mostly radiative-mode)

and low (< 1%; mostly jet-mode) Eddington-fraction AGN, with contours spaced by a factor of two.

where for the numerical form of the relation the luminosity and mass are in solar units. More uncertain still

is an estimate of the accretion rate onto the SMBH. This is typically computed assuming a fixed efficiency

ε for the conversion of accreted mass into radiant energy:

Lbol = εṀc2 (Eq 5)

It is typically assumed that ε ∼ 0.1. This relatively high efficiency is well-motivated theoretically for

a black hole radiating at a significant fraction of the Eddington limit (i.e. the radiative-mode AGN), but

may substantially under-estimate the accretion rate of AGN with very small Eddington ratios (the jet-mode

AGN). We will discuss this more quantitatively in Section 5 below.

2.4. Determining Basic Galaxy Parameters

2.4.1. From Imaging and Photometry

With the advent of digital surveys of large regions of the sky, astronomers were motivated to design

automated algorithms for measuring the principle properties of galaxies (e.g. Lupton et al. 2002). The size of

a galaxy is most often parameterized by the radius that encloses a fixed fraction (often 50%; written as R50)

of the total light. The shape of the radial surface-brightness profile provides a simple way to estimate the

prominence of the bulge with respect to the disk: galaxies with concentration index C = R90/R50 > 2.6 are

predominantly bulge-dominated systems, with Hubble classification of Type Sa or earlier, whereas galaxies

with C < 2.6 are mostly disk-dominated systems (Shimasaku et al. 2001). Gadotti (2009) performed 2-

Figure 1.4: The M• − σ relation of local galaxies with direct MBH measurements (data
from Woo et al., 2013 and references therein). Both AGN (the color-coding
includes both radiative-mode and jet-mode AGN) and quiescent galaxies are
consistent with the McConnell and Ma (2013) relation, shown by the solid
line. Figure from Woo et al. (2013).

NGC 5128, which have low BH masses for their high bulge masses; (3) studies
before 2011 have few or no BH masses that have been corrected upward as a
result of the inclusion of dark matter in dynamical models; some do not include
pseudobulges since they do not satisfy the same tight M•−host galaxy correlations
as classical bulges and ellipticals; (5) even later studies do not generally have all
the extraordinarily high-M• objects published by McConnell, Gebhardt, Rusli, and
collaborators.

McConnell and Ma (2013) presented revised fits for the M• − σ relation (see
Fig. 1.3), for a sample of 72 BHs and their host galaxies. The black dotted
line shows the best-fitting power law for the entire sample: log10 (M•/M�) =
8.32 + 5.64 log10 (σ/200 km s−1). When early-type and late-type galaxies are fit
separately they obtain slightly shallower slopes: β = 5.20 ± 0.36 for early types
(red dashed line in Fig. 1.3) and β = 5.06± 1.16 for late types (blue dot-dashed
line). The late-type galaxies have a significantly lower intercept: α = 8.39± 0.06
versus 8.07 ± 0.21. The authors find a steeper power law than previous works also
including to their analysis 92 upper limits on M• from Beifiori et al. (2012). They
argued that the individual observed M• − σ relations for the early- and late-type
galaxies provide more meaningful constraints on theoretical models than the global
relation. After all, these two types of galaxies are formed via different processes.

In addition, Woo et al. (2013) concluded that the relationship between M• and σ is
consistent between samples of quiescent galaxies (from McConnell and Ma, 2013)
and AGN (see Fig. 1.4). This result was reinforced by an investigation of powerful
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AGN with more massive BHs by Grier et al. (2013).

We will not attempt to describe the large amount of detailed studies aimed at
constraining the scatter in M•. The overall message is that the discovery that
SMBHs are tightly related to the large-scale properties of their host galaxies allows
us to tackle cardinal questions like: how did SMBHs form, how do they accrete, how
do they evolve, and what role do they play in the formation of cosmic structure?
All of the empirical relations above can be, and indeed must be, used to constrain
any complete theory or model of galaxy/SMBH coevolution.

There are now many direct observations that are consistent with AGN feedback in
action. Perhaps, the clearest observational evidence is found in the most massive
galaxies known, Brightest Cluster Galaxies in individual giant ellipticals, groups
and clusters of galaxies. These objects contain large amounts of hot, X-ray-emitting
gas, often showing X-ray cavities or "bubbles" that are believed to be inflated by
AGN jets. This subject is reviewed by McNamara and Nulsen (2007, 2012) and
Fabian (2012).

Furthermore, some bright quasars show blue-shifted X-ray spectral absorption lines
interpreted as coming from winds with velocities v & 0.1 c and with mass loss
rates of one to tens of M� yr−1 (e. g., Pounds and Page, 2006; Reeves et al., 2009;
Tombesi et al., 2012. Nonrelativistic outflows are also seen (Cano-Díaz et al., 2012
and references therein). Maiolino et al. (2012) report on a quasar at z = 6.4 with
an inferred outflow rate of > 3500M� yr−1. Such an outflow can clean a galaxy of
cold gas in a single AGN episode.

Some powerful radio galaxies at z ∼ 2 show ionized gas outflows with velocities of
∼ 103 km s−1 and gas masses of ∼ 1010 M�. Kinetic energies of ∼ 0.2 % of BH
rest masses are one argument among several that the outflows are driven by the
radio sources and not by star formation (Nesvadba et al., 2006, 2008). Molecular
gas outflows are also detected (e.g., Nesvadba et al., 2010; Cicone et al., 2014).

We will accurately discuss observations of quasar winds carried out in absorption
against the central compact UV/X-ray continuum in section § 2.2.

1.3.2 Theoretical models

In a series of seminal theoretical papers (Silk and Rees, 1998; Haehnelt et al.,
1998; Fabian and Iwasawa, 1999; King, 2003) principal ideas have been developed
to explain the possible mutual feedback between galaxies and their central BHs,
motivated by the observational evidences outlined in the previous section (e.g.,
Magorrian et al., 1998; Ferrarese and Merritt, 2000; Tremaine et al., 2002; McConnell
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and Ma, 2013; Kormendy and Ho, 2013). However, the exact mechanisms leading
to the observed tight coupling are not yet fully understood.

The overall picture in terms of energetics is fairly straightforward. It is easy to see
that the growth of the central BH by accretion can have a profound effect on its
host galaxy. The mass of the BH is typically observed to be MBH ≈ 1.4× 10−3Mb,
whereMb is the mass of the galaxy bulge (e.g., Kormendy and Ho, 2013). Accretion
of matter onto central BHs, accompanied by the release of a fraction of the rest-mass
energy of the fuel, has long been recognized as one of the most likely mechanisms
powering the engines of AGN (Salpeter, 1964; Lynden-Bell, 1969; Rees, 1984). An
estimate of the released energy is: EBH = ηMBH c

2 ∼ 2× 1061 M8 erg, assuming a
radiative efficiency for the accretion process of η ∼ 10% (see section § 1.1).

The binding energy of the galaxy bulge is Eb ∼ Mb σ
2 ∼ 8 × 1058 M8 σ

2
200 erg,

where σ is the velocity dispersion of the host galaxy’s central bulge in unit of
200 km s−1. The energy produced by the growth of the BH therefore exceeds the
binding energy by a large factor, EBH/Eb ∼ 250. If even a small fraction of the
energy is transferred to the gas, then an AGN can play a major role on the evolution
of its host galaxy. However, the details of the mechanism responsible for coupling
the quasar radiation with the galactic ISM are still being debated.

Theoretical models of galaxy formation have found it necessary to implement
AGN feedback processes, during which AGN activity injects energy into the gas
in the larger-scale environment, in order to reproduce the properties of local
massive galaxies, intracluster gas and the intergalactic medium (e.g., MBH −Mb

relationship; the sharp cut-off in the galaxy luminosity function; colour bi-modality;
metal enchrichment; X-ray temperature-luminosity relationship). Several of these
models invoke a dramatic form of energy injection (sometimes called the "quasar-
mode") where AGN drives galaxy-wide (i.e. & 0.1-10 kpc) energetic outflows
that expel gas from their host galaxies, eventually clear the galaxy of its cold gas
reservoir and consequently this shuts down future BH growth and star formation
and/or enriches the larger-scale environment with metals (e.g., Silk and Rees, 1998;
Fabian, 1999; Benson et al., 2003; King, 2003; Granato et al., 2004; Di Matteo
et al., 2005; Springel et al., 2005; Hopkins et al., 2006, 2008; Booth and Schaye,
2010; Debuhr et al., 2012). This is in contrast to the "maintenance mode" feedback
where radio jets, launched by the AGN, control the level of cooling of the hot gas in
the most massive halos (see Bower et al., 2012; Harrison et al., 2014 for a discussion
on the two modes).

Two main theoretical approaches have been developed to try and understand
how the complex and non-linear physics of the baryons leads to galaxies with
the properties observed in the real Universe: (i) semi-analytical modelling (SAM,
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e.g., Monaco et al., 2000; Kauffmann and Haehnelt, 2000; Volonteri et al., 2003;
Granato et al., 2004; Menci et al., 2006; Croton et al., 2006; Bower et al., 2006;
Malbon et al., 2007; Somerville et al., 2008; Lacey et al., 2015), in which simplified
mathematical descriptions are adopted for the baryonic processes, which are then
applied to evolving dark matter halos calculated from N-body simulations or by
Monte Carlo methods; (ii) fully hydrodynamic simulations (e.g., Di Matteo et al.,
2003; Sijacki et al., 2007; Colberg and Di Matteo, 2008; Booth and Schaye, 2009;
Sijacki et al., 2015) which follow the gas dynamics in more detail, and try to model
the physical processes in a more finegrained way.

Both SAMs and hydrodynamic simulations of full cosmological volumes, have
showed that the inclusion of AGN physics into galaxy formation models allows to
match many of the observed properties of galaxies in the local universe.

For example, Croton et al. (2006) shows that incorporating AGN feedback into
semi-analytic models of galaxy formation has a dramatic effect on the bright end
of the galaxy luminosity function. Fig. 1.5 represents K- and bJ -band luminosity
functions (left and right panels respectively) with and without AGN feedback (solid
and dashed lines respectively). The luminosities of bright galaxies are reduced by up
to two magnitudes when the feedback is switched on, and this induces a relatively
sharp break in the luminosity function which matches the observations quite well.
This model also indicates that feedback from AGN is necessary in order to build up
a red-sequence of galaxies. Fig. 1.6 shows the B-V colour distribution as a function
of stellar mass, with and without the central heating source (top and bottom
panels respectively). Here the galaxy population is colour-coded by morphology as
estimated from bulge-to-total luminosity ratio (split at Lbulge/Ltotal = 0.4). It is
worth noting the bimodal distribution in galaxy colours, with a well-defined red
sequence of appropriate slope separated cleanly from a broader blue cloud. It is
significant that the red sequence is composed predominantly of early-type galaxies,
while the blue cloud is comprised mostly of disk-dominated systems.

By comparing the upper and lower panels in Fig. 1.6 one can see how AGN feedback
modifies the luminosities, colours and morphologies of high mass galaxies. The
brightest and most massive galaxies are also the reddest and are ellipticals when
cooling flows are suppressed, whereas they are brighter, more massive, much bluer
and typically have disks if cooling flows continue to supply new material for star
formation. AGN heating cuts off the gas supply to the disk from the surrounding
hot halo, truncating star formation and allowing the existing stellar population to
redden. These are only a couple of possible examples of how theoretical models
suggest that AGN feedback plays a fundamental role in heating the ISM, quenching
the star formation, preventing massive galaxy to overgrow.
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14 Croton et al.

Figure 8. Galaxy luminosity functions in the K (left) and bJ (right) photometric bands, plotted with and without ‘radio mode’ feedback
(solid and long dashed lines respectively – see Section 3.4). Symbols indicate observational results as listed in each panel. As can be seen,
the inclusion of AGN heating produces a good fit to the data in both colours. Without this heating source our model overpredicts the
luminosities of massive galaxies by about two magnitudes and fails to reproduce the sharp bright end cut-offs in the observed luminosity
functions.

stars formed. These metals are produced primarily in the su-
pernovae which terminate the evolution of short-lived, mas-
sive stars. In our model we deposit them directly into the
cold gas in the disk of the galaxy. (An alternative would
clearly be to add some fraction of the metals directly to
the hot halo. Limited experiments suggest that this makes
little difference to our main results.) We also assume that
a fraction R of the mass of newly formed stars is recycled
immediately into the cold gas in the disk, the so called ‘in-
stantaneous recycling approximation’ (see Cole et al. 2000).
For full details on metal enrichment and exchange processes
in our model see De Lucia et al. (2004). In the bottom panel
of Fig. 6 we show the metallicity of cold disk gas for model
Sb/c galaxies (selected, as before, by bulge-to-total luminos-
ity, as described in Section 3.5) as a function of total stellar
mass. For comparison, we show the result of Tremonti et al.
(2004) for mean HII region abundances in SDSS galaxies.

4 RESULTS

In this section we examine how the suppression of cooling
flows in massive systems affects galaxy properties. As we will
show, the effects are only important for high mass galaxies.
Throughout our analysis we use the galaxy formation model
outlined in the previous sections with the parameter choices
of Table 1 except where explicitly noted.

4.1 The suppression of cooling flows

We begin with Fig. 7, which shows how our ‘radio mode’
heating model modifies gas condensation. We compare mean
condensation rates with and without the central AGN heat-
ing source as a function of halo virial velocity (solid and
dashed lines respectively). Recall that virial velocity pro-
vides a measure of the equilibrium temperature of the sys-
tem through Tvir ∝ V 2

vir, as indicated by the scale on the top
axis. The four panels show the behaviour at four redshifts
between six and the present day. The vertical dotted line in
each panel marks haloes for which rcool = Rvir, the transi-
tion between systems that form static hot haloes and those
where infalling gas cools rapidly onto the central galaxy disk
(see section 3.2 and Fig. 2). This transition moves to haloes
of lower temperature with time, suggesting a ‘down-sizing’ of
the characteristic mass of actively star-forming galaxies. At
lower Vvir gas continues to cool rapidly, while at higher Vvir

new fuel for star formation must come from cooling flows
which are affected by ‘radio mode’ heating.

The effect of ‘radio mode’ feedback is clearly substan-
tial. Suppression of condensation becomes increasingly effec-
tive with increasing virial temperature and decreasing red-
shift. The effects are large for haloes with Vvir

>∼ 150 kms−1

(Tvir
>∼ 106K) at z <∼ 3. Condensation stops almost com-

pletely between z = 1 and the present in haloes with
Vvir > 300 km s−1 (Tvir > 3 × 106K). Such systems corre-
spond to the haloes of groups and clusters which are typ-
ically observed to host massive elliptical or cD galaxies at
their centres. Our scheme thus produces results which are
qualitatively similar to the ad hoc suppression of cooling

Figure 1.5: Galaxy luminosity functions in the K (left) and J (right) photometric bands,
plotted with and without radio mode feedback (solid and long dashed lines
respectively). Symbols indicate observational results as listed in each panel.
As can be seen, the inclusion of AGN heating produces a good fit to the
data in both colours. Without this heating source our model overpredicts
the luminosities of massive galaxies by about two magnitudes and fails to
reproduce the sharp bright end cut-offs in the observed luminosity functions.
Figure from Croton et al. (2006).

Both approaches, SAMs and hydrodynamical simulations, have advantages and
disadvantages. The semi-analytical approach is fast and flexible, allowing large
parameter spaces to be explored, and making it easy to generate mock catalogues of
galaxies over large volumes, which on the one hand can be compared to observational
data to test the model assumptions and constrain the model parameters, and on the
other hand, can be used to interpret large observational surveys. Hydrodynamical
simulations can calculate the anisotropic distribution and flows of gas in much
more detail and with fewer approximations, and provide detailed predictions for
the internal structure of halos and galaxies, rather than just global properties.

To adequately model AGN feedback it is necessary to resolve spatial scales rang-
ing from & 0.001 pc where energy is released from the accretion disc that feeds
the SMBH, all the way to galactic (kpc) scales at which the large-scale outflow
sweeps across the galaxy and the surrounding halo. Due to current computational
limitations and to our lack of understanding of the nature of accretion, numerical
implementations of AGN feedback always rely on subgrid models that attempt to
mimic the effects of unresolved outflow physics (see e.g., Wurster and Thacker, 2013,
for a comparison of several widely used AGN feedback models). These subgrid
approximations, whose form is phenomenological, contain various free parameters,
which are then adjusted so that, by analogy with SAMs, the predictions from the
simulation agree with a predetermined set of observed properties. The use of these
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Figure 9. The B−V colours of model galaxies plotted as a func-
tion of their stellar mass with (top) and without (bottom) ‘radio
mode’ feedback (see Section 3.4). A clear bimodality in colour is
seen in both panels, but without a heating source the most mas-
sive galaxies are blue rather than red. Only when heating is in-
cluded are massive galaxies as red as observed. Triangles (red) and
circles (blue) correspond to early and late morphological types re-
spectively, as determined by bulge-to-total luminosity ratio (see
Section 4.2). The thick dashed lines mark the resolution limit to
which morphology can be reliably determined in the Millennium
Run.

flows assumed in previous models of galaxy formation. For
example, Kauffmann et al. (1999) switched off gas condensa-
tion in all haloes with Vvir > 350 km s−1, while Hatton et al.
(2003) stopped condensation when the bulge mass exceeded
a critical threshold.

4.2 Galaxy properties with and without AGN
heating

The suppression of cooling flows in our model has a dramatic
effect on the bright end of the galaxy luminosity function.
In Fig. 8 we present K- and bJ-band luminosity functions
(left and right panels respectively) with and without ‘ra-
dio mode’ feedback (solid and dashed lines respectively).
The luminosities of bright galaxies are reduced by up to
two magnitudes when the feedback is switched on, and this

Figure 10. Mean stellar ages of galaxies as a function of stellar
mass for models with and without ‘radio mode’ feedback (solid
and dashed lines respectively). Error bars show the rms scatter
around the mean for each mass bin. The suppression of cooling
flows raises the mean age of high-mass galaxies to large values,
corresponding to high formation redshifts.

induces a relatively sharp break in the luminosity function
which matches the observations well. We demonstrate this
by overplotting K-band data from Cole et al. (2001) and
Huang et al. (2003) in the left panel, and bJ-band data from
Norberg et al. (2002) in the right panel. In both band-passes
the model is quite close to the data over the full observed
range. We comment on some of the remaining discrepancies
below.

Our feedback model also has a significant effect on
bright galaxy colours, as we show in Fig. 9. Here we plot the
B−V colour distribution as a function of stellar mass, with
and without the central heating source (top and bottom pan-
els respectively). In both panels we have colour-coded the
galaxy population by morphology as estimated from bulge-
to-total luminosity ratio (split at Lbulge/Ltotal = 0.4). Our
morphological resolution limit is marked by the dashed line
at a stellar mass of ∼ 4 × 109M"; this corresponds approx-
imately to a halo of 100 particles in the Millennium Run.
Recall that a galaxy’s morphology depends both on its past
merging history and on the stability of its stellar disk in our
model. Both mergers and disk instabilities contribute stars
to the spheroid, as described in Section 3.7. The build-up of
haloes containing fewer than 100 particles is not followed in
enough detail to model these processes robustly.

A number of important features can be seen in Fig. 9.
Of note is the bimodal distribution in galaxy colours, with
a well-defined red sequence of appropriate slope separated
cleanly from a broader ‘blue cloud’. It is significant that
the red sequence is composed predominantly of early-type
galaxies, while the blue cloud is comprised mostly of disk-
dominated systems. This aspect of our model suggests that
that the physical processes which determine morphology
(i.e. merging, disk instability) are closely related to those
which control star formation history (i.e. gas supply) and
thus determine galaxy colour. The red and blue sequences
both display a strong metallicity gradient from low to high
mass (c.f. Fig. 6), and it is this which induces a ‘slope’ in

Figure 1.6: The B-V colours of model galaxies plotted as a function of their stellar mass
with (top) and without (bottom) ’radio mode’ feedback. A clear bimodality
in colour is seen in both panels, but without a heating source the most
massive galaxies are blue rather than red. Only when heating is included
are massive galaxies as red as observed. Triangles (red) and circles (blue)
correspond to early and late morphological types respectively, as determined
by bulge-to-total luminosity ratio. The thick dashed lines mark the resolution
limit to which morphology can be reliably determined in the Millennium
Run. Figure from Croton et al. (2006).

subgrid models in simulations is thus closely analogous to the approach in SAMs,
albeit on a smaller spatial scale.

The primary difference between the state-of-the-art simulations is a different
parametrization of many important physical processes for the baryons (e.g., effective
equation of state of the cold ISM, star formation, gas accretion on to BHs and
feedback from both stars and AGN). As demonstrated by Wurster and Thacker
(2013), AGN growth and star formation history could differ by orders of magnitudes
depending on the type of feedback implementation. The subgrid modelling of
gas accretion on to BH is discussed widely. In large scale simulations a spherical
accretion onto a compact object traveling through the ISM (Bondi accretion model)
can be assumed (in this case the energy is restricted by the Eddington limit, see
section § 1.1). Angular momentum of in-falling gas has been accounted in newer
prescription in isolated galaxies (Debuhr et al., 2010; Power et al., 2011). Another
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area of uncertainty is the physical model for AGN feedback mechanism. Feedback
has been modelled as direct thermal heating or in the form of radiative, mechanically
driven winds (e.g., Faucher-Giguère and Quataert, 2012). Furthermore, the extent
and the ways in which feedback energy is coupled to the surrounding gas are
unknown. Some authors opt for deposit feedback energy within a given radius
(fixed volume; e.g., Booth and Schaye, 2009; Dubois et al., 2012). Or in the case of
Smoothed-particle hydrodynamics (SPH), energy is deposited to a fixed number
of particles (fixed mass) near the BH (e.g., Springel et al., 2005; Okamoto et al.,
2008).

Many efforts have been done to improve realism in drawing the AGN feedback,
however, both theoretical understanding and numerical implementations have
several challenges to tackle.

