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Abstract

Although quasar spectra appear remarkably similar, subtle systematic differences are well-

known and are linked to the physical conditions in the emitting regions. This thesis char-

acterizes the properties of quasar optical and UV spectral features and reveals some of their

underlying physical causes by analyzing large spectroscopic datasets from the Sloan Digital

Sky Survey.

We first examine the narrow-line region using four optical emission lines with a range of

ionization potentials (IPs) using a sample of 16,027 quasars with redshift z ≤ 0.75. We bin the

sample using the continuum luminosity and the Hβ width to constrain the accretion rates and

black hole masses and create composite spectra from objects in each bin. The luminosities of

the high IP lines are constant with redshift consistent with no evolution in the quasar spectral

energy distribution (SED) or the host galaxy ISM illuminated by the continuum. In contrast,

the [O II] line becomes stronger at high er redshifts pointing to an enhanced star formation

contributing to the [O II] at higher redshifts.

In the UV, we explore using unsupervised clustering (specifically the K-means algorithm)

in searching for structure in the parameter space of quasar spectral measurements. We use

measurements of 4,110 objects from the Pâris et al. (2014) Catalog and perform K-means on

the equivalent widths (EWs), and the red- and blue-half-width at half-maxima of Mg II, C IV,

and C III]and use objects in each of the clusters to generate composite spectra. We find that

quasars with larger C IV blueshifts and smaller EWs have softer ionizing radiation. This result

is particularly interesting when seen using C III].

Next, we use a sample of 2,683 broad absorption line quasars from the Gibson et al. (2009)

catalog. We apply K-means using the EWs and minimum and maximum outflow velocities

of the C IV absorption trough and generate composite spectra from objects in each of the

clusters. We find that objects with deep and broad C IV troughs are more likely to be variable

and to show absorption from lower ionization transitions. Conversely, objects with shallower

C IV troughs are less likely to be variable and have lower fractions of absorption from lower

ionization lines. We examine this behaviour in light of properties such as SED hardness and

intrinsic reddening.
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Chapter 1

Introduction

1.1 Overview

Active Galactic Nuclei (AGN) appear as bright compact cores in the centres of a small fraction

of the “normal” galaxy population. Quasars are considered among the most luminous of AGNs

with typical bolometric luminosities of ∼ 1046 erg s−1. The enormous amounts of energy gener-

ated within these small physical scales (a few parsecs1), made them a set of intriguing objects

since the early days of their discovery in the mid 20th century (Schmidt, 1963). Accretion

onto a supermassive black hole (SMBH) is now accepted as the source of the overwhelming

radiation produced by quasars.

The presence of a SMBH in the centres of most massive galaxies has become widely ac-

cepted (e.g., Silk & Rees, 1998; Magorrian et al., 1998). This presence was initially inferred

by dynamical signatures such as the sharp increase in the central velocity dispersion in massive

galaxies and the “clumpiness” in the surface brightness profiles (see Kormendy, 2004, for a

good review). Magorrian et al. (1998) were the first to use dynamical modelling to show that

the mass of the SMBH scales with its host galaxy bulge mass Mbulge which –for a fixed M/L

ratio— scales with the bulge luminosity (Lbulge). This correlation takes the form MBH ∝ L1.2
bulge.

Furthermore, Ferrarese & Merritt (2000) and Ferrarese & Ford (2005) demonstrated that the

black hole mass also scales with the bulge stellar velocity dispersion: MBH ∝ σ4.8±0.5
∗ . This

rather tight correlation of MBH and σ∗ (which traces the bulge mass) might point to a connec-

11 parsec= 3.086 × 1016 m

1



2 Chapter 1. Introduction

tion between the growth of the SMBH and the host galaxy through feedback processes such as

winds or jets (e.g., Begelman, 2004, and references therein).

Though the MBH − Lbulge and MBH − σ∗ relations were found for galaxies with no active

nuclei, they are likely still valid in the cases of AGNs (e.g., Ferrarese et al., 2001). However,

proving the applicability of the MBH − Lbulge and MBH − σ∗ relations to AGNs is non-trivial.

The technique usually used to estimate BH masses for dormant galaxies relies on the dynamics

inferred from the stellar absorption features. This method not only requires high spatial reso-

lution spectra (only available for nearby objects), but also fails in the case of an AGN as the

strong continuum hides the stellar features. To overcome this issue, astronomers use a tech-

nique called Reverberation Mapping which relies on a scaling relation between the radius of

the central region and the continuum luminosity (Peterson, 1993). Reverberation mapping is

discussed in further detail in §1.2.2.

One of the early studies of the MBH − Lbulge and MBH − σ∗ in AGN done by Ferrarese et al.

(2001) used a sample of 6 local AGN with BH masses determined with reverberation mapping.

This sample turned out to be in very good agreement with the MBH − Lbulge and MBH − σ∗

of “normal” galaxies with a slope of 5.3 ± 1.6 vis-à-vis 4.81 ± 0.55 for the galaxies with no

AGN, however with a considerable scaling factor needed to match the normalization factors of

the two samples (see the discussion in §1.5). The validity of the MBH − σ∗ relation for AGN

host galaxies supports the notion that an AGN is really a transient phase of growth that all

supermassive black holes go through.