1.4 Quasar Outflows

Galaxy-scale outflows driven by quasars are thought to play a crucial role in galaxy
formation, since they provide a mechanism for the central BH to possibly regulate
star formation in the host galaxy. This mechanism can potentially explain the
relation between the MBH and the galaxy bulge properties and why star formation
appears to be suppressed in massive galaxies (see section § 1.3.1). Quasar outflows
may also contribute to the blowout of gas and dust from young galaxies, helping to
enrich the intergalactic medium (IGM) with metals.

In recent years, multiple studies have presented observational evidence for the
existence of such quasar-driven galaxy-scale outflows (e.g., Nesvadba et al., 2006,
2011; Greene et al., 2011; Rupke and Veilleux, 2011; Sturm et al., 2011; Maiolino
et al., 2012; Arav et al., 2013; Cicone et al., 2014; Harrison et al., 2014). However,
the physics which govern the dynamics of these large-scale outflows is still debated.
A crucial question that then arises is how these outflows interact with the host
galaxy and affect its gas content, star formation rate and morphology. The quasar-
driven outflows are sufficiently energetic that they may heat and unbind a large
fraction of the gas in a galaxy (Silk and Rees, 1998; Fabian, 1999; King, 2005),
ridding the galaxy of its star formation reservoir and leading to the shutting off of
star formation and quenching. On the other hand, it is possible that the outflows
launched by the central engine cannot effectively couple with the surrounding
dense interstellar medium and instead leave the host galaxy without causing major
disruption to the ISM (Debuhr et al., 2012; Bourne et al., 2014; Roos et al., 2015)
or they may even lead to shock-induced star formation bursts (Silk, 2013).
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The approaches to include AGN feedback in numerical simulations, can vary widely,
in both physics and numerical implementation. Pheraps one of the most relevant
model for the Quasar winds has been proposed by King (2003, 2005). This model
describes the interaction of a subrelativistic accretion disc wind with the ISM
surrounding the accreting BH, which is assumed to lie at the centre of the galactic
halo.

The structure of the shock pattern that ensues is qualitativey identical to that
resulting from the interaction between a fast stellar wind and the surrounding
interstellar gas (see e.g., Weaver et al., 1977; Dyson and Williams, 1997). The
inner wind drives a forward shock wave that acts like a piston, sweeping up the
host ISM, while the inner wind itself must decelerate strongly in an inner reverse
shock facing towards the BH. Thus, in order of increasing distance from the AGN,
the flow pattern consists of four zones (see Fig. 1.7): (a) the unshocked highly
supersonic inner wind; (b) the shocked inner wind material that has crossed the
reverse shock; (c) a shell of interstellar gas swept up by the forward shock and (d)
the unperturbed ambient ISM.

The nature of this shock differs sharply depending on whether or not some form
of cooling (typically radiation) removes a significant amount of energy from the
hot shocked gas on a timescale shorter than its flow time. In other words, it is the
cooling of region (b) that determines whether the outflowing shell in region (c) is
energy- or momentum-driven.

Feedback from Active Galactic Nuclei: Energy- versus momentum-driving 3

of an outflow launched from the inner parts of the accre-
tion disc to interstellar gas at pc scales. In Section 2.5, we
briefly discuss the alternative suggestion of a coupling of ra-
diation escaping from the AGN to dusty interstellar material
at galactic (& kpc) scales. We next review simple analytical
models addressing the interaction between the inner AGN
wind and the ISM without cooling.

2.2 Spherical wind models

We start by investigating the simplified model proposed
by King (2003, 2005) describing the interaction of a sub-
relativistic accretion disc wind, from now on referred to as
‘inner wind’ for brevity, with the ISM surrounding the ac-
creting black hole, which is assumed to lie at the centre of
the galactic halo. In line with observed nuclear (ultra-)fast
outflows (Pounds et al. 2003; Pounds & Reeves 2009; Reeves
et al. 2009; Tombesi et al. 2010, 2011, 2012, 2013; Pounds
& King 2013), King (2003, 2005) assumes the inner wind to
have simple properties. It is taken to have a high covering
fraction with opening angle �w such that �w/4fi ¥ 1 and
its mass outflow rate is taken to be equal to the black hole’s
Eddington accretion rate ṀEdd. When combined, these two
properties contribute to a high opacity in the inner wind and
an optical depth to electron scattering of · ¥ 1, supporting
the view that such an inner wind can indeed be driven via
radiation pressure from the AGN (King & Pounds 2003).
Consequently, the inner wind initially transports momen-
tum at a rate ṗw comparable with the momentum injection
rate of the AGN as given by

ṗw = Ṁwvw ¥ LEdd

c
, (3)

where vw is the speed of the inner wind and Ṁw is the
mass outflow rate of the inner wind, which is, as already
mentioned, assumed to be equal to the Eddington accretion
rate. From Eq. 1, it thus follows that

Ṁw = ṀEdd = LEdd

÷c2
. (4)

Substitution of Ṁw as given in Eq. 4 into Eq. 3 then
fixes the velocity vw of the inner wind to

vw = ÷c . (5)

Mass continuity implies that the mass density of the
inner wind must in turn be given by

flw = Ṁw

4fiR2vw
= GMBH

Ÿ÷2c2R2 . (6)

Finally, the inner wind’s kinetic luminosity Ėk, w is
given by

Ėk, w = 1
2Ṁwv

2
w = ÷

2LEdd . (7)

If for the radiative e�ciency, the canonical ÷ = 0.1 is
adopted, the inner wind speed is vw = 0.1c in agreement
with observed blueshifted absorption lines in QSO spectra
(see e.g. Pounds & King 2013) and the kinetic luminosity

a b c d

R

Ro

Rr

Vw

Figure 1. The shock pattern resulting from the collision of a fast
inner AGN wind with the surrounding ISM (see also Weaver et al.
1977; Dyson & Williams 1997; Zubovas & King 2012; Faucher-
Giguère & Quataert 2012). The flow is divided into four distinct
regions, which are labelled with letters in order of increasing dis-
tance to the AGN. Region (a) is filled with the unshocked inner
wind which flows out with a speed vw = ÷c. Since the inner
wind acts as a piston pushing into the ISM at highly supersonic
speeds, a shock must naturally form. However, in the reference
frame of the inner wind itself, it is the ISM that moves against it
highly supersonically, giving rise to a reverse shock (region (b)).
Neglecting relativistic e�ects, gas behind the reverse shock has a
temperature Tr = 1010≠11K (see text). On the outside, region
(c) is bounded by a forward shock that sweeps up interstellar gas
into an expanding shell. Regions (b) and (c) are separated by a
contact discontinuity (dashed circle). Finally, region (d) is occu-
pied by the undisturbed ISM. It is the cooling of region (b) that
determines whether the outflowing shell in region (c) is energy-
or momentum-driven.

is Ėk, w = ‘LEdd with ‘ = 0.05. For fixed momentum flux,
note that Eqs. 3 and 7 however imply that a lower vw results
in higher Ṁw and lower Ėk, w, respectively.

With a speed of vw ¥ 0.1c, the inner wind is highly
supersonic and must drive a strong shock into the ISM. The
structure of the shock pattern that ensues is analogous to
that resulting from the interaction between a fast stellar
wind and the surrounding interstellar gas (see e.g. Weaver
et al. 1977; Dyson & Williams 1997). The inner wind drives a
forward shock wave that thrusts into the ambient ISM, while
the inner wind itself must decelerate strongly in an inner re-
verse shock facing towards the black hole. Thus, in order of
increasing distance from the AGN, the flow pattern consists
of four zones (see Fig. 1): (a) the unshocked highly super-
sonic inner wind; (b) the shocked inner wind material that
has crossed the reverse shock, also often termed ‘wind shock’
in the literature (e.g. Zubovas & King 2012; Faucher-Giguère
& Quataert 2012); (c) a shell of interstellar gas swept up by
the forward shock and (d) the unperturbed ambient ISM.

If the forward shock is strong, the pressure from the
ambient ISM (region d) can be neglected and the dynamics
of the shell of swept up gas (region c) is fully determined by
the di�erence between the outward pressure force P exerted
on it by the shocked inner wind (region b) and the inward

c• 0000 RAS, MNRAS 000, 000–000

Figure 1.7: The shock pattern resulting from the collision of a fast inner AGN wind
with the surrounding ISM. In order of increasing distance from the AGN,
the flow pattern consists of four zones: (a) the unshocked highly super-sonic
inner wind; (b) the shocked inner wind material that has crossed the reverse
shock ; (c) a shell of interstellar gas swept up by the forward shock and (d)
the unperturbed ambient ISM. Figure from Costa et al. (2014).

A momentum-driven outflow (shown in Fig. 1.8 on the left) occurs when the reverse
shock cools efficiently. The shocked inner wind gas in region (b) traverses a radiative
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Figure 2. Momentum and energy-driven AGN outflows. A momentum-driven outflow (shown on the left) occurs when the inner wind
that shock-heats as it passes the reverse shock (region (b)) cools e�ciently. The resulting (isothermal) shock consists of an initially
adiabatic shock followed by a region where radiative cooling dominates shown in light blue. The loss of thermal energy results in a
drop of pressure support and causes region (b) to be very thin. The post-shock pressure at the contact discontinuity in this case is
P = flwv2

w. An energy-driven outflow (shown on the right) results when the energy injected by the inner wind (region (a)) is fully
conserved throughout the outflow, i.e. no substantial cooling losses are sustained. Region (c) is driven out as the now hot and thick
region (b) expands adiabatically. The separate question of how e�ciently region (c) cools does not determine whether the outflow is
energy- or momentum-driven. We revisit this question in Section 4.2 and for now represent region (c) as thick, while mindful it can
collapse into a very thin shell if cooling is e�cient.

King (2005), King et al. (2011) and McQuillin & McLaugh-
lin (2013) and that the shell’s initial speed is su�cient for it
to escape from the black hole potential yields the equation
of motion for the shell

‘LEdd = 2fgas‡
2

G

11
2R2...

R + 3RṘR̈ + 3
2 Ṙ3

2

+ 10fgas
‡4

G
Ṙ .

(16)

Eq. 16 also admits unbound solutions. Assuming a solu-
tion of the type R Ã t (King et al. 2011) and taking Ṙ = 2‡
into Eq. 16 gives

‘LEdd = 44fgas

G
‡5 . (17)

When this condition is satisfied, the energy-driven out-
flow can clear the halo o� its gas and terminate black hole
accretion. In this case, the black hole mass is fixed to a value
given by

Me
final = 11fgasŸ

‘fiG2c
‡5 , (18)

using ‘e’ to denote ‘energy-driven’ (see also Silk & Rees
1998; Haehnelt et al. 1998; King 2010b; Fabian 2012; Mc-
Quillin & McLaughlin 2013). Energy-driven outflows there-
fore yield Me

final Ã ‡5, somewhat steeper than the observed
Ã ‡4.3 scaling (see e.g. Kormendy & Ho 2013).

2.5 Energy- versus momentum-driving and the
role of Compton cooling/heating

2.5.1 The e�ciency of energy- vs. momentum-driving

Using Eqs. 14 and 18, the ratio of the final black hole masses
for energy- and momentum-driven outflows is given as

Me
final

Mm
final

¥ 10≠1
1

‘
0.05

2≠1 1
÷

0.1

2≠1 1
‡

200 km s≠1

2
, (19)

suggesting that lower black holes masses are required to
drive a large-scale outflow for energy- than for momentum-
driven solutions. In this section, we clarify the reason for
the relative e�ciency of energy- over momentum-driven out-
flows.

Whether an outflow is energy- or momentum-driven, its
kinetic luminosity can be parametrised in terms of a kinetic
conversion e�ciency ‘kin that quantifies the fraction of the
AGN luminosity which is converted into kinetic energy of the
outflow on galactic scales. The outflow’s kinetic luminosity
is thus given by

Ėk, sh = ‘kinL . (20)

The momentum flux of the outflow can, in turn, be writ-
ten as

ṗsh = 2Ėk,sh

vsh
= 2‘kin

L
c

c
vsh

, (21)

again, irrespective of whether it is energy- or
momentum-driven.

If the outflow is energy-driven, then ‘kin is related to ‘
via

‘e
kin = ‘th≠kin ◊ ‘ = 0.05‘th≠kin

1
‘

0.05

2
, (22)

where ‘th≠kin is the e�ciency in converting the ther-
mal energy injected by the AGN into kinetic energy of the
outflow on galactic scales.

We now evaluate the ratio of the momentum flux ṗsh of
the outflow to that of the inner wind, a ratio often termed
‘momentum boost-factor’. Substituting Eq. 22 into Eq. 21
and using ṗw = L/c (Eq. 3) gives

ṗsh

ṗw

----
e

= 2‘e
kin

c
vsh

= 30‘th≠kin

1
‘

0.05

2 1
vsh

1000km s≠1

2≠1
.

(23)
Energy-driven shells can therefore acquire momentum
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Figure 1.8: Momentum and energy-driven AGN outflows. A momentum-driven outflow
(shown on the left) occurs when the reverse shock (region (b)) cools efficiently.
An energy-driven outflow (shown on the right) happens when no substantial
cooling losses are sustained. Figure from Costa et al. (2014).

region with a size of the order of the cooling length lcool until its temperature returns
to its pre-shock value at a radius ≈ Rr + lcool. Where Rr is the radius that delimits
the region (a). The resulting (isothermal) shock consists of an initially adiabatic
shock followed by a region where radiative cooling dominates (shown in light blue).
The loss of thermal energy results in a drop of pressure support and causes region
(b) to be very thin.

An energy-driven outflow (shown in Fig. 1.8 on the right) results when the energy
injected by the inner wind (region (a)) is fully conserved throughout the outflow, i.e.
no substantial cooling losses are sustained. Region (c) is driven out as the now hot
and thick region (b) expands adiabatically. The question of how efficiently region
(c) cools does not determine whether the outflow is energy- or momentum-driven.

The very rapid cooling means that the shocked wind gas is highly compressed,
making the post-shock region geometrically narrow (shown in light blue, in Fig. 1.8,
left). This region is often idealized as a discontinuity, know as an ’isothermal
shock’ (cfr. Dyson and Williams, 1997). As momentum must be conserved, the
post-shock gas transmits just its ram pressure to the host ISM. In other words,
in the momentum-driven limit, the energy injected into the bulge ISM, Emom, is
Emom ∼ 0.1Egas, where Egas is the gravitational binding energy of the bulge gas (we
refer to King and Pounds, 2015 for a complete derivation of this energy limit). Thus
momentum-driven flows do not threaten the bulge’s integrity. A momentum-driven
regime is a stable environment forMBH growth. In the opposite limit where cooling
is negligible, the post-shock gas retains all the mechanical luminosity thermalized
in the shock, and instead expands adiabatically into the ISM. The available BH
wind mechanical energy, Ewind, is in this case Ewind w 100Egas (see King and
Pounds, 2015). The post-shock gas is now geometrically extended (see Fig. 1.8,
right), unlike the momentum-driven case. This energy-driven flow is much more
violent than the momentum-driven flow.
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Given these starkly different outcomes we must understand under what conditions
we have momentum- or energy-driven outflows. Simple estimates immediately show
that ordinary atomic two-body processes have no significant effect in cooling the
wind shock. But the wind shock is exposed to the radiation field of an Eddington-
accreting SMBH. This has a characteristic temperature of no more than ∼ 107 K,
far lower than the wind’s immediate post-shock temperature of ∼ 1010 − 1011 K.
Electrons in the post-shock gas lose energy to these photons through the inverse
Compton effect (cfr. Ciotti and Ostriker, 1997), at a rate dependent on the radiation
density. For wind shocks close to the SMBH, the accretion radiation field is intense
enough that this effect cools the post-shock wind gas in less than the momentum-
driven flow time ∼ R/σ, and we are self-consistently in the momentum-driven
regime, provided that the post-shock gas is in equipartition, i.e. that electron
and ion temperatures remain effectively equal. For shocks at larger radii R the
radiation energy density decreases as R2, increasing the cooling time as R2. The
flow time increases only as R, so for R greater than the critical cooling radius

RC ∼ 500M1/2
8 σ200 pc (1.10)

(King, 2003, 2005; King et al., 2011; Zubovas and King, 2012) the cooling time is
longer than the flow time, and the flow must be energy-driven. So we have the
general result that momentum-driven flows are confined to a small region R < RC ,
while energy-driven flows must be large-scale. This is just as one would expect,
given that a momentum-driven flow allows stable BH mass growth, while an energy-
driven one is likely to expel most of the bulge gas. Therefore, it seems reasonable
that the shock interaction characterizing the BH wind feedback changes from
momentum-driven, acting on small spatial scales near the BH, to energy-driven,
instead acting globally on the whole galaxy bulge and producing a high-energy
clear out of its gas.

A separate class of models for AGN feedback envisages that AGN-driven outflows
are driven by direct radiation pressure on dust grains embedded in the ISM of the
galaxy (Fabian, 1999; Murray et al., 2005; Debuhr et al., 2011). In this scenario,
interstellar gas is pressurised by the radiation field of the AGN rather than by a
shocked AGN inner wind as in King (2003, 2005).
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1.5 Quasar spectrum

1.5.1 The Continuum

Quasars show an intense continuum emission ranging from X-rays to radio. Due to
the high luminosity of the nucleus and the large distance, the underlying galaxy,
the host galaxy, is normally not seen; hence their stellar appearance. The mean
spectral energy distribution (SED) for quasars is shown in Fig. 1.9.

The X-ray spectrum, which contributes approximately 10% to the bolometric
luminosity of AGN, consists of several components. These include a power law
continuum, a "soft excess" below X-ray energies of 1 keV (Arnaud and Rothenflug,
1985), and a "reflection hump" between 10 and 30 keV (George and Fabian, 1991).
Photon energies extend to several GeV and, in some objects, even to γ-rays with
energies in the TeV region (Horan and Weekes, 2004). For photon energies from
1 to 10 keV, the continuum can be represented by a power law Fν ∝ να, with
α ∼ −0.8 (Nandra and Pounds, 1994; Tozzi et al., 2006). The spectrum is by
consequence not that of thermal emission, i.e. not a blackbody spectrum. It results
from inverse Compton scattering in the hot corona above the accretion disk (Liang,
1979; Torricelli-Ciamponi et al., 2005). Due to the generation of the emission close
to the nucleus, it often shows variations on timescales of weeks or days.

1.4. The dusty torus 7

Figure 1.2: Mean quasar spectral energy distribution for radio-loud (blue line) and radio-quiet (red
dashed line) quasars. The energy distribution was adapted from Elvis et al. (1994). In the spectral
regions around the wavelengths of 1 mm and 10 nm, no data is available and the curve is interpolated.

Depending on whether the AGN is radio-loud or radio-quiet, the emission in the radio
regime is more or less pronounced. The radio spectrum is non-thermal and the spectral
intensity follows a power law F (ν) ∝ να. The radiation is due to synchrotron emission of
relativistic electrons in the jets.

1.4 The dusty torus

The dusty molecular torus surrounding the central engine of an AGN is expected to consist
of molecular gas as well as of warm and hot (T ∼ 100 − 1500K) dust. It is thought to
be heated by the nuclear radiation it absorbs in the optical and ultraviolet. The dust is
supposed to be a mixture of silicate and graphite grains of various sizes, ranging from a few
nm to several µm. The extreme physical conditions found in AGN make it likely that the
dust has a different composition different from the interstellar dust observed in the Milky
Way. Indeed, an indication that the dust in active nuclei has “anomalous” properties, was
presented in Maiolino et al. (2001b,a). However, only very little research has been performed
on the characteristics of the dust in AGN, so that its properties remain essentially unknown.

The difference in the shape of the infrared bump in Seyfert 1 and Seyfert 2 galaxies can be
used to probe the distribution of the dust. Of particular importance for such studies are the
absorption characteristics of silicate grains. Grains of amorphous silicate show two prominant
absorption or emission features at 9.7 and 18.5µm. The features appear in emission in two
cases: (i) for an optically thin and warm dust distribution or (ii) for an optically thick
dust distribution where the temperature decreases along the observers line of sight. The
features appear in absorption for an optically thick dust distribution with increasing dust
temperature along the line of sight. As was realised by Pier and Krolik (1992), the feature

Figure 1.9: Mean quasar spectral energy distribution for radio-loud (blue line) and
radio-quiet (red dashed line) quasars. The energy distribution is adapted
from Elvis et al., 1994).

Between 10 and 400 nm, the spectrum shows another local maximum, the blue
bump. This bump is of thermal nature. Generally, it is attributed to thermal
radiation at temperatures of 104 to 105 K, albeit its origin is not entirely clear.
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The emission might be caused either by optically thick, hot gas, i.e. blackbody
radiation, or by free-free emission of optically thin gas (Barvainis, 1993). The
most favoured understanding is that the emission originates from the supposed
accretion disk (Shields, 1978; Malkan and Sargent, 1982; Shang et al., 2005). In the
infrared, the continuum radiation of active galactic nuclei shows a thermal peak
at wavelengths between 2 and 300 µm. This smooth bump, separated from the
blue bump by a local minimum at ∼ 1 µm, is frequently referred to as the infrared
bump. Because of its thermal spectrum, the infrared bump is mainly ascribed to
the emission from dust with temperature T . 1500 K (Rees et al., 1969; Lebofsky
and Rieke, 1980; Barvainis, 1987). This dust is associated with the dusty torus.
Depending on whether the AGN is radio-loud or radio-quiet, the emission in the
radio regime is more or less pronounced. The radio spectrum is non-thermal and
the spectral intensity follows a power law F (ν) ∝ να. The radiation is due to
synchrotron emission of relativistic electrons in the jets or extended emission lobes.

1.5.2 The Emission Lines

An important characteristic of AGN spectra is the presence of strong broad and
narrow emission lines produced by the transitions of excited atoms. They can be
used to infer both the physical conditions of the emitting gas (such as density,
temperature, chemical composition, ionization state and turbulent motion) and
the properties of the ionization sources.

We deal with two fundamental categories of emission lines: those produced by decays
occurring during ionic recombination following ionization, and those produced by
decays following collisional excitations by other particles in the gas. The observed
emission lines are generally divided into two classes, permitted lines and forbidden
lines (denoted by square brackets), according to the rate of spontaneous transition
between the energy levels responsible for the emission. In general, forbidden
transitions have lower probability than permitted ones. Because of the low transition
probability, forbidden lines are not expected from gas with high density, where
relevant ions can be removed quickly from the excited state by collisions with
electrons before they have a chance to make the forbidden transition. On the other
hand, permitted lines are expected in both high- and low-density gas.

One important application of emission line spectra is to use line ratios to separate
AGN from star-forming galaxies whose spectra also contain emission lines due to
the HII regions generated by young massive stars. As far as emission lines are
concerned, the main difference between an AGN and a star-forming galaxy is in the
level of ionization and temperature of the emitting gas, both expected to be higher
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in an AGN due to the stronger UV flux involved. In addition, the radiation field
in an AGN is also ’harder’, i.e. contains a larger fraction of high-energy photons.
These photons have a larger mean free path in a neutral medium, and can therefore
penetrate farther to give rise to a larger partially ionized zone.

A further classification of the emission lines observed in Quasar spectra is between
the broad lines with full width at half maximum (FWHM) of the order of 1000 to
5000 km s−1 and narrow lines with FWHM of the order of 500 km s−1.

Forbidden transitions are only found as narrow lines whereas permitted lines may
have both broad and narrow components. Lines that are collisionally excited
and then decay radiatively have intensities that are proportional to the square
of the density as do recombination lines. However, if a collisionally excited line
normally decays by collisional de-excitation and only occasionally by radiative
de-excitation (so the level population tends towards its Boltzmann equilibrium
value), the intensity of the line will only be proportional to the density. Hence, at
high densities, forbidden lines are weak compared with both permitted collisionally
excited lines and recombination lines. All this implies that narrow lines in AGN
come from a lower velocity and density region than the broad lines.

Broad-Line Region — The optical spectra of Seyfert 1 galaxies and quasars
contain strong emission lines with velocity widths σv > 1000 km s−1. If these
velocity widths are due to the gravitational motion in the vicinity of the central
BH, the sizes of the broad-line regions should be of the order

R ∼ GM

σv
. 0.5M8

(
σv

1000 km s−1

)
pc. (1.11)

This argument suggests that the broad lines are produced in a small inner region
surrounding the accretion disk. Direct imaging of the broad-line region has not yet
been possible, but the observed variabilities of broad lines suggest a typical size
of . 0.5 1 light-year (∼ 0.3 pc), consistent with that based on the velocity width.
Broad forbidden lines (such as [OIII]) are not observed, indicating that the electron
density of the gas producing the broad lines is very high. Detailed photoionization
models of the broad-line spectra give a representative density of about 109 cm−3

and gas temperatures ∼ 2× 104 K.

Narrow-Line Region — The optical spectra of many AGN reveal strong narrow
lines with velocity widths σv ∼ 100 km s−1. From Eq. 1.11 we see that such lines
may be produced in a region of size ∼ 50 pc around the central engine. Because
of their relatively large sizes, narrow-line regions in nearby AGN can be spatially
resolved even with ground-based observations. The observed sizes range from
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∼ 10 pc to ∼ 100 pc, again in good agreement with the sizes inferred from the
velocity widths. Since forbidden [OIII] lines are usually observed, the density of
the narrow-line gas must be . 0.5×106 cm−3. Detailed modeling of the narrow-line
spectra yields densities in the range (104− 106) cm−3. This relatively large range is
also required within individual AGN to explain the observed line ratios, indicating
that the gas within a narrow-line region is highly inhomogeneous. The gas is mainly
photoionized by the central source, although collisional ionization may also be
involved in some cases. The temperature of the gas is in the range 1− 2× 104 K.
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2 Chapter 2

Quasar Absorption Spectra

Absorption features in quasar spectra provide a unique tool for probing the gas
content of foreground galaxies and of the intergalactic medium IGM. It is well
known that information about their temperature, density, chemical abundances
and kinematics can be extracted from the analysis of these absorption lines. For
instance, a detailed insight into the physical state of the IGM is provided by the
analysis of the absorption lines found in the spectra of distant quasars (see e.g. Hu
et al., 1995; Kim et al., 1997, 2001, 2002; McQuinn, 2015 and references therein).

Knowledge about the actual physical state of these systems can be obtained basically
from the line profiles. Both line counting and line profile measurement are tricky
tasks though, since the accuracy with which they can be performed highly depends
on the resolution of the observed spectra.

For instance, depending on the spatial distribution of the absorbing systems,
lines can appear very close to each other or even superposed (line blending),
and a low spectral resolution may lead to the misidentification of the resulting
composite profile as being a single, complex one. Because of this same reason, the
determination of the exact shape of each individual absorption profile is far from
being trivial, and misidentified profiles may lead to wrong conclusions about the
properties of the absorbing systems.

In this chapter, I summarize a few basic and classical definitions on the formation
and characteristics of absorption lines (section §2.1), that are important to keep in
mind when discussing the results of this work in the following chapters. Finally,
I introduce the standard classification for quasar absorption lines (section §2.2).
Throughout this manuscript, I adopt a ΛCDM cosmology with ΩM = 0.315,
ΩΛ = 0.685, and H0 = 67.3 km s−1Mpc−1 (Planck Collaboration et al., 2014).

2.1 Absorption Lines

Absorption processes and their signatures imprinted on the spectra of bright
background sources (quasars, Gamma-ray burst, etc.) are one of the main sources
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2 Quasar Absorption Spectra

of information about the physical and chemical properties of intervening systems
and of the IGM. To gain informations from absorption lines, it is necessary to model
them with some analytical profile whose parameters are related to the physical
properties of the gas from which lines originated.

As the radiation propagates through the medium, the energy intensity of radiation,
Iν , evolves according to the equation of radiative transfer:

dIν = −Iνκν dx+ jν dx, (2.1)

where κν is the attenuation coefficient at frequency ν, with dimensions of 1/length,
and jν is defined as the emissivity at frequency ν, with dimensions of power per
unit volume per unit frequency per unit solid angle. The term −Iνκνdx is the net
change in Iν due to absorption and stimulated emission, and jνdx is the change in
Iν due to spontaneous emission by the material in the path crossed. Eq. 2.1 can be
written, as

dIν
κν dx

= −Iν + jν
κν

dIν
dτν

= −Iν + Sν(τ), (2.2)

where dτν = κν dx defines the optical depth through the pathlength and Sν(τ) is
the source function. Since we are concerned only with absorption lines, we can set
Sν(τ) = 0 and thus easily solve Eq. 2.2 as

Iν = I0 e
−τν . (2.3)

Suppose that we observe a bright continuum source behind a foreground cloud of
gas, and we measure the energy flux density Fν as a function of ν. We observe the
source using an aperture of solid angle ∆Ω, and we assume that the properties of
the foreground gas are essentially uniform over ∆Ω. If we integrate Eq. 2.3 over
the solid angle ∆Ω of our spectrometer aperture, we obtain the flux density at the
observer

Fν = Fν(0) e−τν , (2.4)

where Fν(0) is the flux density from the source in the absence of absorption. We
can interpolate to estimate the quasar continuum flux Fν(0) even at the frequencies
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where absorption is present, and we can evaluate the dimensionless equivalent width

Wobs =
∫ dν

ν0

[
1− Fν

Fν(0)

]
=
∫ dν

ν0
(1− e−τν ). (2.5)

We can also define the wavelength equivalent width

Wobs(λ) =
∫
dλ (1− e−τλ). (2.6)

The integrals in Eqs. 2.5 and 2.6 extend only over the absorption feature, with
the integrand ∝ [1− Fλ/Fλ(0)]→ 0 on either side of the feature. It is important
to note that Wobs (or Wobs(λ)) can be measured even if the absorption line is not
resolved, i.e. the equivalent width is just proportional to the total missing power
that has been removed by the absorption line. For redshifted absorption lines,
Wobs = Wr × (1 + zabs), where Wr is the equivalent width at rest frame and zabs is
the redshift of the absorption line.

The observed line profile results from the combination of different broadening
mechanisms.

(1) The Doppler broadening is due to the motion of individual absorbing atoms.
We can characterizes this effect with a function describing the broadening due to
the distribution of atomic velocities (generally assumed to be Maxwellian with
temperature T ),

φ(ν) = 1√
π∆νD

e−(∆ν/∆νD)2 (2.7)

with the Doppler width

∆νD = ν0

c

√
2kT
m

= ν0

c
bth (2.8)

where ν0 is the frequency of the line centre, bth =
√

2kT/m is the thermal Doppler
parameter, and m is the mass of the atoms forming the pierced gas.

In addition to the thermal velocity field, the atoms in the gas may experience
motion due to turbulence. If the turbulence can be modeled as a Gaussian velocity
distribution with quadratic mean velocity

√
3
2 V and mean velocity 2V/

√
π, then the

resulting profile is still given by Eq. 2.7, but with Doppler parameter b2
tot = b2

th+V 2.

(2) The natural and pressure line broadening. Every spectral line has an
intrinsic width due to the fact that excited states have in general very short lifetimes
and by Heisenberg’s uncertainty principle, ∆E∆t ∼ h/2π, so there will be a spread
in energy level. The pressure or collisional broadening is the effect of deexcitation
of the upper level caused by interactions with other particles. The two effects give
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a similar line shape, the so called Lorentzian profile

φ(ν) = Γ
4π2

1
(ν − ν0)2 + ( Γ

4π )2 (2.9)

where the Lorentzian width Γ is the sum of the collisional and natural line widths,
and ν0 is the central frequency of the transition. The global line profile always
contains both components. The line centre is dominated by the Doppler profile,
while the collisional/natural component is dominating the wings of the line. The
convolved profile is called Voigt profile, and is given by

φ(ν) = a

π3/2∆νD

∫ ∞
−∞

e−y
2

(x− y)2 + a2 dy (2.10)

where a = Γ/(4π∆νD) is the ratio of the damping width to the Doppler width. It
has been defined the Doppler frequency, ∆νD,

∆νD = 1
λ0

√
2kT
m

(2.11)

which is the central frequency of the Lorentzian of an atom with the RMS velocity
of the Maxwellian. The dimensionless frequency x is

x = ν − ν0

∆νD
= λ− λ0

∆λD
(2.12)

the difference between the frequency or wavelength and the line center in units of
the Doppler frequency or Doppler wavelength,

∆λD = λ2
0
c

∆νD = λ0

c

√
2kT
m

. (2.13)

The resonance line scattering cross section is defined as

σν = aν0 H(a, x) (2.14)

where H(a, x) is the Voigt-Hjerting function (Hjerting, 1938)

H(a, x) = a

π

∫ ∞
−∞

e−y
2

(x− y)2 + a2 dy (2.15)

and
aν0 =

√
πe2

mec

f

∆νD
(2.16)
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where f is the oscillator strength.

If we assume that the absorbing atoms have a gaussian velocity distribution of
mean v0 relative to the referential R, then it is possible to estimate the optical
depth as sees by an observer in R. An atom with velocity v absorbs a photon of
frequency ν in R with a cross-section σ(ν ′) where ν ′ = v/(1− v/c), v taken to be
positive for an atom that goes away from the observer and,

τ(ν) = N
1√
πb

∫ +∞

−∞
σ(ν ′)e−

(ν−ν0)2

b2 dv (2.17)

where N is the column density, the total number of atoms along the line of sight in
a cylindric volume of unitary base, b is the Doppler parameter (see the definition
of btot).

The cross-section in turn can be expressed as the product of the line profile and a
constant for a particular line

σν = σν0 φ(ν) (2.18)

where the line profile is normalized so
∫
φ(ν) dν = 1.

One can show that the cross-section σν0 [cm−3] at line center for absorption is

σν0 =
√
πe2

mec

f

∆νD
(2.19)

where f is the oscillator strength. Therefore, switching from frequency to wave-
length, Eq. 2.17 reduces to

τ(λ) = 1.498× 10−2 Nfλ

b
H(a, x) (2.20)

The observed line profile depends on the dimensionless optical depth at the line
center, τν0 , which is

τν0 =
∫
nσν0dl (2.21)

where the right hand side is the integral through absorbing cloud of the volume
density n [cm−3] times the cross-section σν0 . If the volume density n is uniform, it
is possible to write

τν0 = 1.498× 10−15 fN(cm−2)λ0(Å)
b(km s−1) . (2.22)
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2.1.1 The curve of growth

If the spectral resolution of the data is not good enough to resolve the intrinsic
line profiles, we can still learn a lot by measuring the equivalent width of the
absorption line, which is defined as the width of the rectangular line with area
equal to the absorbed area of the actual line. From Eq. 2.6, 2.15 and 2.20 it is
possible to connect the equivalent width to the column density for different values
of the Doppler parameter. The function that gives this relation is called curve of
growth. Fig 2.1 shows an example corresponding to the HI Lyα transition for b =
5, 10, 20 and 30 km s−1 (Petitjean, 1998). Three distinct regimes can be identified:

(1) On the linear part of the curve of growth, the equivalent width increases linearly
with increasing column density. When the column density is small (τ0 < 0.1), the
absorption line is optically thin, the Voigt function reduces to a Gaussian profile
and the equivalent width does not depend on b. In this condition the determination
of N from w is easy and reliable. For any transition,

N(cm−2) = 1.13× 1020 Wr (Å)
λ2

0 (Å)f
(2.23)

(2) On the logarithmic or flat part of the curve of growth, the equivalent width is
insensitive to column density but has some sensitivity to temperature, or equiva-
lently, the b-value of the line. In this regime N is largely dependent on b at a given
W . Thus, the determination of b and N are very uncertain except when various
lines of the same ion are used. From Eq. 2.22 we can see that equivalent width and
optical depth at the center of the line are related by

W

λ0
= 2 b

c

√
ln(τ0) (2.24)

(3) On the saturated part of the curve of growth the lines are characterized by
prominent damping wings. The equivalent width does not depend on b and the
column density can be accurately determine from measurement of W or fitting the
wings. From Eq. 2.22 and 2.15

W

λ0
= 2.64b

√
a

c
×
√
τ0 (2.25)

and for HI λ 1215.67, γ = 6.265× 108 s−1 (Morton, 2003), and:

N(cm−2) = 1.88× 1018Wr(Å) (2.26)
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Figure 2.1: Curve of growth: logarithm of the equivalent width (in Å) versus logarithm
of the column density (in cm−2) for different values of the Doppler parameter
(in km s−1). The curves are calculated for HI Lyα1215. The figure shows
the three characteristic regimes (see the text). Figure from Petitjean (1998).

In those cases in which one wants to determine both the column density and
the Doppler parameter it is necessary to use multiple lines due to the same ion.
Doublets (two components of a fine structure) are often exploit because they
unambiguously identify redshift systems with two lines. Let (H) be the shorter
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wavelength member of the doublet with an f -value which is twice the f -value of the
longer wavelength member (K) of the doublet. In the optically thin limit, the ratio
of the equivalent widths of the two lines will be exactly the ratio of the f -values,
or 2. In this case, one can derive the column density from the equivalent width
of either line, but not the b-value. Now consider the effects of increasing column
density. The K line will become optically thick first. If the H line is still on the
linear part of the curve of growth, then the ratio of the equivalent width will be
between 1 and 2. The column density may be derived from the equivalent width of
the H line, ad the b-value from the equivalent width of the K line. At still higher
column density, both H and K are saturated.

2.1.2 Voigt profile decomposition

The introduction of echelle spectrographs on 4m telescopes has allowed the obser-
vation to obtain high resolution spectra (spectral resolution R = λ/∆λ > 20, 000).
With this resolution narrow absorption lines can be observed with an instrumental
FWHM lower than their intrinsic width. This makes it possible to independently
derive the column density and Doppler parameter from line profile fitting, rather
than from the curve of growth analysis. The fit of heavy element systems may
require the simultaneous fit of different lines spread all over the spectrum. For
these lines, it is often necessary to test different configurations (i.e. number of
components and constraints on them) before satisfying fit is achieved. In the
analysis of the Lyman-α forest (see section § 2.2.1), on the contrary, hundreds
of independent lines are fitted. Even if, for strong Lyα lines the higher order
Lyman lines can provide additional constraints when fitted simultaneously. The
standard approach to this problem (Webb, 1987; Carswell and Rees, 1987) relies on
χ2 minimization to achieve a complete decomposition of the spectrum into as many
independent Voigt profile components as necessary to make the χ2 probability
consistent with random fluctuations.

If one assumes that the physical state of the absorbing medium is uniquely defined
by its temperature and column density, single absorption line profiles are ideally
described by Voigt profiles. The fit of a single absorption feature with several
components is most often not unique; the different solutions can yield column
densities differing by an order of magnitude. When several transitions from the
same ion are used, better significance is achieved. The Voigt profile model for
spectral lines is based on the assumption that absorbing atoms have a purely
Gaussian velocity dispersion (a thermal Maxwell-Boltzmann distribution, plus any
Gaussian contributions from turbulence).
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Unfortunately, in most more realistic models of the absorbing gas, finite velocity
and density gradients invalidate the assumptions, and the line parameters may
have less immediate physical meaning.

Departures of the absorption line shape from a Voigt profile may contain valuable
information about the underlying nature of the absorption systems, and different
scenarios may have quite different observational signatures.

Rotational motion (Weisheit, 1978; Prochaska and Wolfe, 1997), gravitational
collapse (McGill, 1990; Meiksin, 1994; Rauch et al., 1996), and galactic outflows
(Fransson and Epstein, 1982; Wang, 1995) have been discussed in terms of the likely
absorption line shapes they produce. As yet, the quantitative application of these
results has proven difficult because of the lack of realistic prototypical models for
the actual line formation, the rather subtle departures from Voigt profiles expected,
and the wide variety of profiles actually encountered. Non-Voigt profiles can still be
fitted as blends of several Voigt profiles, but the information about the nonthermal
motion is encoded in the spatial correlations between the individual profiles (Rauch
et al., 1996). Also, there is no guarantee that the number of components necessary
for a good fit converges with increasing signal to noise ratio (S/N).

2.1.3 Apparent Optical Depth Method

The apparent optical depth (AOD) method (Savage and Sembach, 1991a; Sembach
and Savage, 1992), provides a quick and convenient way to convert velocity-resolved
flux profiles into reliable column density measurements for intergalactic absorption
lines, without the need to follow a full curve of growth analysis or detailed component
fit and without requiring prior knowledge of the component structure. The latter
aspect is particularly important when high resolution data are not available.

An absorption line having optical depth, τ(λ), as a function of wavelength, λ, will
appear in the spectrum of a quasar and can be described by Eq. 2.3

I(λ) = I0(λ) exp[−τ(λ)], (2.27)

where I(λ) and I0(λ) are the intensities with and without the absorption, respec-
tively. When an absorption is recorded with an instruments having a finite resolution
defined by its instrumental spectral spread function, φI(∆λ), the spectrum is a
convolution of the intrinsic spectrum and the spread function,

Iobs(λ) = {I0(λ) exp[−τ(λ)]} ⊗ φI(∆λ). (2.28)
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It is reasonable to expect that the intensity of the quasar spectrum, I0(λ), changes
slowly over the width of the spread function, and Eq. 2.28 becomes

Iobs(λ) = I0(λ){exp[−τ(λ)]} ⊗ φI(∆λ)}. (2.29)

From Eq. 2.27 and 2.29 we can define two kinds of optical depth,

τ(λ) = ln[I0(λ)/I(λ)], (2.30)

and
τa(λ) = ln[I0(λ)/Iobs(λ)]. (2.31)

The optical depth, τ(λ), obtained from Eq. 2.30 is the true optical depth as
determined from the true line profile. The optical depth, τa(λ), derived from
Eq. 2.31 is hereafter referred to as apparent optical depth. The apparent optical
depth is an instrumental blurred version of the true one. From Eq. 2.29 we can
derive the apparent optical depth

τa(λ) = ln[1/{exp[−τ(λ)]⊗ φI(∆λ)}]. (2.32)

If the instrumental resolution is high compared to the line width (i.e., FWHM[line]
� FWHM[φI ], where FWHM[line] and FWHM[φI ] refer to the full widths at half-
maximum intensity of the absorption line and the instrumental spread function,
respectively), then τa(λ) will be a good representation of τ(λ) as long as the data
have high S/N and the continuum level is well defined.

In the AOD method, a velocity-resolved flux profile F (v) is converted to an apparent
optical depth profile τa(v) using the relation Eq. 2.31.

There is a connection between the optical depth and the column density, Eq. 2.20.
Therefore, the apparent optical depth profile can be converted into an apparent
column density profile according to

Na(v) = 3.768× 1014 (fλ)−1 τa(v) cm−2 (km s−1)−1, (2.33)

where f is the oscillator strength of the transition, the column density is expressed
here per unit velocity, and λ is the transition rest frame wavelength in Å (Savage
and Sembach, 1991a). The total apparent column density is then

Na =
∫ v+

v−
Na(v) dv (2.34)
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where v− and v+ are the velocity limits of the line. This technique offers excellent
results if applied to spectra with S/N & 20 (Fox et al., 2005). When two lines of
different strength of the same ionic species are available, the AOD method allows to
assess and correct for the level of saturation in the data by comparing the apparent
column density derived from the stronger line with that derived from the weaker
one (Savage and Sembach, 1991a; Jenkins, 1996). Therefore, we can take advantage
of this method to correct the column density of doublets when the stronger member
is saturated.

This method makes no a priori assumptions regarding the velocity distribution
of the absorbing gas and permits a study of the full velocity dependence of the
absorption and how it changes from ion to ion. The AOD method may have a
number of advantages over the standard curve of growth and detailed profile fitting
methods used for deriving column densities from absorption line measurements:
(1) is computationally simple to derive column densities and error estimates; (2)
provides significant empirical information about the velocity dependence of line
saturation; (3) is more easily applicable when multiple component absorptions are
involved; (4) where many absorption lines for a given species exist, a complete
column density profile spanning several decades in Na(v) can be constructed by
combining Na(v) profiles for weak and strong lines (see Savage and Sembach, 1991a,
for a more detailed discussion about all the possible advantages of this method).

However, if one is more interested in obtaining the shape of the line profile (when
it is reasonable to assume that the absorption line is fully resolved) than to obtain
an accurate column density, a detailed line profile fitting is necessary.

The AOD technique, while an excellent tool when applied to data with good S/N,
will likely overestimate the true column densities when applied to data with low
S/N. This overestimation results from the nonlinear relationship between the flux
falling on a given detector pixel and the apparent optical depth in that pixel.

The nonlinear distortion of the Na(v) profile and resulting overestimate of Na(v)
become worse as the S/ N decreases (Fox et al., 2005). Rebinning the spectrum
before measurement can lessen the distortion, since the rebinning process increases
the effective S/N. Once the data are rebinned to a level coarser than the resolution
element, the gain in the Na(v) accuracy is made at the expense of resolution, so
that kinematic information is given up. However, if the absorption line before
rebinning is fully or marginally resolved, and if one is more interested in obtaining
an accurate column density than in obtaining knowledge about the detailed shape
of the line profile, then overbinning is justified at low S/N.

For marginally resolved lines, the Na(v) tends to underestimate the true column
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density at high line depths (Fox et al., 2005), since the high optical depth points are
smoothed out to lower apparent optical depths by the instrumental blurring. This
effect therefore works in the opposite sense to the S/N effect. The more unresolved
the line is, the worse this effect becomes.

For a given S/N and line width, the overestimation factor is worse for shallow lines
than for deep lines. This is because the noise is Poissonian, so a pixel with low
optical depth (shallow) has a higher error on the flux than a pixel with high optical
depth (deep).

I refer to Fox et al. (2005) for a detailed discussion about the accuracy of Na(v)
determinations as a function of line depth and S/ N, together with the separate
effects of line width and rebinning.

2.2 The classification of Quasar Absorption Lines

2.2.1 Lymanα Forest

The discovery of quasars in the sixties opened the study of the IGM (Schmidt, 1963).
Looking at the absorption spectra of these objects people realized the presence of an
extraordinary amount of absorption features, in particular a "forest" of absorption
lines blue-ward of the Lyman-α (Lyα) emission, much more numerous than in the
region red-ward of the Lyα emission. Most of the lines in the forest were proven to
be due to the Lyα resonant transition in neutral hydrogen (Gunn and Peterson,
1965; Bahcall and Salpeter, 1965; Burbidge et al., 1966). With the acquisition
of more and more data, the number of HI Lyα lines strongly supported the idea
that galactic and intergalactic gas, and not only material intrinsic to the quasar,
was the source of most quasar absorptions (Lynds, 1971; Oemler and Lynds, 1975;
Young et al., 1979). Since neutral hydrogen clouds at different positions along this
line of sight see the photons at different wavelengths (due to the redshift), each
individual cloud leaves its fingerprint as an absorption line at a different position
in the observed spectrum blue-ward of the Lyα emission line of the quasar. For
a comprehensive review of the Lyα forest, which considers both theoretical and
observational aspects, see McQuinn (2015).

The pattern of absorption lines imprinted on the spectra of distant objects by
neutral hydrogen in the IGM, is one of the most fundamental probes of cosmic
structure. The characteristics of this absorption reflect the density distribution,
ionization state, and temperature of the intergalactic gas. The gas, in turn, closely
traces the underlying distribution of dark matter, albeit with significant deviations
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arising from hydrodynamics coupled to the radiative and mechanical feedback from
galaxies and AGN. Consequently, the Lyα forest allows to probe the baryon physics
connecting the evolution of large-scale structure to the highly non-linear processes
driving galaxy formation.

Most of the Lyα forest is associated with moderate overdensities and traces fila-
mentary structure on large scales, but strong forest absorbers along with Lyman
limit systems and damped Lyman-α systems (DLAs) are thought to be associated
with galaxies and the circumgalactic medium (e.g. Fumagalli et al., 2011).

Metals have been observed associated with the high-redshift Lyα forest. In par-
ticular, CIV (e.g., Meyer and York, 1987; Cowie et al., 1995; Songaila and Cowie,
1996; Ellison et al., 2000; Schaye et al., 2003; Pieri et al., 2006) and OVI (e.g.,
Schaye et al., 2000; Pieri and Haehnelt, 2004; Simcoe et al., 2004; Bergeron and
Herbert-Fort, 2005; Aguirre et al., 2008; Frank et al., 2010; Pieri et al., 2010)
provide prominent absorbers and are commonly measured. Other detected species
seen are SiIV, SiIII, CIII, and NV (e.g., Schaye et al., 2003; Aguirre et al., 2004;
Fechner and Richter, 2009). These measurements provide some indications of the
regions of the universe affected by mechanical feedback, but they can also provide
a useful probe of the ionization properties of the medium (and so the physical
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• We have so far taken the line as having a Gaussian profile, since the ratio Γ/(4π∆νD)
is usually much less than one and the Gaussian element dominates except in the
wings. However, as the line becomes stronger, the core will saturate while the wings
can still grow. Eventually they will supply the major part of the equivalent width. In
this case the equivalent width can be found approximately by assuming that the line
has a pure Lorentzian profile. This gives rise to the damping portion of the curve of
growth in which the equivalent width no longer depends on b and the column density
determination is again accurate. In that case (see Eqs. (1.4.10) and (1.4.13)),
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1.5 Lyα forest evolution as a function of redshift
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Figure 1.5: Illustration of structure evolution of intergalactic gas from high to low redshift. The
upper spectrum of a z = 3.6 quasar is a Keck/HIRES observation, while the lower spectrum
is a FOS/HST observations of a z = 1.3 quasar. Higher redshift quasars show a much thicker
forest of Lyα lines. Slices through N-body/hydrodynamic simulation results at the two epochs
z = 3 and z = 1 are shown in the right-hand panels. Three contour levels in column density
are shown: 1011 cm−2 (dotted lines), 1012 cm−2 (solid lines) and 1013 cm−2 (thick solid lines).
Evolution proceeds so that the voids become more empty so that even the low column density
material is found in filamentary structures at low redshifts. Reproduced from Charlton et al.
(2000).

The appearance of the Lyα forest region in QSO spectra is strongly dependent on the
emission redshift of the QSO itself. Fig. (1.5) is a clear example of the observed evolution
of the Lyα forest and of the enviroment that hosts the QSO. Qualitatively, the evolution

Figure 2.2: Illustration of structure evolution of intergalactic gas from high to low redshift.
The upper spectrum of a z = 3.6 quasar is a Keck/HIRES observation, while
the lower spectrum is a FOS/HST observations of a z = 1.3 quasar. Higher
redshift quasars show a much thicker forest of Lyα lines. Figure from
Charlton and Churchill (2000).
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conditions of the gas), and the abundance pattern. Many other weak lines are
challenging to detect, but progress has been made towards this goal (Pieri et al.,
2010) by stacking Lyα forest lines in Sloan Digital Sky Survey II Data Release 5
(SDSS-II DR5; York et al., 2000) quasar spectra (see also Harris et al., 2016).

The appearance of the Lyα forest region in quasar spectra is strongly dependent
on the emission redshift of the forest itself. Fig. 2.2 is a clear example of the
observed evolution of the Lyα forest and of the environment that hosts the quasar.
Qualitatively, the evolution can be understood in terms of two main factors. The
UV radiation field is expected to decrease from z ∼ 2 to z = 0, whether it is
comprised of photons from quasars or starforming galaxies. Thus as the UV field
decreases the neutral fraction increases and the number of detected lines should
increase. This tendency is balanced and overcome by a second effect: as cosmic
expansion proceeds, the density of the gas decreases and even if the photoionizing
UV field was constant, the neutral fraction would decrease and the number of Lyα
lines detected would decrease.

2.2.2 Metal Absorption Lines

The spectrum of a zem ∼ 3 quasar is shown in Fig. 2.3. The broad emission line at
λobs = 5000 Å is the Lyα emission associated with the quasar. The broad feature
just short of 5000 Å is a DLA absorption arising from an intervening absorber,
which also causes the observed continuum of the quasar to go to zero at the Lyman
limit.

Many absorption features due to ionic transitions in chemical elements heavier than
He ("metals") are clearly present red-ward of the Lyα emission. These absorbers
are generally associated with the strongest Lyα absorptions (NHI & 1014 cm−2; e.g.
Cowie and Songaila, 1998; Lu et al., 1998; Ellison et al., 2000; Lopez et al., 2004;
Lopez, 2006; D’Odorico et al., 2010; Boksenberg and Sargent, 2015; D’Odorico et al.,
2016; Kim et al., 2016). Some of them are associated with the quasar itself but
the majority are tracers of intervening metals belonging to structures of different
nature, from diffuse gas to galaxies.

Absorption lines are usually classified based on the full width at half maximum
(FWHM) of their profiles. The broad absorption lines (BALs) display deep, broad
and typically smooth absorption troughs with velocity width larger than a few
thousand km s−1 (Weymann et al., 1981; Turnshek, 1984; Weymann et al., 1991;
Reichard et al., 2003; Trump et al., 2006). The narrow absorption lines (NALs),
on the other hand, have relatively sharp profiles with FWHM . 300 km s−1 so
that important UV doublets, such as CIV λλ 1548, 1550 Å, are discernible. Since
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2 Jill Bechtold: Quasar Absorption Lines

3800 4000 4200 4400 4600 4800

Q 0420-388   Z = 3.12

5000 5200 5400 5600 5800 6000

Metal Absorption

Lyman Limit

Figure 1. High resolution spectrum of a z = 3.12 quasar obtained with the Las Campanas
echelle spectrograph, by the author and S. A. Shectman. Prominent features are indicated.

absorbers contained the only information about “normal”, that is, non-active galaxies
at high redshift. They still are the best way to study the detailed kinematics and metal
abundances of high redshift galaxies.

Other reviews of the subject can be found in the conference proceedings edited by
Meylan (1995) and Petitjean & Charlot (1997). The Lyα forest was reviewed by Rauch
(1998) and damped Lyα absorber abundunces by Lauroesch et al (1996).

2. Analysis of Absorption Line Spectra

The spectrum of a z∼3 quasar is shown in Figure 1. The broad emission line at
λobs = 5000 Å is the Lyα emission associated with the quasar. The numerous absorption

Figure 2.3: High resolution spectrum of the quasar Q 0420-388 at zem = 3.12 obtained
with the Las Campanas echelle spectrograph, by the author and S. A.
Shectman. Prominent features are indicated. Figure from Bechtold (2001).

there is a whole continuum of velocity widths, this has led to an in-between class
known as mini-BALs (e.g., Hamann et al., 1997c; Churchill et al., 1999).

Outflows are most commonly indentified through absorption lines against the
central compact UV/X-ray continuum. NAL, BAL and mini-BAL absorption
features represent the potential fingerprints of these outflows imprinted on quasar
spectra.

A central problem is our poor understanding of the physical relationships between
BAL, NAL and mini-BAL outflows. One possibility is that the different line
types are simply different manifestations of a single outflow phenomenon viewed at
different angles. For example, it is often supposed that BALs form in the main
body of the outflow near the accretion disc plane, while NALs and mini-BALs form
along sightlines that skim the edges of the BAL flow at higher latitudes above the
disc (Ganguly et al., 2001; Chartas et al., 2009). There could also be evolutionary
effects. For example, NALs and mini-BALs might represent the tentative beginning
or end stages of a more powerful BAL outflow phase (Hamann et al., 2008). There
is some evidence for outflow evolution, a particular variety of low-ionization BALs
(the so-called FeLoBALs) is found preferentially in dusty young host galaxies with
high star formation rates (Farrah et al., 2007). Variability studies have shown
further that BALs and mini-BALs in quasar spectra can appear, disappear or
swap identities (where a BAL becomes a mini-BAL or vice versa) on time-scales
of months to years in the quasar rest frame (Gibson et al., 2008, 2010; Hamann
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et al., 2008; Leighly et al., 2009; Capellupo et al., 2010; Rodríguez Hidalgo et al.,
2011). The true relationship between outflow NALs, BALs and mini-BALs probably
involves a combination of orientation and time-dependent effects.

A major challenge is to understand how NALs, BALs, and mini-BALs fit together
into an single paradigm of quasar outflows. Whether these outflows, which are
observed as different types of absorption lines, are a different manifestation of the
same physical process or a completely different phenomenon remains unknown.
As unification theories dictate, the geometry and flow structure of these outflows
might be directly related to their observed frequency. In fact, in its most basic
interpretation, the observed frequency of outflows can be equated with the fraction
of solid angle (from the viewpoint of the central black hole) subtended by outflowing
gas. This interpretation assumes that all AGNs feature outflows and that not all
sight lines to the emitting regions are occulted by the outflow. Indeed, the outflows
might be ubiquitous in AGN if, as expected, the absorbing gas subtends only part
of the sky as seen from the central continuum source.

Although several geometrical models have been proposed (e.g., Elvis, 2000; Ganguly
et al., 2001), the diversity of quasar outflows and the lack of a complete account of
the frequency of every different outflow class have made this task quite difficult and
have resulted in disparities between these models. For example, in the Elvis (2000)
model, NALs are the observation of the same streams that produce the BALs but
viewed at inclination angles closer to the accretion disk plane, thus intersecting a
narrower portion of the outflowing stream. In the Ganguly et al. (2001) picture,
NALs are clumps of gas viewed at smaller inclination angles than BAL quasars
(nearer the disk’s polar axis).

Fig. 2.4 shows how these features might coexist in a single outflow geometry
(Hamann et al., 2012). There surely are strong orientation effects in quasar
outflows, probably resembling Fig. 2.4 (see also Proga et al., 2012), and it seems
natural to attribute the small structures that produce NALs and mini-BALs to the
ragged edges of a massive BAL outflow. In this picture, different sightlines through
this flow (dashed lines) produce BALs, mini-BALs, or outflow NALs in quasar
spectra. The trend is for narrower/weaker absorption lines, smaller outflow column
densities, and weaker X-ray absorption at higher latitudes above the disk plane.
The percent ranges in parentheses are detection frequencies of BALs, mini-BALs,
and outflow NALs in quasar spectra (circled values are favored, see sections § 2.2.3
and § 2.2.4), which might correspond to opening angles for the different outflow
types. A better characterization of every outflow type is needed in order to develop
a coherent picture.

Alternatively (and equally simplistic), the observed frequency can be interpreted
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Figure 4. A plausible geometry for quasar accretion disk winds. The disk is
shown edge-on as a bold horizontal line around the central super-massive black
hole (SMBH). The highly ionized X-ray absorber (white clouds above and below
the disk) resides somewhere near the base of the outflow (black circles farther out).
Different sightlines through this flow (dashed lines) produce BALs, mini-BALs, or
outflow NALs in quasar spectra. The trend is for narrower/weaker absorption lines,
smaller outflow column densities, and weaker X-ray absorption at higher latitudes
above the disk plane. The percent ranges in parentheses are detection frequencies of
BALs, mini-BALs, and outflow NALs in quasar spectra (circled values are favored,
see text), which might correspond to opening angles for the different outflow types.
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Figure 2.4: A plausible geometry for quasar accretion disk winds. The disk is shown
edge-on as a bold horizontal line around the central SMBH. The highly
ionized X-ray absorber (white clouds above and below the disk) resides
somewhere near the base of the outflow (black circles farther out). Different
sightlines through this flow (dashed lines) produce BALs, mini-BALs, or
outflow NALs in quasar spectra. Figure from Hamann et al. (2012).

as the fraction of the duty cycle over which AGNs feature outflows (assuming the
outflow subtends 4 π sr). The actual conversion of the fraction of AGNs featuring
spectroscopic evidence of outflow to the solid angle subtended by such outflows
has been treated by Crenshaw et al. (1999, 2003). This computation involves
further knowledge of the line-of-sight covering factor (that is, the fraction of lines
of sight that reach the observer that are occulted by the outflow) as well as an
understanding of the range of solid angles sampled by the AGNs used (e.g., type 1
vs. type 2 AGNs).

A key piece of information to understand if outflow feedback can affect the host
galaxy evolution, is the fraction of quasar driving outflows, as well as their energetics.
The latter quantity can be inferred from the velocity, column density, and global
covering factor of the outflowing gas. Therefore, to build a more complete picture
of quasar outflows, and explore what impact do they have on their surrounding host
galaxy, we need better observational constraints on the physical properties of each
outflow type. So in this context, large spectroscopic surveys provide a statistical
means of measuring the frequency with which outflows are observed, but we must
carefully select systems that truly sample outflowing gas. In the next two sections
I will briefly review results from previous studies on the observed frequency of each
class of absorbers.
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2.2.3 Broad Absorption Lines and mini-BALs

As mentioned in the previous section, BALs show typical widths of several thousands
of km s−1. They clearly identify powerful outflows with typical velocities of order
20,000 to 30,000 km s−1, although velocities reaching 60,000 km s−1 have also been
measured (Jannuzi et al., 1996; Hamann et al., 1997c). They are thought to be
intrinsic, since only the SMBH can feasibly generate the high-velocity outflows of
gas responsible for the absorption (e.g., Crenshaw et al., 2003).

BALs are detected almost exclusively in the most luminous radio-quiet quasars
(RQQs) at a frequency of 12 - 23 percent (Hamann et al., 1993; Hewett and Foltz,
2003; Reichard et al., 2003; Ganguly et al., 2007; Rodríguez Hidalgo et al., 2011).
Several studies (e.g., Brotherton et al., 1998) have dismantled the myth that BALs
are only observed in formally radio-quiet (i.e. fν(5GHz)/fν (3000 Å) < 10) objects,
although their frequency does significantly decrease among the most radio-loud
quasars (Becker et al., 2001; Gregg et al., 2006).

Previous surveys of BALs (e.g., Reichard et al., 2003; Trump et al., 2006) have
focused on classifying them based on integrated measurements of the total broad
absorption present in their spectra: i.e. Balnicity Index (BI - Weymann et al.,
1991) and Absorption Index (AI -Hall et al., 2002; Trump et al., 2006). The
Balnicity Index is defined as:

BI =
∫ 25000

3000
[1− f(v)/0.9]Cdv, (2.35)

where f(v) is the normalized flux as a function of velocity displacement from the
emission redshift zem, and C is a parameter initially set to 0 and reset to 1 whenever
the quantity in brackets has been continuously positive over an interval of 2000
km s−1, a value arbitrarily chosen to avoid narrow absorption. The lower limit of
the integral (v = 3000 km s−1) was set to avoid counting associated absorption.
BAL quasars are defined to have BI > 0. While the use of BI to define samples
of BAL quasars has utility, especially in comparing results between data sets of
varying quality, it excludes some fraction of real high-velocity dispersion outflows
that qualitatively appear to be BAL quasars but just fail to have positive BI. An
improvement on the BI, termed the AI index , was developed by Hall et al. (2002)
to alleviate the inadequacies of BI in selecting objects where high-velocity outflows
were clearly observed but were not included as BAL quasars by the BI criteria.

Hall et al. (2002) defined AI to be a less restrictive measurement of any kind
of intrinsic absorption, not only BALs, and attempted to exclude intervening
absorption lines. Hall et al. (2002) proposed a definition, that was reviewed in
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Trump et al. (2006):
AI =

∫ 29000

0
[1− f(v)]C ′dv, (2.36)

with the same definition for f(v) but with a C ′ that, also initially set to 0, becomes
1 in continuous troughs that exceed the minimum depth (10%) and the minimum
width (1000 km s−1). The AI was designed to be more flexible and inclusive and
has been very useful in its application to newer and better quality data sets like
the Sloan Digital Sky Survey (SDSS). This flexibility, while good at including
objects not previously selected by BI, has increased the contamination of samples
of intrinsic absorption while still not including other forms of intrinsic absorption
(e.g., Ganguly et al., 2007).

The incidence of BALs has primarily been determined using optical spectra where,
historically, large samples of high-redshift quasars (to get rest-frame UV coverage)
could efficiently be selected (e.g., with color selection). In such surveys (Hewett
and Foltz, 2003; Reichard et al., 2003; Trump et al., 2006; Ganguly et al., 2007),
roughly 10%−25% of objects are observed to host BALs. An issue with optical/UV
surveys, however, is potential biases in the selection of quasars against those hosting
BALs due to the fact that much of the continuum is absorbed (e.g., Goodrich and
Miller, 1995; Goodrich, 1997; Krolik and Voit, 1998) and intrinsically reddened (e.g.,
Reichard et al., 2003). Using the Large Bright Quasar Survey (Foltz et al., 1987,
1989; Hewett et al., 1991, 1995), where the observed frequency of BAL quasars in
the redshift range 1.5 ≤ z ≤ 3 is 15% using a BIcriterion, Hewett and Foltz (2003)
estimated a true BAL frequency of 22% from comparisons in the k-corrections of
BAL and non-BAL quasars. The catalog of BAL quasars using an AI criterion
from Trump et al. (2006) found a BAL frequency of 26% (in the redshift range 1.7
≤ z ≤ 4.38).

To avoid possible selection biases in the optical, one can examine quasar catalogs
selected in other bands. Becker et al. (2000) examined radio-selected quasars from
the FIRST Bright Quasar Survey and found a BAL quasar frequency of about 18%
(although it is only 14% if only BI> 0 objects are counted, comparable to other
estimates based on optical selection), for objects at z > 1.7.

In addition to radio selection, one can examine the frequency of BAL quasars
from infrared selection. Dai et al. (2008) compared the catalog of BAL quasars
(Trump et al., 2006) from the Third Data Release (DR3) of SDSS and the parent
sample of DR3 quasars (Schneider et al., 2005) with the Two Micron All-Sky
Survey (2MASS; Skrutskie et al., 2006) Point-Source Catalog (PSC). With some
variation with redshift, they reported an overall true BAL quasar fraction of
43% ± 2%, considerably higher than estimates based on UV/optical data alone.
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Presumably, this difference accounts for the effects of dust and absorption that
may bias UV/optical selection techniques against find BAL quasars. This estimate
relies heavily on the automated techniques employed in finding BAL quasars in a
large data set such as SDSS. From a critical look at 5088 1.7 < z < 2 quasars from
SDSS DR2, Ganguly et al. (2007) noted several instances of false (and missed)
classifications in the Trump et al. (2006) catalog. A comparison of the Ganguly
et al. (2007) sample with the 2MASS PSC reveals a BAL fraction of 66/287 (23%),
completely consistent with the analysis of Hewett and Foltz (2003). Blindly using
the Trump et al. (2006) catalog yields a BAL fraction of 96/287 (33%), consistent
with the z < 2 points from Dai et al. (2008) (see their Figure 4). At face value, this
implies that nearly 30% of the Trump et al. (2006)-2MASS cross matched sample
consists of false positives.

Absorption lines with intermediate widths, called mini-BALs, have been found at a
variety of velocities but only in a handful of quasars (i.e. Turnshek, 1988; Jannuzi
et al., 1996; Hamann et al., 1997b; Churchill et al., 1999; Narayanan et al., 2004;
Misawa et al., 2007). Most mini-BALs are believed to be outflows because they
show some of the typical outflow signatures, such as variability (Narayanan et al.,
2004; Misawa et al., 2007) and smoot profiles at high resolution, which suggests
that they are not blends of many NALs (Barlow and Sargent, 1997; Hamann et al.,
1997a).

2.2.4 Narrow Absorption Lines

NALs, unlike their very broad kin, are generally not blended and, therefore, offer
a means to determine ionization levels and metallicities using absorption-line
diagnostics. In addition, they are found with greater ubiquity, and detected (with
varying frequency) in all AGN subclasses from Seyfert galaxies (e.g., Crenshaw
et al., 1999) to higher luminosity quasars (e.g., Ganguly et al., 2001; Vestergaard,
2003; Misawa et al., 2007) and from steep to flat radio spectrum sources (Ganguly
et al., 2001; Vestergaard, 2003), although the strongest ones appear preferentially
in RLQ spectra (Foltz et al., 1986; Anderson et al., 1987). Thus, NALs are more
useful as probes of the physical conditions of outflows and provide an important
tool to investigate the quasar environment. They may give us access to a different
fraction, a different phase or different directions through the outflow with respect
to BALs (e.g., Hamann and Sabra, 2004).

The limitation of NALs is that they arise from a wide range of environments, from
high speed outflows, to halo gas, to the unrelated gas or galaxies at large distances
from the AGN. Because some of the gas intrinsic to the quasar may have similar
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ionization parameter to that of the intervening gas, the absorption signatures may
be similar, complicating or even hindering a secure identification of its origin. While
the gas intrinsic to the quasar is subjected to a stronger radiation field, it is often
also denser (resulting in a similar ionization parameter) and can be moving at
high velocities owing to the strong radiation field. This can place the intrinsic
absorption line at a wavelength indistinguishable from the intervening absorption
lines. While intervening absorbers typically have equivalent widths below 1 Å, for
the reasons outlined, some absorbers associated with the quasar may be of similar
strength. This difficulty of separating intrinsic and intervening absorbers is the
reason that many studies typically ignored absorbers below 1 Å.

The outflow/intrinsic origin of individual NALs can be inferred from: i) time-
variable line-strengths, ii) resolved absorption profiles that are significantly broader
and smoother compared with the thermal line widths, iii) excited-state absorption
lines that require high gas densities or intense radiation fields, iv) line strength
ratios in multiplets that reveal partial coverage of the background light source, v)
higher ionization states than intervening absorbers. Nonetheless, NALs can still be
connected to the quasar host without exhibiting such properties (Hamann et al.,
1997c).

Previous studies have shown that NALs tend to cluster near the emission redshift,
at zabs ≈ zem. A significant excess of absorbers over what is expected from randomly
distributed intervening structures was measured by Weymann et al. (1979), with a
distribution of intrinsic CIV NALs extending up to v ∼ 18, 000 km s−1. Foltz et al.
(1986) confirmed such a statistical excess within ∼ 5000 km s−1 of zem. However,
other studies failed to confirm any peak in the distribution of CIV absorption
systems close to the emission redshift (Young et al., 1982; Sargent et al., 1988).
After the work by Foltz et al. (1986), it has been traditionally assumed that NALs
at less than 5000 km s−1 from the systemic redshift of the quasar are likely intrinsic
and directly influenced by quasar radiation. These systems have been commonly
defined as associated absorption lines (AALs) and those with velocity displacements
greater than 5000 km s−1, as intervening systems. Despite the commonly adopted
threshold of 5000 km s−1 to distinguish intervening and associated absorbers, there
is some evidence of a statistically significant excess of NALs extending to somewhat
larger velocities (Misawa et al., 2007; Nestor et al., 2008; Tripp et al., 2008; Ganguly
et al., 2013).

Ganguly and Brotherton (2008) provide a review of the recent literature regarding
the frequency of outflows, finding that, almost independently of luminosity, about
60 percent of AGNs show outflows in absorption (considering both BALs and NALs;
see also Hamann et al. (2012). However, this estimate is based on several simplifying
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assumptions and is affected by large uncertainties due to the inhomogeneity of the
samples under consideration. In the case of NALs, the estimate of the frequency
of outflows (based on the identification of intrinsic systems) has been carried out
mainly in two ways: (1) with small samples of high redshift spectra, identifying
intrinsic systems using mainly the partial coverage effect (Ganguly et al., 2001;
Misawa et al., 2007; Ganguly et al., 2013). In particular, Ganguly et al. (2013)
found a possible evidence of redshift evolution of the fraction of outflows with
9− 19 percent at 0 < z < 0.7, 14− 29 percent at 0.8 < z < 2 and 43− 54 percent
at 2 < z < 4 (Misawa et al., 2007). In a survey of 1.8 < z < 3.5 SDSS sources,
Rodriguez Hidalgo et al. (2007) find about 12% of quasars have high-velocity NALs
in the velocity range 5000 − 50, 000 km s−1 and ∼ 2.3% in the velocity range
25, 000− 50, 000 km s−1. This latter velocity range is often missed by surveys due
purely to observational cutoffs. (2) with very large samples at low resolution (based
on SDSS) where the incidence of intrinsic systems is determined statistically by
modeling the velocity offset distribution of absorbers (Nestor et al., 2008; Wild
et al., 2008; Bowler et al., 2014). In particular, Nestor et al. (2008) found a fraction
of outflows of ∼ 14 percent (for 0 < v < 12, 000 km s−1) which should be considered
as a lower limit due to the uncertainties related with the low resolution and S/N of
the spectroscopic sample.
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3 Chapter 3

Nature and statistical
properties of quasar NALs

In this chapter, I present my work on the statistical analysis of the properties of a
sample of narrow metal absorptions. The observations have been carried out with
VLT/X-shooter in the context of the XQ-100 Legacy Survey. The combination of
high S/N, large wavelength coverage and intermediate resolution makes XQ-100
a unique dataset to study NALs of high-z quasars in a single, homogeneous and
statistically significant sample Lopez et al. (2016) provides details on the survey
design.

The chapter is organized as follows: §3.1 describes the properties of the quasar
sample and briefly summarizes the observations; §3.2 describes my methodology
for identifying NALs. The results of this work are presented in §3.3 and their
implications to determine additional criteria that can be used to disentangle between
intrinsic and intervening NALs are discussed in §3.4.

3.1 XQ-100 Legacy Survey

The quasars in my sample have been originally selected and observed in a new Legacy
Survey, hereafter "XQ-100", of 100 quasars at emission redshift zem = 3.5−4.5 (ESO
Large Programme 189.A-0424). The observations have been carried out with X-
shooter/VLT (Vernet et al., 2011). The released spectra provide a complete coverage
from the atmospheric cutoff to the NIR with a spectral resolution R ≈ 6000− 9000
depending on wavelength, and a median signal-to-noise ratio S/N ∼ 30 at the
continuum level. XQ-100 provides the first large intermediate-resolution sample
of high-redshift quasars with simultaneous rest-frame UV/optical coverage. A full
description of the target selection, observations, and data reduction process is
presented by Lopez et al. (2016). The distribution of quasar emission redshifts is
shown in Fig. 3.1 compared with those of other relevant works.

XQ-100 was designed to address a wide range of high-redshift science (for an
extensive list, see Lopez et al., 2016). The targets were not selected on account
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Figure 3.1: Redshift distribution of my quasar sample (diagonal filled histogram),
compared with previous works: Vestergaard (2003; open dotted his-
togram); Misawa et al. (2007; dark shaded histogram); Ganguly et al.
(2013; diamond filled histogram). XQ-100 enlarge the studied redshift
range to higher values.

of the presence of absorption lines in their spectra, although BAL quasars were
avoided, so the sample is relatively unbiased with respect to the properties of
NALs. Therefore, XQ-100 represents a unique dataset to study the rest-frame UV
and optical of high-z quasars in a single, homogeneous and statistically significant
sample.

The bolometric luminosities Lbol of all the quasars in my sample are estimated
based on the observed flux at λ = 1450 Åand using a bolometric correction factor
L = 4.2 λ Lλ (Runnoe et al., 2012).

An important point for my study is to obtain accurate systemic redshift for the
quasars in order to determine the relative velocity/location of the absorbers. This
is crucial especially for the associated systems. The quasar emission redshifts of
my sample have been obtained from a Principal Components Analysis (PCA; see
e.g., Suzuki et al., 2005). For a complete description of the procedure, see Lopez
et al. (2016).

3.1.1 Radio properties

Previous studies have shown that there is a possible dependence of the presence
of associated systems on the radio properties of the inspected quasars (Baker
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et al., 2002; Vestergaard, 2003). For this reason, I have also investigated the radio
properties of the XQ-100 sample.

Matching my sample with the FIRST catalogue (Becker et al., 1995), I have found
radio information for 67 over 100 quasars. According to my determination of the
radio-loudness parameter, 12 objects are radio-loud and 55 are radio-quiet. Most
likely the objects which are not in the FIRST catalogue are also radio-quiet. As
a consequence, I will consider the XQ-100 sample as a substantially radio-quiet
sample.

The radio-loudness of a quasar is typically parametrized by the ratio between
the rest-frame flux densities at 5 GHz and 2500 Å, i.e., R = fν(5 GHz)/fν(2500)
Å (Sramek and Weedman, 1980). I compute the radio flux density at rest-frame 5
GHz, f restν (5 GHz), from the observed flux density, f obsν (ν), at observed frequency
ν:

log f restν (5 GHz) = log f obsν (ν) + αrlog(5GHz/ν)
− (1 + αr) log (1 + zem),

(3.1)

where αr is the spectral index, fν ∼ να. I assume αr = −0.5 (e.g., Ivezic et al.
2004). The flux density f restν (2500) Å, is derived from a power-law fit to my own
data.

Following Ganguly et al. (2013), I adopt R ≥ 23 as the criterion for radio loudness.

The most important properties of the quasars in my sample are summarized in the
Table A.1 in the Appendix. Columns (1) and (2) of the Table A.1 give the quasar
name and emission redshift, column (3) the bolometric luminosity and column (4)
quasar radio type.

3.2 Sample of NAL Systems

3.2.1 Identification and measurement of CIV absorbers

With the aim of mapping the incidence of NALs in quasar rest-frame velocity space,
I produce a catalog of the ultraviolet doublet CIV λλ 1548.204, 1550.781 Å. Since
I do not impose an a priori velocity definition of associated system, I look for any
CIV absorber outside the Ly-α forest in each spectrum.

1 Wavelengths and oscillator strengths used in this work are adopted from Morton (2003).
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Although continuum estimates are available for the XQ-100 public data release, I
elect to perform my own continuum fits, due to the sensitive nature of accurate
continuum placement close to the quasar emission lines. For each target the
continuum level is determined by fitting with a cubic spline the portions of the
spectrum free from evident absorption features in the region red-ward of the Ly-α
emission of the quasar. I then normalize the flux and flux error arrays by the
modelled continuum level. I visually inspect all the quasar spectra looking for
CIV doublets using the LYMAN context of the MIDAS reduction package (Fontana
and Ballester, 1995). I select all the candidate λ1548 and λ1550 transitions with
matching kinematic profiles. I make use of the TELLURIC task of the Image
Reduction and Analysis Facility package (IRAF; Tody, 1986) to apply appropriate
corrections to each spectrum in the spectral regions affected by the telluric bands.
This latter step allows me to remove telluric features and to have a more firm
identification of the lines. Initially, absorption troughs that are separated by
unabsorbed regions are considered to be separate lines. In this manner, 1098 CIV
doublets are identified.

The rest-frame equivalent width ( W0) and its measurement error are measured for
each line by integrating across the flux density and flux error array, respectively,
over a user-defined interval. The interval extremes are defined by the wavelengths
where the flux matches again the level of the continuum to within the values of the
flux error array. For the statistical analysis I include in my sample of NALs only
doublet lines whose weaker member is detected at a confidence level greater than
3σ i.e., each W1550 is larger than the detection limit, given by:

Wlim = nσ
FWHM

(1 + zabs) S/N
(3.2)

where, nσ is equal to 3, FWHM is computed as the ratio of the observed wavelength
λ and the spectral resolution R2, zabs is the absorption redshift of the line and
S/N is the signal to noise ratio per pixel at the relevant wavelength.

The NAL sample defined by this limit contains 1075 CIV doublets. Furthermore,
as CIV absorption is relatively common in quasar spectra, blending of systems
at similar redshifts could be a problem. Therefore, when either the λ1548 or the
λ1550 CIV component is blended with other transitions I include the doublet in the
complete sample only if the doublet ratio, defined as the ratio of equivalent widths
of the stronger to the weaker component, is in the range 0.8− 2.2. The theoretical
ratio for this doublet is 2, so the above mentioned interval is adopted to account
for blending effects and is determined from CIV narrow absorption doublets clearly

2The mean spectral resolution in the optical wavelength range is 8800.
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not affected by blending. Adopting this criterion the sample is reduced to 1060
doublets.

To refine my sample for statistical analysis, I combine NALs that lie within
300 km s−1 of each other into a single system. This makes the sample homogeneous.
This clustering velocity is chosen considering the largest velocity extent of an
absorber in my sample for which it is not possible to discern the individual
components. Therefore, I take 300 km s−1 as the minimum velocity separation for
which two absorbers are counted separately. To identify CIV systems, I proceed
in the following way: for each list of CIV components corresponding to a single
quasar the velocity separations among all the lines are computed and sorted in
ascending order. If the smallest separation is less than dvmin = 300 km s−1 the
two lines are merged into a new line with equivalent width equal to the sum of
the equivalent widths, and redshift equal to the average of the redshifts weighted
with the equivalent widths of the components. The velocity separations are then
computed again and the procedure is iterated until the smallest separation becomes
larger than dvmin.

The absorber velocity with respect to the quasar systemic redshifts is conventionally
defined as vabs = β c, I compute it by the relativistic Doppler formula (e.g., see
Vestergaard (2003),

β ≡ vabs
c

= (1 + zem)2 − (1 + zabs)2

(1 + zem)2 + (1 + zabs)2 (3.3)

where zem and zabs are the emission redshift of the quasar and the absorption
redshift of the line, respectively and c is the speed of light. Our final sample
consists of 986 CIV doublets with −1000 < vabs < 73, 000 km s−1 and equivalent
widths 0.015 Å< W0 <2.00Å.

I finally measure the column densities (N) of the lines with the AOD method
(Savage and Sembach, 1991a; Sembach and Savage, 1992; see section § 2.1.3). I
take advantage of this method to correct the column density of the CIV doublets
when the stronger member is saturated. I define as saturated lines those which
have flux density levels at the wavelength of peak absorption of less than 0.2 in the
normalized spectra (Krogager et al., 2016).

3.2.2 Identification of other species

The detection of a single species in a single ionization state substantially limits
the information on the nature and the physical properties of the studied absorbers.

52



3 Nature and statistical properties of quasar NALs

Table 3.1: Number and fraction of CIV systems with detected NV, SiIV and CII.
−0.1 < vaabs < 0.25 0.25 < vaabs < 0.55 vaabs < 0.5

CIV 72 68 122
NV 34; 47% 12; 18% 43; 35%
SiIV 26; 36% 27; 40% 46; 53%
CII 7; 10% 10; 15% 16; 13%

a vabs is measured in unity of 104 km s−1.
Note: the bin in the second column is extended to 5500 km s−1 to include all the
NV absorptions detected. The third column shows the number and fraction of
associated CIV systems with other detected ions.

The quality and wavelength extent of my spectra give me the possibility to search
for other common ions (NV, SiIV and CII) related to each detected CIV absorber.
Furthermore, for the ions mentioned above, I search for absorption lines not related
to the identified CIV, but I do not find any.

I identify NV, SiIV doublets and CII in the following regions:

1. NV λλ1238.821, 1242.804 Å absorption doublets: from -1000 to 5500 km s−1

with respect to the quasar’s NV emission line. The velocity range is relatively
narrow for this transition because contamination by the Ly-α forest prevents
me from searching for NV NALs at larger velocity offsets;

2. SiIV λλ1393.760, 1402.772 Å absorption doublets: from -1000 to 45,000 km
s−1 with respect to the quasar’s SiIV emission line;

3. CII λ1334.532 Å absorption: from -1000 to 10,000 km s−1 with respect to
the quasar’s CII emission line.

The same procedures of analysis described above for CIV are applied to NV, SiIV
and CII as well. In particular, I require the detection level for the weaker member
of the doublets to be 3σ, and 5σ for single absorption lines. The final sample
includes 574 SiIV (234 detections, 340 upper limits), 140 NV (46 detections, 94
upper limits) and 142 CII (28 detections, 114 upper limits). See Table 3.1 for
more details on the associated region. The non-detections are reported as upper
limits. They are calculated by integrating across the expected location of each
species in the spectrum, over a velocity interval similar to that of the corresponding
CIV absorber. This procedure is actuated when spurious absorption lines are not
present in the considered portion of the spectra.

For the remainder of the paper, W0 represents the rest frame equivalent width of
the stronger member of a given doublet. Columns (7) and (8) of Table A.1 in the
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Appendix report the apparent column density of the absorbers and the equivalent
width of the lines combined into single systems within 300 km s−1, respectively.
Examples of the identified absorbers are reported in the appendix.

3.2.3 Completeness Limits

In order to estimate the completeness of my sample, I test the detection sensitivity
of the whole dataset. I compute the cumulative distributions of the number of
quasars with Wlim larger than a given value of W1548 and within a given velocity
separation from the quasar emission redshift. Wlim is measured from Eq. 3.2, for
various absorber velocities (parametrized by β) in the spectra of all quasars. The
results are shown in Fig. 3.2.

The black solid line and the dot-dashed one represent the distributions for β = 0.0
and β = 0.1, respectively. The lines corresponding to the cumulative distributions
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0.0

0.2

0.4

0.6

0.8

1.0

F
ra

ct
io

n
of

Q
S

O
s

w
it

h
W

li
m
<

W
15

48

β
=

0

β
=

0
.1

Measured

Figure 3.2: Cumulative distribution of the number of quasars with 3σ rest-frame
Wlim detection limit smaller than a given W1548 value and for several
β-values. The black solid line represents the distribution for β = 0.0,
the dot-dashed one represents the β = 0.1 distribution. The cumulative
distributions for β > 0.1 overlap with the β = 0.1 distribution and
are not marked. The cumulative distribution of the number of quasars
showing at least one detected absorber with W1548 larger than a given
threshold is reported for comparison (dotted line, labeled "Measured").
The 90 percent completeness level is marked by the dashed horizontal
line. The 3σ detection limit measured to a completeness level of ∼ 90
percent is W1548 = 0.015 Å (dashed vertical line).
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Table 3.2: Results of the completeness test for various absorber velocities,
parametrized by β.

Cumulative fraction of quasars with Wlim [Å] up to

0.005 0.01 0.015 0.02 0.025 0.03 0.035

β = 0.00 0.31 0.84 0.97 0.99 1.00 1.00 1.00
β = 0.01 0.21 0.69 0.90 0.97 1.00 1.00 1.00
β = 0.02 0.12 0.57 0.86 0.93 0.98 1.00 1.00
β = 0.03 0.08 0.49 0.79 0.91 0.96 0.99 1.00
β = 0.04 0.07 0.42 0.77 0.89 0.97 0.99 0.99
β = 0.10 0.07 0.39 0.76 0.90 0.97 1.00 1.00

relative to values of β between β = 0 and β = 0.1 span the shaded area in the plot.
For increasing β-values, the cumulative distributions overlap the one with β = 0.1.

The cumulative distributions show that in my sample the CIV detection sensitivity
drops below 90 percent at W1548 ≈ 0.015 Å for β ≥ 0.1 (vertical and horizontal
dashed lines in Fig. 3.2). This is explained by the identical spectral coverage
and the uniformity in S/N of the spectra in my sample. More explicitly, at
β = 0.02 (0.10), corresponding to 6000 km s−1 (30000 km s−1), the completeness
level of Wlim ≥ 0.015 Åabsorbers is ≥ 93 percent (≥ 90 percent). Part of the
cumulative distribution of the number of quasars with at least one identified CIV
line stronger than a given threshold is also shown in Fig. 3.2 for comparison
(dotted line). It is noticeable from the plot that more than 87 percent of the
quasars in my sample have at least one CIV detection with W1548 above the 0.015
Å completeness limit. The results of the completeness test are collected in Table 3.2.

3.3 Statistics of NAL Systems

Using the complete CIV sample described in the previous section, I first investigate
the equivalent width distribution and the number density of absorbers per unit
of velocity interval as a function of the velocity separation from the quasar, i.e.,
the velocity offset distribution, dn/dβ = c dn/dv, where β is computed in Eq. 3.3.
Then, I examine the relative number of NALs in different transitions and their
velocity offset distributions. The goal is to investigate the ionization structure of
the absorbers and their locations relative to the continuum source. I also estimate
the number of intrinsic NALs per quasar, and the fraction of quasars hosting
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intrinsic NALs. These values can be used to study the geometry of absorbing gas
around the quasar.

To further characterize the metal absorptions associated to galaxies hosting z ∼ 4
quasars, I examine the distributions of the covering fractions. Finally, I briefly
look for dependencies of the NAL properties relative to those of their quasar hosts.
I choose to show the plots of this section in equivalent width and not in column
density to better compare my results with previous works present in the literature.
The statistical significance of the results remains the same using column density.

3.3.1 Equivalent Width Distribution

The distribution of rest-frame equivalent widths of the CIV absorbers is shown in
Figure 3.3 (light shaded histogram). It rises steeply towards the detection limit of
0.015 Å, marked in the diagram by the dashed line.
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Figure 3.3: The rest-frame equivalent width distribution of all CIV systems in my
sample (light shaded histogram). The vertical dashed line marks my
detection limit of 0.015 Å. Distributions measured by previous works are
also shown: Vestergaard (2003; diagonal filled histogram) and Misawa
et al. (2007; dark shaded histogram). The insert shows the details of
the bottom left region of the histogram.

It is evident from the insert of Figure 3.3 that very few of the identified lines
are excluded from the analysis because they are weaker than the detection level
required. We can also note that more than half of the absorbers (∼ 63 percent)
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have W1548 < 0.2 Å. Thanks to the intermediate resolution of X-shooter and to
the high S/N level of the XQ-100 sample, I am probing much weaker lines than
previous works at lower spectral resolution. For example, in the study of Weymann
et al. (1979) the rest-frame equivalent width limit was about 0.6 Å, while Young
et al. (1982), Foltz et al. (1986) and Vestergaard (2003) reach a limit of about 0.3 Å,
larger than 91 percent and 76 percent of the CIV lines in my sample, respectively.
Also Misawa et al. (2007), a study based on data at larger resolution than mine,
obtain a detection limit of ∼ 0.056 Å, larger than 17 percent of NALs detected in
my sample, due to the lower S/N of their spectra.

Equivalent width distributions from Vestergaard (2003; diagonal filled histogram)
histogram and Misawa et al. (2007; dark shaded histogram) are also shown in
Fig. 3.3 for comparison. The XQ-100 survey data can better detect and resolve
weak lines with respect to Vestergaard (2003). The comparison with Misawa et al.
(2007) illustrates that high resolution data, able to detect and better resolve weak
lines, are usually based on less statistically significant samples.

Dependence on radio properties

I investigate possible differences between RLQs and RQQs with respect to the
NAL properties and I do not find any. A direct comparison of the incidence of the
absorbers with previous works is non-trivial. The aspects that play a crucial role
are the spectral resolution and the different properties of the targets. Two different
samples can have: i) differences in the radio properties and intrinsic luminosities
of the targets, ii) different ranges in W1548 of the detected absorbers, iii) different
number of targets with a full coverage of the associated region.

With the aim of comparing the equivalent width distribution in my analysis with
previous studies, I focus on systems withW1548 > 1.5 Å following Vestergaard (2003)
who claimed the strongest systems are likely intrinsic candidates. The Vestergaard
sample has 66 RLQs and 48 RQQs, nearly the same number, unlike mine, in which
only 17 percent (12/67) of the targets for which I have information about radio
properties, are radio-loud. If I consider separately the radio-loud and radio-quiet
objects in the Vestergaard sample, only 5/66 and 1/48 quasars exhibit at least one
CIV NAL with W1548 > 1.5 Å, respectively. Thus, a weighted prediction based
on the fraction of RQQ and RLQ in my sample on the number of very strong
CIV NALs is that two should be detected. Indeed, I do detect exactly two such
absorbers with W1548 > 1.5 Å. The fraction of radio-loud quasars in my sample (17
percent) is only slightly larger than the general population (∼ 10 percent). As a
consequence, I do not expect to be biased toward strong NALs in RLQs, unlike
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Vestergaard (2003) whose sample was formed by more than 50% RLQs since the
aim was to compare the NALs in RLQs and RQQs. The distribution of weaker
lines is considered in the next sections.

3.3.2 Velocity Offset Distributions

The velocity offset distributions of the number density of CIV and SiIV NALs
in my study are presented in Fig. 3.4, upper and lower panels, respectively. In
both diagrams the upper panel shows the distribution of the whole sample while
in the bottom one the sample is split in two according to the strength of the
NALs’ equivalent widths: the color-shaded histogram represents the weak lines
(W0 < 0.2 Å ) and the black hashed histogram the strong lines (W0 > 0.2 Å ).
Error bars indicate the propagation of Poissonian uncertainties. The zero velocity
corresponds to the emission redshift of the quasar. The observed distributions
include contributions from: i) intervening systems; ii) environmental absorption
which arises either in the interstellar medium of the AGN host galaxy or in the
IGM of the galaxy’s group or cluster; and iii) outflow systems that are ejected from
the central AGN.

I do find an excess of the number density of NALs within 10,000 km s−1 of
the emission redshift. The excess is clearly detected in both the velocity offset
distributions of CIV and SiIV NALs within the first two bins, starting from
vabs = −1000 km s−1. Since there is not a sizeable change in sensitivity to finding
absorbers as a function of velocity, as shown in § 3.2.3, and my spectra have all
the same wavelength coverage, beyond the first two bins I see an approximately
constant value expected for intervening systems.

To assess whether the detected excess is statistically significant over random
incidence or not, I firstly compute the average occurrence of CIV absorption in
bins of 5000 km s−1 at large velocity separation (vabs > 5× 104 km s−1) from zem,
where I am more confident that systems are intervenings. The average number
density of CIV expected for the whole sample is 31 ± 4 per dv = 5000 km s−1

bin, to be compared with dn/dβ = 59 and 64 that I find at velocity separations
of −1000 < vabs < 5000 km s−1 and 5000 < vabs < 10, 000 km s−1, respectively.
This corresponds to a ∼ 8σ excess in the first two bins. This result does not
significantly change if a different bin size is considered (e.g. 2000 km s−1). The
extension of the first bin to -1000 km s−1 is justified and motivated by the need to
take into account uncertainties in the systemic redshift and to consider possible
inflows. I also compute the average occurrence of CIV absorptions in bins of 5000
km s−1 excluding only the first two velocity bins, obtaining 37± 5, and the excess
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Figure 3.4: Velocity offset distribution of the number density of CIV (upper) and
SiIV (lower) absorbers. Top panels: whole sample. Bottom panels:
the color-shaded histogram represents the distribution of NALs with
W0 < 0.2 Å, the black hashed histogram represents the distribution of
NALs with W0 > 0.2 Å. The error bars represent the propagation of
the Poissonian uncertainties. The horizontal dotted line represents the
average number of systems measured in bins of 5000 km s−1 far from
the zem, and the shaded area around it is the 1σ error of this mean
value. Contamination by the Ly-α forest prevented me from exploring
the same velocity range for the two ions.
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W1548 < 0.2 Å Log(L) < 46.8

Log(L) > 46.8

0

5

10

15

d
n
/d
β

SiIV Log(L) < 46.8

Log(L) > 46.8

0

5

10

15

d
n
/d
β
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Figure 3.5: Velocity offset distribution of the number density of CIV (upper) and
SiIV (lower) absorbers. The color-shaded histogram represents the dis-
tribution of NALs with Lbol < 46.8 erg s−1, the black hashed histogram
represents the distribution of NALs with Lbol > 46.8 erg s−1. Top
panels: whole sample. Middle panel: subsample of lines with W0 > 0.2
Å. Bottom panels: subsample of lines with W0 < 0.2 Å. The error bars
represent the propagation of the Poissonian uncertainties.

is still significant (∼ 6σ). Most of the excess in the first bin can be explained
by the subset of CIV absorptions with detected NV. Indeed, if I exclude those
systems, I obtain a number density of 38, that is within 1.32σ of the average value.
The equivalent values corresponding to weak (W0 < 0.2 Å ) and strong (W0 > 0.2
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Table 3.3: Occurrence of NALs in the CIV and SiIV velocity offset distributions.

Randoma Excessb Significancec
All CIV sample 32.2± 4.4 59.5; 64.2 6.5σ; 7.6σ
W1548 > 0.2 Å 13.2± 2.9 29.0; 18.6 5.5σ; 1.9σ
W1548 < 0.2 Å 17.5± 3.3 30.5; 45.6 4.0σ; 8.6σ
All SiIV sample 13.6± 2.8 22.5; 26.4 3.1σ; 4.5σ
W1393 > 0.2 Å 4.6± 1.7 8.5; 5.4 2.3σ; 0.5σ
W1393 < 0.2 Å 9.0± 2.3 14.0; 21.0 2.1σ; 5.2σ

a Average number density of NALs in bin of 5000 km s−1 away from the zem
(vabs > 5× 104 km s−1, for CIV and vabs > 2× 104 km s−1, for SiIV);
b number density of NALs in the first two bins: −1000 < vabs < 5000 km s−1 and
5000 < vabs < 10, 000 km s−1;
c significance of the excess over the random occurrence.

Å ) lines and the propagation of counting statistics from the individual bins are
reported in Table 3.3.

Hence, the excess is real over the random incidence for the whole sample of CIV
NALs. When divided by equivalent width (see the bottom panel of Fig. 3.4) CIV
absorbers show a significant excess over the random occurrence at 5000 < vabs <

10, 000 km s−1 for both weak and strong lines. While, at vabs < 5000 km s−1 the
excess is more significant for the strong lines. I will come back to this point in
section § 4.2.

The excess occurs also in the SiIV velocity offset distribution (see Fig. 3.4, lower
panels). As was the case for CIV, the full SiIV sample shows an excess over a
random incidence in the first two velocity bins (< 10, 000 km s−1). I would like to
highlight the different shape of the two distributions for the strong lines. The SiIV
excess is less significant over the random incidence with respect to the CIV one.
The possibility that these excesses are due to the environment surrounding the host
galaxies of luminous quasars is discussed in the next chapter. All the computed
numbers for the SiIV velocity offset distributions are reported in Table 3.3.

Next I investigate the possible dependence of the NAL velocity offset distributions
on the quasar bolometric luminosity. The results are presented for CIV and SiIV in
Fig. 3.5, upper and lower plots, respectively. To this aim the sample is split in two
according to the quasar bolometric luminosity. In both diagrams the upper panel
shows the velocity offset distribution for the whole sample of lines, and the middle
and the bottom panels show the results for lines with W0 > 0.2 Å and W0 < 0.2 Å,

61



3 Nature and statistical properties of quasar NALs

respectively. Color-shaded histograms represent the lines detected in quasars with
luminosity log (Lbol) < 46.8 erg s−1, while the black hashed histogram shows those
in quasars with log (Lbol) > 46.8 erg s−1.

In both of the upper panels, the more luminous objects exhibit a slightly larger
fraction of absorbers. I explore the possibility that this trend is due to the
different S/N between the quasar spectra. Although the S/N in my sample is quite
homogeneous, the most luminous quasars have slightly larger S/N spectra, as shown
in Fig 3.6. If the observed effect is due to S/N, I should not see the same behavior
of the velocity offset distributions for the stronger lines, that are less affected by
the different S/N. Indeed, I do not see any difference related with the bolometric
luminosity for those lines (see middle panels of Fig. 3.5). The weaker lines show
the same slight dependence from the bolometric luminosity I found in the whole
sample (see lower panels of Fig. 3.5). Thus, there is no evidence of a correlation
between the incidence of absorbers observed in the offset velocity distribution and
the quasar bolometric luminosity for both CIV and SiIV. The difference in Fig. 3.5
can be ascribed to the slightly higher S/N of the spectra of the brighter objects.
This effect with S/N was seen before for MgII absorbers (e.g., Lawther et al., 2012;
Ménard et al., 2008).
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Figure 3.6: S/N (average pixel S/N near rest-frame wavelength 1700 Å) distribution
of XQ-100 targets. The shaded histogram represents the quasars with
log(Lbol) > 46.8, the diagonal filled histogram represents those with
log(Lbol) < 46.8.

To summarize, I detect a ∼ 8σ excess of NALs within 10,000 km s−1 of the
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3 Nature and statistical properties of quasar NALs

zem over the random occurrence of NALs. This excess is expected (Foltz et al.,
1986; Ganguly et al., 2001; Vestergaard, 2003), but extends to somewhat larger
velocities than the standard 5000 km s−1 velocity cut-off adopted to define associated
system, in general agreement with the results of Weymann et al. (1979); Misawa
et al. (2007); Tripp et al. (2008); Wild et al. (2008); Nestor et al. (2008). This
commonly used cut-off is determined for relatively strong CIV NALs and if I limit
my analysis to W1548 > 0.2 Å my results are consistent with those of previous
works. The extended velocity range of associated NALs is seen especially for the
weaker lines W1548 < 0.2Å (but above my detection limit, 0.015Å). Based on
this excess frequency, I adopt 10,000 km s−1 as the nominal boundary between
intervening and associated systems. Because this velocity range of associated
absorbers is statistically motivated, additional associated NALs may be present
at vabs > 10, 000 km s−1, just as there may be some intervening NALs at vabs <
10, 000 km s−1.

3.3.3 Absorber number density evolution

As a final test I want to assess whether the excess I find is due to the NAL redshift
evolution. I estimate the number of absorbers in the considered range of velocity
offset that are expected due to intervening structures at the same redshift. I
calculate the number density evolution dn/dz splitting my sample into two: the
associated CIV lines with vabs < 10, 000 km s−1 and the intervening ones with
vabs > 10, 000 km s−1.

The absorber number n(z) is measured by counting the CIV absorption lines for
a given equivalent width range in the considered redshift range for each line of
sight. The line count n is then divided by the covered redshift interval ∆z to
obtain dn/dz. The result is presented in Fig. 3.7. We can see that the excess of
the associated lines over the intervening ones is present in all covered redshift bins
although its significance varies from bin to bin. This result supports the fact that
the observed excess in the offset velocity distribution is not an effect of the NAL
redshift evolution, but is due to quasar environment. This test is done only for
CIV because contamination by the Ly-α forest prevented me from investigating
the same wavelength coverage for other ions.

3.3.4 Covering Fraction of the studied ions

To better characterize the environment close to my quasar sample, I measure the
covering fractions, fC , of the studied ions as a function of the velocity offset from
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Figure 3.7: Absorber number density evolution dn/dz of the whole sample of
CIV systems. Filled circles represent associated systems with vabs <
10, 000 km s−1 while open circles the intervening ones with vabs >
10, 000 km s−1. The error bars represent the propagation of the Poisso-
nian uncertainties.

zem. These are defined as the ratio between the number of quasars exhibiting
at least one absorber with W0 > 0.2 Å within a given velocity separation of zem
and the total number of quasars. The error bars represent the propagation of the
Poissonian uncertainties. The complete list of covering fraction measurements is
reported in Tab. 3.4. I decide to consider lines with W0 > 0.2 Å to better compare
my results with previous works present in the literature (see section § 4.1), but
measurements of the fC based on the whole sample are also presented in Tab. 3.4.

Results are shown in Fig. 3.8 for CIV1548 (upper) and SiIV1393 (lower), compared
with the random occurrence computed as the fraction of quasars showing at least
one absorber with W0 > 0.2 Åat large velocity separation from zem (vabs >
5 × 104 km s−1, for CIV and vabs > 2 × 104 km s−1, for SiIV). The CIV covering
fraction, f 1548

C , remains statistically significant over the random occurrence beyond
vabs ≈ 10, 000 km s−1. Then, it shows a shallow declining incidence. This suggests
that most of the excess of CIV gas at low velocities lies within the host halo.
Interestingly, f 1548

C for vabs < 5000 km s−1 and for vabs < 10, 000 km s−1 have
the same value. Furthermore, I confirm that quasars showing an absorber with
5000 < vabs < 10, 000 km s−1 always have an absorber with vabs < 5000 km s−1, but
the opposite is not always true. This points out the presence of a complex velocity
structure, increasing the probability of these absorbers to be part of outflows. I
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Table 3.4: Covering fractions of CIV, SiIV, NV and CII and propagated counting
errors from each quasar sightline.

Velocity [km s−1] f 1548
C f 1393

C f 1238
C f 1334

C

W0 > 0.2Å
vabs<5000 0.43± 0.07 0.13± 0.04 0.22± 0.05 0.08± 0.03

5000<vabs<10,000 0.27± 0.05 0.09± 0.03 - 0.02± 0.01
vabs<10,000 0.43± 0.07 0.13± 0.04 - 0.10± 0.3

Whole sample
vabs<5000 0.72± 0.09 0.32± 0.04 0.33± 0.06 0.15± 0.04

5000<vabs<10,000 0.64± 0.08 0.39± 0.03 - 0.09± 0.03
vabs<10,000 0.72± 0.08 0.32± 0.04 - 0.22± 0.05

note also that considering the whole sample (Tab. 3.4) almost 3/4 (∼ 72 percent)
of the quasars show CIV NALs within 10,000 km s−1. This is comparable to the
frequency (& 60 percent) observed by Vestergaard (2003) and shows how common
this phenomenon is. Vestergaard (2003) also found that about 25 percent of the
quasars have associated NALs with W1548 > 0.5 Å. To allow a more direct and
quantitative comparison with this work, I can consider in my sample only the
absorbers with W1548 > 0.5 Å and within vabs < 5000 km s−1. Indeed I do find
exactly 25 percent. For SiIV, f 1393

C is marginally statistical significant over the
random distribution only at vabs < 5000 km s−1. In fact, we have already seen in
Fig. 3.4 that the SiIV excess is largely dominated by weak lines, with W1393 < 0.2
Å.

The covering fractions measured for NV1238 (upper) and CII1334 (lower) are presented
in Fig. 3.9. The fraction f 1238

C (whole sample) is fairly high ∼ 0.25 at vabs <
2500 km s−1, then it drops steeply to ∼ 0.12 at 2500 < vabs < 5000 km s−1. Since
the velocity range in which I have been able to explore the presence of NV is
relatively narrow because of the contamination by the Ly-α forest, I do not have a
reference value to compare the f 1238

C with.

Fechner and Richter (2009) have carried out a survey of NV systems with a sample
of 19 higher resolution spectra of quasars with 1.5 . z . 2.5. They find that
the fraction of intervening CIV systems showing NV absorption is ∼ 11 percent,
without any cut in equivalent width, while roughly 37 percent of associated CIV
absorbers (vabs < 5000 km s−1) exhibit NV as well. They do not say how many
quasars show at least one intervening NV thus, I could take their ∼ 11 percent
as an upper limit of the random occurrence and my detection frequency would
remain statistically significant. The steep drop of the f 1238

C at vabs > 2500 km s−1

close to values that are typical of intervening regions suggests that the NV gas
with vabs < 2500 km s−1 lies predominantly inside the host halo. In addition, I can
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Figure 3.8: Covering fractions, fC , for CIV1548 (upper) and SiIV1393 (lower) esti-
mated from the fraction of quasars exhibiting at least one absorber with
W0 > 0.2 Å, in bins of velocity offset from zem (horizontal error bars).
The horizontal solid line in both plots shows the mean covering fraction
for W0 > 0.2 Å lines measured for random 5000 km s−1 intervals far
from the quasars, the shaded band represents the 1σ error.

directly compare their 11 percent to the fraction of CIV, with vabs < 5000 km s−1,
exhibiting NV in my sample, that is ∼ 35 percent. This is strong evidence that
NV systems exhibit an excess above random occurrence. However, I have to take
into account that the sample analyzed by Fechner and Richter (2009) is most likely
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Figure 3.9: Covering fractions, fC , for NV1238 (upper) and CII1334 (lower) estimated
from the fraction of quasars exhibiting at least one absorber with
W0 > 0.2 Å (filled circles) or for the whole sample (open circles), in
bins of velocity offset from zem.

incomplete due to blending with the Ly-α forest. So, the actual rate of incidence
might be higher, in particular for low column density features. I will discuss in
section § 4.1 the possibility of different origins for intervening and associated NV
systems, and the improvements that could be made to verify this hypothesis.

The CII covering fraction, f 1334
C , is smaller than that of NV. If I consider only

the bin with vabs < 5000 km s−1, f 1238
C = 0.33 while f 1334

C = 0.15. Interestingly,
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I notice that the CII detections with W1334 > 0.2 Åare all corresponding to
damped Ly-alpha (DLA and sub-DLA) systems (Berg and et al., 2016; submitted).
DLAs are defined to be systems where the hydrogen column density is larger than
NHI > 2× 1020 cm−2. I would like to emphasize that CII detections in my sample
are probably not tracing gas sited in the host halo.

3.4 Ionization structure of the absorbers

Historically, it has been very difficult to separate intrinsic NALs from intervening
ones without high-resolution spectra because of the similarities of their line profiles.
Since one of my goals is to determine additional criteria that can be used to
disentangle the two classes of absorbers, it is interesting to consider the relative
number of NALs in different transitions and their velocity offset distributions. The
ion that better traces the effects of the quasar ionization field will offer the best
statistical means of identifying intrinsic systems.

The velocity offset distribution with respect to the quasar zem of the ratios of NV
and CIV (SiIV and CIV) equivalent width is shown in Fig. 3.10, upper (lower) panel.
As already described in § 3.2.2, I have inspected all the spectra of my sample looking
for NV and SiIV absorptions at the same CIV redshifts. NV is only measured out
to 5500 km s−1 from zem, hence the smaller velocity range of the diagram relative
to previous ones. I search for a correlation between the offset velocity and the
equivalent width of CIV and NV NALs. It is clear from Fig. 3.10 (upper) that
CIV is equally distributed within the velocity range in which it has been possible
to look for NV absorptions, even if the strongest systems preferentially reside at
zero velocity shift. I divide the velocity range into two bins, the first one with
−1000 6 vabs 6 2500 km s−1 and the second one with 2500 6 vabs 6 5500 km s−1.
I find 72 CIV systems in the first bin and 68 in the second one. Most of the NV
detections are located closer to the emission redshift: I identify 34 NV detections
and 38 upper limits in the first bin (−1000 < vabs < 2500 km s−1) and 12 detections
and 56 upper limits within the second bin (2500 < vabs < 5500 km s−1). In other
words, looking at the CIV absorbers in the first bin I have a probability of 47 percent
to find a NV at the same absorption redshift, while this probability decreases to 18
percent in the second bin. This trend can be explained if I consider the effect of
the quasar ionizing radiation. Indeed, closer to the emission redshift the radiation
field is more intense and it allows nitrogen to be highly ionized. As expected DLA
systems (marked by open stars in the figure) do not have any detected associated
NV absorption systems because of the self-shielding effects of HI, that prevents
highly ionized atoms to be formed (but see Fox et al., 2009).

68



3 Nature and statistical properties of quasar NALs

−0.1 0 0.25 0.5

vabs[104 km s−1]

0

1

2

3

4

W
12

38
/W

15
48

0 < W0 < 0.2

0.2 < W0 < 0.8

0.8 < W0 < 1.6

0 < W0 < 0.2

0.2 < W0 < 0.8

0.8 < W0 < 1.6

0.2 < W0 < 0.8

−0.1 0 0.25 0.5

vabs[104 km s−1]

0.0

0.5

1.0

1.5

2.0

W
13

93
/W

15
48

0 < W0 < 0.2

0.2 < W0 < 0.8

0.8 < W0 < 1.6

0 < W0 < 0.2

0.2 < W0 < 0.8

0.8 < W0 < 1.6

0.2 < W0 < 0.8

Figure 3.10: Velocity offset distribution with respect to the quasar zem of the NV
and CIV (upper), SiIV and CIV (lower) equivalent width ratio. The
size of the symbol represents the corresponding W1548 Å strength,
indicated by the legends. Detections (3σ) are the filled squares. The
open squares show the rest-frame equivalent width 3σ upper limit
values for the non-detections. The damped Ly-α (DLA) systems
present in my sample are marked by open stars (filled stars) in the
upper panel (lower panel) and they show NV upper limits (SiIV
detections). The vertical dashed lines represent the separation of the
velocity range in two bins.
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Figure 3.11: Equivalent width ratio between NV and CIV versus the one of SiIV
and CIV. Same meaning of the symbols as in Fig. 3.10. The inset
represents a zoom of the bottom left region of the diagram. The
horizontal dashed line represents the equality of the NV and CIV
equivalent widths.

I search also for a correlation between the offset velocity and the equivalent width
ratio of CIV to SiIV NALs in the same velocity range. In Fig. 3.10 (lower), SiIV
detections do not preferentially reside around zem, nor do I find a clustering of the
strongest systems close to zem. I find 26 detections and 46 upper limits in the first
bin (−1000 < vabs < 2500 km s−1); and 27 and 42, respectively, in the second one
(2500 < vabs < 5500 km s−1). This corresponds to a probability of 36 percent to
find a SiIV at the same redshift as CIV absorption in the first bin and a probability
of 40 percent in the second one. Above unity, representing the equality of the
equivalent widths ratio, I find only 2 SiIV detections. Indeed, there are not many
systems with very strong SiIV absorption able to dominate over the CIV absorption.
The DLA systems, indicated by the filled stars in the figure, exhibit SiIV detections
and their values are distributed over the entire range of SiIV equivalent widths.

Bearing in mind the different behavior of NV and SiIV ionization paths, I match
the results of the latter two figures. The result is shown in Fig. 3.11. Immediately,
we can see that above the dashed horizontal line, representing the equality of the
NV and CIV equivalent widths, there is only one system with a SiIV detection.
When a strong NV is present, I find mainly upper limits for the SiIV. Conversely,
the DLA systems show detections for the SiIV and only upper limits for the NV. I
do not find a large number of systems showing both ions and most of them have
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SiIV with W1393 < 0.2 Å (see Fig. 3.11). Interestingly many of them (9 out of 19)
are at the same redshift as a strong CIV NAL, with W1548 > 0.8 Å. Once more, we
can appreciate the effects of the quasar ionizing radiation. Since the NV and SiIV
have very different ionization potentials, 97.9 and 33.5 eV respectively, it is easier
to find NV absorbers with respect to SiIV where the radiation field is stronger and
vice versa. Therefore, this result confirms that NV is a better tracer of the hard
quasar spectra. For this reason, in the next chapter I will focus the attention on
the NV NALs.
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4 Chapter 4

The nature of NV absorbers at
high redshift

Quasar outflows have been increasingly invoked from theoretical models of galaxy
formation and evolution to regulate both the star formation in the host galaxies
and the infall of matter towards the central SMBH (Granato et al., 2004; Di Matteo
et al., 2005; Hopkins and Elvis, 2010). The SMBH at the center of galaxies can
produce a terrific amount of energy (∼ 1062 erg). Even if just a few percent of
the quasar bolometric luminosity were released into the ISM of the host galaxy, it
would represent significant feedback for the host galaxy evolution, (e.g. ∼ 5 percent
Lbol, Scannapieco and Oh, 2004; Di Matteo et al., 2005; Prochaska and Hennawi,
2009). This type of coupling via feedback could provide a natural explanation for
the observed mass correlation between SMBHs and their host galaxy spheroids
(e.g., King, 2003; McConnell and Ma, 2013).

A key piece of information to understand if outflow feedback can affect the host
galaxy evolution, is the fraction of quasar driving outflows, as well as their energetics.
The latter quantity can be inferred from the velocity, column density, and global
covering factor of the outflowing gas. All these observable quantities are connected
with the dynamical models of accretion disk winds. With the aim of studying
quasar winds, we must carefully select absorption-line systems that truly sample
outflowing gas. To this purpose, I have shown in the previous chapter that out
of the ions studied in my work, NV is the ion that best traces the effects of the
QSO ionization field, offering the cleanest approach to statistically identify intrinsic
systems.

In this chapter I will investigate the statistical properties of the NV NAL subsample
identified in the XQ-100 spectra (section § 4.1), then I will discuss the results of the
study carried out on the XQ-100 sample in the context of relevant works (section
§ 4.2), finally I will test the robustness of the use of the NV NALs to select intrinsic
systems (section § 4.3).
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4.1 Statistics of NV systems

In the systematic search for highly ionized absorption species commonly used to
identify outflows (e.g. CIV, SiIV, NV, OVI), the NV ion is detected in previous
works with the lowest frequency. However, the fraction of these systems that are
intrinsic is much larger than that of other excited-state species. Misawa et al.
(2007) derived for the NV systems an intrinsic fraction of 75 percent, through
partial coverage and line locking methods. Ganguly et al. (2013), using the same
techniques, found an intrinsic fraction of 29-56 percent, and suggested to use NV in
constructing large catalogs of intrinsic systems with lower resolution and/or lower
S/N data. This is not surprising given the overabundance of nitrogen in AGN
reported by some authors (e.g., Hamann and Ferland, 1999). Quasars are generally
metal-rich (e.g., Dietrich et al., 2003) and about solar [N/H] has been measured
in associated systems (e.g., D’Odorico et al., 2004). There is also evidence for
higher than solar metal abundances in AGN outflows from the analysis of NALs
(Wu et al., 2010; Hamann et al., 2011), making NV easily detectable in proximate
absorbers. These metallicities are very high and very rare for any intervening
absorption system.

Strong NV absorptions are characteristic of many intrinsic NALs, that are known
to be related to the AGN winds/host-galaxy because of velocities within ∼ 5000
km s−1 of the zem, and evidence of partial coverage of the quasar continuum/broad
emission line source (Hamann et al., 2000; Srianand et al., 2002; Wu et al., 2010).
For example, Wu et al. (2010) addressed the origin of three 2.6<z<3.0 NV absorbers
and pointed out how NV is a good estimator of the intrinsic nature of systems.
They performed photoionization models to infer the physical conditions for these
absorbers, and found metallicities greater than 10 times the solar value, and high
ionization parameters (log U ∼ 0). The unusual strength of these NV lines resulted
from a combination of partial coverage, a high ionization state, and high metallicity.

On this basis, I compute the fraction of quasars in my sample hosting at least
one intrinsic absorption system to be 33 percent exploiting the detection of NV
corresponding to CIV absorptions. This value can be compared with the fraction
of quasar showing at least one intrinsic NV absorber from previous studies (e.g.,
∼ 19 percent, Misawa et al., 2007). I expect my estimate to be slightly higher
than that derived through partial coverage or line-locking, because these selection
criteria catch only 12 − 44 percent of intrinsic systems (Ganguly et al., 2013).
Indeed, intrinsic absorbers could be too far from the central engine to cause partial
coverage, and may not be line locked.

I have shown in the previous chapter that NV is the ion that traces best (amongst
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Figure 4.1: Velocity offset distribution of the NV vs CIV column density ratio.
Detections (3σ) are marked by the filled squares. The open squares
show the column density 3σ upper limit values for the non-detections.
The dashed horizontal line represents the equality of the ratio.

those considered) the effects of the quasar ionization field, offering the best statistical
tool to identify intrinsic systems. Furthermore, other studies present in the literature
have argued that associated NV shows distinctive signatures of its intrinsic nature
with respect to intervening systems. In particular, Fechner and Richter (2009) have
constructed detailed photoionization models to study the physical conditions of
the absorbers and to constrain the ionizing radiation field. This work has pointed
out that intervening NV absorbers are not tracers of the spectral hardness of the
ionizing radiation. These systems were found to be systematically weaker than
both CIV and associated NV lines.

Motivated by these results, I explore in more detail the properties of my sample of
NV absorbers. Fig. 4.1 represents the velocity offset distribution of the NV and
CIV column density ratios of my sample. It is clear from Fig. 4.1 that most (∼ 68
percent) of the detections have a column densities ratio larger than 1. This is
consistent with the result by Fechner and Richter (2009): associated NV systems
exhibit similar or even larger column density with respect to CIV. The fraction
of quasars showing at least one NV absorption line with N1238/N1548 > 1 is 26
percent.

Fig. 4.2 shows the distribution of the NV column densities of my sample (diagonal
filled histogram), compared with the column density distributions by Fechner
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Figure 4.2: Distribution of the measured NV column densities of my sample (diago-
nal filled histogram). Also shown are the intervening (dotted histogram)
and associated (dark shaded histogram) NV column density distribu-
tions from Fechner and Richter (2009; FR09). The dashed vertical line
represents the detection limit of my sample, explaining the lack of low
N1238 absorbers with respect to Fechner and Richter (2009) based on
high resolution data.

and Richter (2009). It is clear from Fig. 4.2 that associated NV systems start
dominating the distribution at values of the order of log N1238 ∼ 13.5 and that no
intervening NV system with log N1238 > 14 is detected. Looking at my sample, 85
percent of the NV absorbers have column densities larger than log N1238 = 13.5
and 55 percent have values larger than log N1238 = 14. The number of quasars
showing at least one NV absorption line with log N1238 > 13.5 is 30 percent, which
reduces to 19 percent if a threshold of log N1238 > 14 is considered.

Furthermore, Kuraszkiewicz and Green (2002) found that the NV/CIV ratio for
the BEL gas correlates strongly with the NV/CIV ratio for the associated NAL
systems, while the control sample of intervening NV absorbers in their analysis
does not show this correlation. Their finding identifies an additional test for the
intrinsic nature of NALs in any given object. I will explore this correlation for my
sample in a forthcoming paper (Perrotta et al. in prep.).
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4.2 Characterizing the quasar radiation field

I have shown in the previous chapter that I detect a statistically significant excess
over the random occurrence of NALs up to 10,000 km s−1 from the systemic redshift.
This excess does not show any dependence on the quasar bolometric luminosity.

Looking at the CIV and SiIV velocity offset distributions relative to the quasar zem,
we can appreciate the effect of the quasar radiation field influencing the gas along
the propagation direction of the outflows. In particular, strong and weak lines in
Fig. 3.4 (upper bottom panel) display a different behaviour in the velocity range
−1000 < vabs < 5000 km s−1. Indeed, the excess is less significant for the weaker
lines. A possible explanation could be that in the first bin I examine gas closer to
the emission redshift and therefore more directly influenced by the quasar radiation.
Closer to the quasar, the gas is more easily ionized and it is thus reasonable to
expect that the occurrence of the weaker lines decreases there. Furthermore, in
general I find a less significant SiIV excess with respect to CIV. This is probably
due to the different ionization potentials needed to produce these ions: 33.5 and
47.9 eV, respectively. It is reasonable to expect that closer to the quasar, where the
radiation field is more intense, a smaller fraction of Si is in the form of SiIV. I have
shown in the previous section that intrinsic NV systems exhibit similar or even
larger column density with respect to CIV. The strong NV could be explained by
an ionization effect but could also trace higher metallicities and N/C abundances
characteristic of quasar outflows and environment (e.g. Wu et al., 2010). The
equivalent width of NV lines could also be boosted relative to other transitions
with larger column densities as an effect of partial coverage. For what concerns the
weaker lines, they are probably associated to galaxy halos in the quasar vicinity.

I compare my results on the quasar proximity environment along the line of sight
with the results obtained in the transverse direction using quasar pairs at close
angular separation on the sky (e.g., Prochaska et al., 2014, Prochaska et al. (2014)
herafter). Recent studies (e.g., Hennawi et al., 2006; Prochaska et al., 2013; Farina
et al., 2013) have revealed that quasar host galaxies exhibit strong absorption
features due to cool gas (e.g. HI, MgII, CII) in the transverse direction. At impact
parameters of ∼ 100 kpc, the incidence of optically thick gas is > 50 percent and
the gas is substantially enriched (Prochaska et al., 2013; Farina et al., 2014). This is
in contrast with what I observe along the line of sight, suggesting a scenario where
the ionizing emission of the quasar is anisotropic (as predicted in AGN unification
models). I can exploit these studies to evaluate if the excess I find is statistically
significant over the environmental absorption, comparing my results with those
derived from gas not directly influenced by quasar outflows.
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Prochaska et al. (2014) clearly demonstrate that the environment surrounding
the host galaxies of luminous z ∼ 2 quasars exhibit an excess of CIV absorption
lines with W1548 > 0.2 Å to scales of 500 kpc from the quasar decreasing smoothly
toward 1 Mpc. The authors quantify this excess by estimating the two-point-
correlation function between CIV absorbers and quasars. The large clustering
amplitude (r0 = 7.5+2.8

−1.4 h
−1 Mpc) obtained from this analysis, implies that the CIV

gas traces the same large-scale over densities as the halos hosting z ∼ 2 quasars.
This result has been interpreted as evidence that the CIV gas is physically related
to the massive halos (M > 1012 M�) of galaxies that cluster with the quasar host.
Clearly, I cannot directly compare my detection fraction (Fig. 3.8, left) with the
one derived in the Prochaska et al. (2014) analysis (see their Fig. 5, right). In
fact, the detected CIV velocity offset cannot be directly translated into a physical
distance because the redshift includes also the information on the peculiar velocity
of the absorber. If I did that, I would obtain a proper separation of the order of
∼ 10 Mpc, implying a lack of correlation between the absorber and the quasar
host galaxy. Probably, all the gas studied by Prochaska et al. (2014) is contained
in my first bin, within 5000 km s−1 of zem. Indeed the average of their detection
fraction (i.e. 0.51) is close to the value in my first bin (i.e. 0.43). In conclusion, I
observe a comparable incidence of CIV absorptions along and across the line of
sight, suggesting that this ion will not allow us to disentangle AGN outflow systems
from environmental absorptions.

A completely different behavior is shown by NV NALs. In section § 3.3.4, I reported
that, in my sample, NV exhibits an excess over random occurrence within 5000 km
s−1 of zem. Conversely, in the transverse direction only one NV detection has been
detected in a sample of about 400 quasar pairs (Lau et al., 2015). This is further
evidence that NV is the byproduct of the quasar ionizing radiation acting along
the line of sight. I reported in sections § 3.3.2 and § 3.3.4 that the excess of CIV
gas at low velocities lies within the host halo and that most of this excess can be
explained by the subset of CIV absorptions with detected NV. I am not able to
infer the physical separation of the absorbing gas from the quasar, but NV NALs
likely originate at small distances from the central engine (Wu et al., 2010). This
absorbing material might be part of outflows in the accretion disk wind itself and
its density would be order of magnitude bigger than that of intervening systems. In
a future work I will perform detailed photoionization models to infer the physical
conditions of some detected NV NALs in my sample exploiting high-resolution
spectra obtained with UVES/VLT.

In addition, in the transverse direction a huge amount of CII with W1334 > 0.2
Å extending to 200 kpc from the considered quasars was found by Prochaska
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et al. (2014), (see their Fig. 5, left). The steep drop in covering fraction, f 1334
C , at

distances larger than 200 kpc requires that this CII gas lies predominantly within
the host halo. In contrast with this result, I have shown in section § 3.3.4, (Fig. 3.8,
right), that the frequency with which CII is detected in the survey is very small.
Moreover, if I consider only absorbers with W1334 > 0.2 Å, then I see that they are
all associated with identified DLA (or sub-DLA) systems probably not related with
the host halo. Hence, I verify the absence of cool gas (in particular CII) along the
line of sight associated to the quasar host galaxy, in contrast with what is observed
in the transverse direction.

Wild et al. (2008) used a cross-correlation analysis of quasar-absorber pairs to
measure the strength of narrow absorber clustering around quasars. They claim
that galaxies in the vicinity of the quasar may contribute as much as ∼ 55 percent
of the excess of the absorbers with vabs . 3000 km s−1. I will perform my own CIV
clustering analysis to validate the observed excess in a forthcoming paper (Perrotta
et al. in prep.).

4.3 Stack Analysis of NV in the Lyα forest

We have seen in the previous sections that, among the ions studied in this work,
NV is the one that best traces the effects of the quasar ionization field, offering a
great statistical tool for identifying intrinsic systems (Perrotta et al., 2016). We can
use the detection of NV NAL to compute the fraction of quasar hosting intrinsic
absorption systems. However, contamination by the Ly-α forest prevents me from
exploring a large velocity range for NV (the maximum separation outside the Lyα
forest is 5500 km s−1 of zem).

As I mentioned in section § 2.2.1, quasars exhibits a much thicker forest of Lyα
lines at high redshift. Thus, the complexity of the Lyα forest at zem = 3.5− 4.5,
prevents me to search for individual NV lines in this spectral region. Fig. 4.3 shows
the Lyα forest of a representative case of the whole XQ-100 sample.

To test the robustness of the use of NV as additional criterium to select intrinsic
NALs, I will perform a stack analysis in the Lyα forest of the XQ-100 sample, to
search for NV signal at larger velocity offsets. The stacked spectrum, by definition,
yields the average observed flux, Fλ, of quasars at a given redshift. I will exploit
the stochastic nature of the Lyα forest, to average together an ensemble of sight
lines and investigate the presence of NV signal.
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Figure 4.3: XQ-100 not normalized spectrum of quasar J1013+0650 at zem = 3.808.

4.3.1 Average Spectrum Construction

The first step to produce the stacked spectrum is the continuum normalization
of all the XQ-100 quasars spectra. The continuum placement in the Lyα forest
is highly subjective due to the lack of clean quasar continuum (e.g. Kirkman
et al., 2005), and is particularly difficult to identify around the Lyα absorption
of DLAs. I use the continuum determination, in this wavelength region, made by
the XQ-100 team. The estimate of the continuum level has been done by hand.
The manually-placed continuum has been determined by selecting points along the
quasar continuum free of absorption (by eye) as knots for a cubic spline. For all
sightlines, the continuum placement has been visually inspected and adjusted such
that the final fit resides within the variations of regions with clean continuum. The
accuracy of the fits is as good or better than the S/N of these clean continuum
regions (see Lopez et al., 2016 for a detailed description of the adopted procedure).
The normalized version of the spectrum shown in Fig. 4.3 is presented in Fig. 4.4.

Then, for each sightline, I mask out the regions that have clear strong absorption
features (i.e. Lyman break, DLAs and sub-DLAs). In particular, I take advantage
of the DLA identification done by Sánchez-Ramírez et al. (2016). I define the
extremes of the DLA absorption, at the wavelengths where the wings of the DLA
match again the level of the continuum to within the values of the flux error array.

I follow the subsequent procedure for the construction of the average spectrum:

(1) For each of the 986 CIV doublets identified in the XQ-100 spectra (see section
§ 3.2.1), I calculate the barycenter position of the system weighting the wavelengths
with the optical depth of the line profile.

(2) I use the CIV barycenter to select the region of the spectrum where the
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Figure 4.4: XQ-100 normalized spectrum of quasar J1013+0650 at zem = 3.808.

corresponding NV doublet should be located. Specifically, I select a region of 1000
km s−1 around the expected position of the NV barycenter (for both the doublet
components; i.e. NVλ1238 Å and NVλ1242 Å).

(3) Each selected region is shifted to the rest-frame.

(4) I generate a rest-frame wavelength array with fixed wavelength step ∆λ. The
step value is set to be large enough to include at least one entire pixel from the
UV spectra. The visible arm of X-shooter has a mean resolution of 8800, while in
the UV it goes down to 5100. Thus, a region with the same extent is sampled with
a larger number of pixels in the visible than in the UV region of the spectrum.

(5) For each selected spectral region, I compute the contribution of each pixel to
the cells of the final grid.

(6) All the flux values in each cell of the final grid are then averaged to produce
the stacked spectrum.

My final sample consists of 836 NV selected regions whose barycenter is within
−1000 < vabs < 73, 000 km s−1 of zem. I exclude 150 regions because they completely
or partially overlap with Lyman breaks or DLA and sub-DLA absorptions. The
extension to -1000 km s−1 is justified and motivated by the need to take into account
uncertainties in the quasar systemic redshift and to consider possible inflows (see
section § 3.3.2).

I will also split the final sample according to the column density of the CIV
absorptions, NCIV, in order to investigate the effects of this parameter to the final
stacked spectrum. The column density distribution of the whole XQ-100 CIV NAL
sample is presented in Fig. 4.5.
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Figure 4.5: Column density distribution of the whole XQ-100 CIV NAL sample.

4.3.2 Preliminary Results

Below, I present very preliminary results from the stack analysis of NV absorbers
in the Lyα forest of the XQ-100 sample.

Fig. 4.6 shows the stacked spectra for both the components of the NV doublet.
We can see in the upper panel the result from stacking the whole sample. The
average spectrum appears quite flat as expected in absence of a strong NV signal,
due to the stochastic nature of the Lyα forest. Indeed, putting all together regions
from multiple independent sightlines, the numerous HI absorptions that build the
Lyα forest average each other and the resulting spectrum is flat. The middle
panel of Fig. 4.6 shows the stacked spectrum for regions selected in the original
spectra within any velocity separation of zem, and with the column density of the
corresponding CIV absorptions larger than 13.5. The profile of both the components
of the NV doublets are quite flat also in this case. There is just a hint of coherent
absorption of the two components. The regions that produce the stacked spectrum
in the lower panel of Fig. 4.6 are chosen as in the middle panel but now, NCIV is
less than 13.5. The resulting spectrum is flat, as well.

The selection of the regions to be stacked will be the same in the next figures for
what concerns the column density of the corresponding CIV absorptions, NCIV.
Upper panels do not show any preferred column density; middle panels NCIV larger
than 13.5; lower panels NCIV less than 13.5.

The regions to be stacked are chosen in Fig. 4.7 within a given velocity separation
of zem and as a function of the corresponding NCIV. In particular, the left panels
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Figure 4.6: Average absorption line spectra for NV doublet, selected within any
velocity separation of zem as a function of the corresponding CIV column
density, NCIV. Upper panel: all the column densities. Middle panel:
NCIV larger or equal to 13.5. Lower panel: NCIV less than 13.5.
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exhibit the stacked spectra of regions with 0 < vabs < 5000 km s−1, while the right
panels regions with 5000 < vabs < 10, 000 km s−1.

The absorbers with −1000 < vabs < 0 km s−1 are added to the velocity bin
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Figure 4.7: Average absorption line spectra for NV doublet, selected within a
given velocity separation of zem as a function of the corresponding
CIV column density, NCIV. Left panels: NV doublets are selected with
0 < vabs < 5000 km s−1. Right panels: NV doublets are selected with
5000 < vabs < 10, 000 km s−1. Upper panels: all the column densities;
middle panels: NCIV larger or equal to 13.5; lower panels: NCIV less
than 13.5.
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0 < vabs < 5000 km s−1. Let’s consider first the left part of the figure. The
upper panel exhibits a slight coherent absorption in the profile of both the NV
components. This feature is much more evident in the middle panel, once only the
regions corresponding to the strongest CIV NALs (NCIV > 13.5) are selected to
be stacked. The absorption disappears completely in the lower panel, where CIV
absorptions with NCIV < 13.5 are considered to build the stacked spectrum.

The NV absorptions are outside the Lyα forest for approximately 5000 km s−1, so
these first plots have a quite regular behavior even if the number of lines stacked is
a small fraction of the whole sample. The number of CIV NAL absorption doublets
within a given velocity separation of zem, as a function of the column density is
reported in Tab. 4.1.

Table 4.1: Number of CIV NAL absorption doublets within a given velocity sepa-
ration of zem, as a function of their column density.

Any NCIV NCIV ≥ 13.5 NCIV < 13.5
0 < v∗abs < 73, 000 836 364 472
0 < v∗abs < 5000 126 44 82

5000 < v∗abs < 10, 000 75 31 44
10, 000 < v∗abs < 15, 000 59 22 37
15, 000 < v∗abs < 20, 000 59 19 40

∗ vabs is measured in km s−1 (see Eq. 3.3).

Looking at the right part of Fig. 4.7, we can immediately see that all the three
panels have a much more irregular behavior than the ones in Fig. 4.6. This is
essentially due to a lower statistic. Moving further from the zem the number of
absorbers decreases until reaching a certain threshold (see section § 3.3.2). In the
upper and lower panel of Fig. 4.7 there is not sign of any coherent absorption
profile of the two NV doublet components. Possibly, in the middle panel we can
see an hint of absorption, but not as clear as in the parallel panel on the left.

The stacked regions in Fig. 4.8 are selected with 10, 000 < vabs < 15, 000 km s−1

(left panels) and with with 15, 000 < vabs < 20, 000 km s−1 (right panels). Although
the stacked spectra are not as regular as the ones in Fig. 4.6, we can clearly see
that there is not imprint of any coherent absorption feature in the profile of the two
NV doublet components. This is also true independently from the corresponding
NCIV considered to choose the regions that build these stacked spectra.
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Figure 4.8: Average absorption line spectra for NV doublet, selected within a
given velocity separation of zem as a function of the corresponding
CIV column density, NCIV. Left panels: NV doublets are selected with
10, 000 < vabs < 15, 000 km s−1. Right panels: NV doublets are selected
with 15, 000 < vabs < 20, 000 km s−1. Upper panels: all the column
densities; middle panels: NCIV larger or equal to 13.5; lower panels:
NCIV less than 13.5.

To increase the statistic of the absorption lines stacked in a single bin of velocity, I
group together the regions presented in Fig. 4.7 and in Fig. 4.8.

Fig. 4.9 shows the stacked spectrum for NV regions selected in the original spectra
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with 0 < vabs < 10, 000 km s−1 (left panels) and with 10, 000 < vabs < 20, 000 km s−1

(right panel), always as a function of NCIV.

A clear signature imprinted on the stacked spectrum of both the two NV doublet
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Figure 4.9: Average absorption line spectra for NV doublet, selected within a
given velocity separation of zem as a function of the corresponding
CIV column density, NCIV. Left panels: NV doublets are selected with
0 < vabs < 10, 000 km s−1. Right panels: NV doublets are selected with
10, 000 < vabs < 20, 000 km s−1. Upper panels: all the column densities;
middle panels: NCIV larger or equal to 13.5; lower panels: NCIV less
than 13.5.
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components is visible within 10,000 km s−1 of the zem and only when NCIV larger
or equal to 13.5 are considered (left middle panel). Moving further from the zem, it
is evident that there is not any clear absorption feature in the NV stacked spectra
independently from the NCIV considered (right side panels of Fig. 4.9).

As mentioned at the beginning of the current section, all the results presented
are very preliminary. Several checks of the followed procedure have been done.
Uncertainties on the observed stack will be estimated through the bootstrap
resampling technique. In addition, I will build a control sample to validate the
robustness of the obtained results.

The control sample will be constructed as follows. For each NV region to be stacked
in my sample:

(1) I choose a region of the same extent (1000 km s−1) in the spectrum of a quasar
of the XQ-100 survey with a S/N as similar as possible to the original one.

(2) The new region has to be at the same redshift of the one in the principal sample.

(3) The region around (1000 km s−1) the expected position, in the new spectrum,
of the corresponding CIV doublet has to be free from CIV absorptions.

(4) The barycenter of the new region has to be almost at the same velocity separation,
from its own zem, of the original one (±500 km s−1). In this way, I am sure that I
am investigating areas with a similar influence of the quasar.

Although the S/N in XQ-100 is quite homogeneous, the most luminous quasars
have slightly larger S/N spectra (see Fig. 3.6). To be sure that the S/N has not
effects in building the control sample, I will create a second one with another
procedure. Per each NV region to be stacked in my sample:

(1) I choose two regions of 1000 km s−1 in the same spectrum, on the left and right
side of the original one.

(2) The regions around (1000 km s−1) the expected positions of the corresponding
CIV doublets have to be free from CIV absorptions.

I expect that the stacked spectra from the control samples will not show trace of
any coherent absorption in both the line profile of the two NV doublet components,
independently from the velocity separation from the zem and the NCIV considered.
This result would confirm that the NV is an excellent tracer of the intrinsic systems,
and it can be used to construct large catalogs of intrinsic NALs also when high
resolution and/or high S/N data are not available, in agreement with what suggested
by Ganguly et al. (2013).
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5 Chapter 5

Summary and Future
Perspectives

A key problem in galaxy formation and evolution is understanding how active
galactic nuclei (AGN) interact with their host galaxies.

In the last decade, the potential impact of galaxy-scale outflows driven by quasars
on their environment has become widely recognized. (e.g., Blandford and Begelman,
2004; Scannapieco and Oh, 2004; Vernaleo and Reynolds, 2006; Kormendy and Ho,
2013). These outflows provide a mechanism that can possibly regulate and quench
star formation activity in the host galaxy by blowing away the gas that feeds star
formation and black hole growth.

Theoretical studies and simulations show that this so-called AGN feedback can
provide an explanation for a variety of observations, e.g., the chemical enrichment
of the intergalactic medium (IGM), the self-regulation of the growth of the su-
permassive black hole (SMBH) and of the galactic bulge, the steep slope of the
high end of the stellar mass function, the existence of the red sequence of massive
passive galaxies (e.g., Silk and Rees, 1998; Granato et al., 2004; Di Matteo et al.,
2005; Elvis, 2006; Hopkins and Elvis, 2010).

Observationally, quasar outflows are detected as absorption troughs in quasar
spectra that are blueshifted with respect to the systemic redshift of their emission-
line counterparts. The absorption features are mainly associated with UV resonance
lines of various ionic species (e.g., Mg II λλ 2796.35, 2803.53; C IV λλ 1548.20,
1550.77; SiIV λλ 1393.75, 1402.77; and NV λλ 1238.82, 1242.80). Narrow absorption
lines (NALs) with velocity widths less than 500 km s−1, broad absorption lines
(BALs), with velocity widths greater than a few thousand km s−1 and mini-BALs,
defined as intermediate between NALs and BALs, are examples of these potential
outflow signatures.

A major challenge is to understand how NALs, BALs, and mini-BALs fit together
into an single paradigm of quasar outflows.

Quantifying the impact of quasar outflows on the surrounding host galaxy, requires
estimating their kinetic luminosity, mass-flow rate as well as their frequency of oc-
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5 Summary and Future Perspectives

currence. With the aim to constrain the frequency with which outflows are observed,
we must carefully select absorption-line systems that truly sample outflowing gas.

In this thesis I have addressed this problem exploiting the spectra of 100 quasars
at emission redshift zem = 3.5 − 4.5 to construct a large, relatively unbiased,
sample of NAL systems and statistically study their physical properties. The
observations have been carried out with VLT/X-shooter in the context of the
XQ-100 Legacy Survey (Lopez et al., 2016). The combination of high S/N, large
wavelength coverage and intermediate resolution makes XQ-100 a unique dataset to
study NALs of high-z quasars in a single, homogeneous and statistically significant
sample. Inspecting the whole dataset I have identified almost one thousand CIV
systems, covering the redshift range 2.55 < z < 4.73. Furthermore, the quality and
wavelength extent of these spectra allow me to look for other common ions (NV,
SiIV and CII) at the same redshifts of the detected CIV absorbers. Contamination
by the Ly-α forest prevents me from exploring the same velocity range for all the
ions. In particular, these data allow me to look for NV only within 5500 km s−1

of zem. The final sample contains 986 CIV, 236 SiIV, 46 NV and 28 CII1334 NAL
detections. My primary results are as follows.

(1) The CIV sample exhibits a statistically significant excess (∼ 8σ) within
10,000 km s−1 of zem with respect to the random occurrence of NALs, which
is particularly evident for lines with W0 < 0.2 Å. The excess is expected, but
extends to larger velocities than the standard 5000 km s−1 velocity cut-off
usually adopted to identify associated system. The observed excess in the
offset velocity distribution is not an effect of the NAL redshift evolution, but
is likely due to quasar environment. This excess is detected with a larger
significance with respect to previous results and it does not show a significant
dependence from the quasar bolometric luminosity. Therefore, I suggest
to modify the traditional definition of associated systems when also weak
absorbers (W0 < 0.2 Å) are considered, extending to 10,000 km s−1 the
velocity cut-off mostly adopted in the literature.

(2) The CIV covering fraction, defined as the ratio between the number of quasars
exhibiting at least one absorber with W0 > 0.2 Å and the total number of
quasars within a given velocity offset of zem, has the same value for vabs <
5000 km s−1 and vabs < 10, 000 km s−1 of zem. Furthermore, I confirm that
each quasar showing an absorber with 5000 kms−1 < vabs < 10, 000 km s−1

has always at least an absorber with vabs < 5000 km s−1, while the opposite is
not always true. This indicates the presence of a complex velocity structure,
increasing the probability that these absorbers are part of outflows.

(3) Out of the ions studied in this work, NV is the ion that best traces the
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effects of the quasar ionization field, offering an excellent statistical tool for
identifying intrinsic systems. Based thereon, I compute the fraction of quasar
hosting at least one intrinsic absorption system using the detection of NV
corresponding to CIV absorptions in our sample to be 33 percent. This
fraction is consistent with previous determinations based on other techniques
(e.g., Misawa et al., 2007; Ganguly et al., 2013).

(4) Most of the NV lines in my sample have properties compatible with those of
the intrinsic ones (see section § 4.1): 85 percent of the NV absorbers have
column densities larger than log N1238 > 13.5 and 55 percent have values
larger than log N1238 > 14. In addition, 68 percent of the NV systems have
column densities larger than the associated CIV. If I consider the subsample
of NV with N1238/N1548 > 1 the fraction of quasars with at least one intrinsic
absorption-line becomes 26 percent. Alternatively, if I consider only systems
with log N1238 > 13.5 and log N1238 > 14 I get values of the order of 30 and
19 percent, respectively.

(5) Considering the radio properties of my sample the results of this work are
in general agreement with those by Vestergaard (2003), although the latter
sample has approximately an equal number of RLQs and RQQs, while
our sample is almost entirely composed of RQQs. Taking into account
the Vestergaard (2003) findings, I predict the number of CIV NAL with
W1548 > 1.5 Å to be 2. I do find exactly 2 absorbers. The number of quasars
showing CIV NALs in this work (∼ 72 percent) is comparable to the frequency
(> 60 percent) observed by Vestergaard (2003). Finally, considering only
NALs with W1548 > 0.5 Åwe find exactly the same percentage (25 percent) of
quasars with at least one associated CIV absorber within vabs < 5000 km s−1

of zem as does Vestergaard (2003).

(6) I verify the absence of cool gas (in particular CII) and the presence of highly
ionized gas (traced by NV) along the line of sight associated to the quasar
host galaxy, in contrast with what is observed in the transverse direction (see
Prochaska et al., 2014 and section § 4.2 of this current work). This result
suggest a scenario where the ionizing emission of the quasar is anisotropic
(as predicted by AGN unification models).

The results of the analysis carried out on the XQ-100 sample (Perrotta et al., 2016)
show strong evidence that NV is the byproduct of the quasar ionizing radiation
acting along the line of sight. Therefore, it seems reasonable to use the presence of
NV related to CIV absorbers to select the best outflow/intrinsic candidate NALs.
This is extremely helpful when high resolution and/or high S/N data are not
available. These results, therefore, inspired several lines of future inquiry.
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First of all, I started verifying the robustness of this criterium to identify intrinsic
systems. To do that, I performed a stack analysis of NV absorbers in the Lyα
forest, selected thanks to the large sample of CIV NALs identified investigating the
XQ-100 spectra. This technique allows me to look for NV signal at large velocity
separation from the zem. Preliminary results of the stack analysis are available and
they seem to verify the absence of NV signal far from the sphere of influence of the
quasar radiation field. This result confirms the goodness of using the detection of
NV as an additional criterium to select intrinsic systems. Further investigations
are needed to validate my results. First of all, I will build a control sample to verify
the reliability and the significance of the NV signal I found in the real sample.

5.1 Future Work

The XQ-100 Legacy Survey is a unique dataset to study NALs in the spectra of
quasars at high redshift. From the analysis of these spectra I identified a large
sample of NAL absorptions. Then, I took advantage of this catalogue of lines
to carefully select targets with the best outflow candidate NALs and start an
observational program to study their metallicity.

Measurements based on BELs show that near-quasar environments tend to be
metal rich, from solar to a few times solar (Dietrich et al., 2003; Nagao et al.,
2006). Interestingly, these studies reveal a lack of metallicity evolution with redshift
(Pentericci et al., 2002; Juarez et al., 2009) out to z ∼ 6.4 (Maiolino, 2009).

Investigations of AALs in low-redshift samples have found solar or super-solar
metallicities as well (Hamann and Ferland, 1999; Ganguly et al., 2003; Gabel et al.,
2006). In particular, D’Odorico et al. (2004) determined C, N and α-element relative
abundances in the gas traced by six AALs at an average redshift < z >∼ 2.4.
They found that five systems have a metallicity (measured by C/H) consistent
or above the solar value. A possible correlation of [N/C] and anticorrelation
of [Si/C] with [C/H] was also detected with supersolar values of [Si/C]. This
suggests a rapid enrichment caused by a short star formation burst, of duration ∼ 1
Gyr. The observational results were successfully compared with the predictions
based on a model for the co-evolution of quasar and host galaxy systems run in a
cosmological context (Romano et al., 2002; Granato et al., 2004). A fundamental
prediction of those semi-analytical models, supported by BELs observations, is that
chemical abundances in AGN galaxies remain essentially the same at larger redshift.
In Fig. 5.1, I show the predicted [Si/C] − [C/H] and [N/C] − [C/H] abundance
distributions for a sample of galaxies hosting an active quasar in the redshift range
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Figure 5.1: Predicted [N/C]− [C/H] and [Si/C]− [C/H] abundance distributions,
computed as follows: from the catalogue of Calura and Menci (2009), I
have selected all the galaxies hosting an active quasar in the redshift
range > z > 3.5, and for these systems I have computed the evolution
of their chemical abundance pattern starting from their star formation
histories, as described in Romano and Starkenburg (2013). In each
panel, the solid and dotted contour lines represent the regions where
100% and 80% of our predictions lie, respectively.

4.5 > z > 3.5 selected from the catalogue of Calura and Menci (2009), for which
Calura and Romano have computed the evolution of their chemical abundance
pattern starting from their star formation histories, as described in Romano and
Starkenburg (2013).

Observationally the existing sample of high redshift AALs is very small. Only one
line of sight with five AALs at z ∼ 4 has been analyzed (Savaglio et al., 1997),
suggesting average abundances of [C/H] ∼ −0.5. This value is about one order
of magnitude higher than that found in intervening systems at about the same
redshift, although slightly lower than what found for the bulk of the sample at
z ∼ 2− 2.5. Thus, in order to draw statistically significant conclusions it is crucial
to enlarge the sample of high redshift AALs. The need of increasing the sample of
AALs at z ∼ 4 is also driven by the wide range of properties and physical origins
of those systems shown by previous works.

92



5 Summary and Future Perspectives

To carry out a comprehensive study of quasar AALs, I needed higher resolution data.
Therefore, with the main aim of investigating the redshift evolution of chemical
abundances in quasar host galaxies, I proposed and obtained high resolution, high
signal-to-noise ratio UVES spectra of 2 quasars at zem ∼ 3.5− 4. Two more objects
are already available in the UVES archive, and the presence of AALs in these two
quasars has been pointed out by my analysis of the XQ-100 spectra.

I have had the unique opportunity to carefully select my AAL targets at z ∼ 3.5−4
from the XQ-100 survey. I selected the best lines of sight based on the following
criteria:

(1) They have AALs that are clear candidates to be outflow/intrinsic in nature,
according to the characteristics listed in section § 2.2.2, but especially the presence
of NV NAL absorption. Indeed, I have identified NV as the ion that best traces the
effects of the quasar ionization field, offering the cleanest approach to statistically
identify intrinsic systems (Perrotta et al., 2016).

(2) The AALs show at least two ionization stages of the same element: e.g. CIV
and CIII and/or NV and NIII, this characteristic is fundamental to constrain the
Cloudy (Ferland et al., 2013) photoionization models and get reliable results for
the metallicity and the element relative abundances.

(3) The HI content of the AALs can be reliably measured from the Lyman-α line
plus at least another line of the Lyman series.

The results of this pilot analysis, based on 4 targets, will be helpful to obtain
additional observing time in the next periods.

High resolution UVES spectra are fundamental for this kind of study because I
will better resolve the narrow metal absorption lines. This is essential to derive
accurate column densities of the observed ionic species and therefore to constrain
the photoionization models; to be more sensitive to weak lines (e.g., CII* 1335);
to confirm the hints of partial coverage which represents an essential clue to the
intrinsic nature of AALs; to dig into the Lyα forest and deblend metal lines in that
region.

Moreover, I will compare the UVES spectra to the existing XQ-100 data, looking
for time-variable line strengths as a test to identify intrinsic systems.

The column densities derived by fitting the detected transitions with Voigt profiles
will be compared with the predictions of state-of-the-art semi-analytical models (e.g.,
Fig. 5.1) and with metallicities derived from BELs. This sample, in addition to the
ones at lower redshift, will allow to better characterize the physical conditions in the
quasar environment and put stronger constraints to the model predictions. Indeed,
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5 Summary and Future Perspectives

the results of this project, will improve our understanding of the evolutionary status
of the host galaxies (the extent of prior star formation) during the stage when a
central quasar is active and possibly participating in a blowout.
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A Appendix A

XQ-100 NAL Catalogue

1

Figure A.1: Some examples of the identified absorbers.
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Appendix A – XQ-100 Narrow Absorption Line Catalogue –

Figure A.2: Some examples of the identified absorbers.
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Appendix A – XQ-100 Narrow Absorption Line Catalogue –
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Appendix A – XQ-100 Narrow Absorption Line Catalogue –
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Appendix A – XQ-100 Narrow Absorption Line Catalogue –
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Appendix A – XQ-100 Narrow Absorption Line Catalogue –
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Appendix A – XQ-100 Narrow Absorption Line Catalogue –
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Appendix A – XQ-100 Narrow Absorption Line Catalogue –
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Appendix A – XQ-100 Narrow Absorption Line Catalogue –
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Appendix A – XQ-100 Narrow Absorption Line Catalogue –
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Appendix A – XQ-100 Narrow Absorption Line Catalogue –
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Appendix A – XQ-100 Narrow Absorption Line Catalogue –
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Appendix A – XQ-100 Narrow Absorption Line Catalogue –
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Appendix A – XQ-100 Narrow Absorption Line Catalogue –
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