Indeed, it was suggested by Sołtan (1982) that quasars represent a phase that is common in

most massive galaxies rather than being an anomalous stable phenomenon in the universe. The

Soltan argument is based on the idea that if BHs grow through accreting material during the

quasar phase, then the total energy emitted by quasars in a certain volume during their lifetime

and the mass density of BHs in local galaxies should be comparable. The mass accumulated

as a result of accretion during the quasar period T is given by:

M =
1
ηc2 Lbol T, (1.1)

where η is the efficiency of converting mass into energy. Using the MBH − σ∗ relation, Yu &

Tremaine (2002) estimated the BH mass density in local galaxies and showed that this density
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matches with the energy product of quasars estimated from their luminosity functions across

redshift assuming efficiency η = 0.1. They interpreted this result as evidence that BHs in

massive galaxies primarily grow during the quasar phase as material is being accreted onto

them at high rates (Sołtan, 1982; Yu & Tremaine, 2002; Marconi et al., 2004).

1.2 The AGN Paradigm

1.2.1 Quasar Spectra

A typical optical quasar spectrum has strong emission lines with a large range of ionization

potentials (e.g. IP=13.6 eV for Balmer series lines and IP= 126 eV for [Ne V]λ3427), and

a strong non-thermal continuum that usually becomes bluer with higher luminosities (e.g.,

Vanden Berk et al., 2001). The emission lines are of two kinds: the broad lines with velocity

widths of a few thousands of km s−1, and the narrow lines with widths of a few hundreds of

km s−1 (see Fig 1.1). Transitions that are permitted in atomic physics result in broad and narrow

emission lines while forbidden transitions –which violate the dipole selection rules– produce

narrow emission lines. We expand on the physical conditions of the line-emitting regions in

§1.2.2.

Spectral Energy Distributions (SEDs) describe the broad-band continuum spectrum as power

versus frequency or wavelength (ν fν vs. ν or λ fλ vs. λ) and are considered major tools for un-

derstanding the energy output of astronomical objects. A quasar SED is remarkably different

from that of a galaxy without an AGN in that it has considerable power over several orders of

magnitudes of frequency from X-ray to radio, while a normal galaxy SED would have most

of its power emitted in a much smaller range of frequency. A quasar’s SED not only covers a

broad range of frequencies but also appears to be roughly constant across most of the energy

range indicating almost equal contributions from the various energy generation processes (see

Fig. 1.2; Elvis et al., 1994; Richards et al., 2006a).

Within a restricted frequency range (e.g., optical/UV), quasar SEDs can often be described

with a power law of the form:

fν ∝ να, (1.2)
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Figure 1.1: An example of an optical quasar spectrum. The blue dotted lines mark the forbidden

(narrow) emission lines and the red dashed lines mark the permitted (broad) emission lines. The

spectrum is a median composite of 70 quasars from the Quasar Catalogue of the SDSS-DR7

(Schneider et al., 2010).

where α is the spectral index and can take values of ∼ 0 and -2 (e.g., Richards et al., 2006a).

However, quasar SEDs are far from simple; prominent features include a UV/optical bump

–usually referred to as the Big Blue Bump or BBB, and the IR bump (see Fig. 1.2; Richards

et al., 2006a). The presence of structure in quasar SEDs implies that energy generation is a

result of a combination of thermal (blackbody physics) and non-thermal processes (such as

inverse Compton scattering and synchrotron radiation).

Models that are most successful in reproducing the observed SED assume a Keplerian

accretion disk that is optically thick and geometrically thin; i.e., H << R, where H is the scale

height from the plane of the accretion disk and R is the radial distance from the SMBH (Shakura

& Sunyaev, 1973; Longair, 1994; Blaes, 2007). The BBB is thought to be of thermal origin

and is a result of the emission emerging directly from the accretion disk. Approximating the

emission from the accretion disk by multi-temperature blackbody radiation results in a broad
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Figure 1.2: Radio quiet quasar mean SED from Richards et al. (2006a). Energy is emitted at

a wide range of frequencies. The SED displays structure –the BBB at ∼ 1015.5 Hz and the IR

bump shortward of 1014 Hz. For comparison, we plot a scaled elliptical galaxy SED from Silva

et al. (1998).

feature that peaks at frequency ∼ 1015 Hz in agreement with the observed BBB (Peterson,

1997).

Another notable feature in quasar SEDs is the “smaller” near-IR bump. This enhancement

around 3 − 5 µm is also thought to be of thermal origin. The strongest candidate to produce

this feature is dust which is heated by emission from the central source and is re-emitting in

the IR. Emission at ∼ 3 − 5 µm is associated with a temperature of ∼ 1500 K, suitable for the

presence of dust (especially graphite) which sublimates at higher temperatures (e.g. Nenkova

et al., 2002).

Accretion disk models, however, cannot account for the high energy ionizing radiation in

the X-ray. This radiation is assumed to originate from a hot (∼ 109 K) optically thin corona

located right above the accretion disk (Longair, 1994). Near-IR and optical photons emitted

by the accretion disk inverse Compton-scatter off this hot plasma which boosts them to X-ray

energies. A useful quantity for characterizing accretion efficiency is the Eddington luminosity:

the limit which marks the balance between the radiation pressure from electron (Thomson)
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scattering and gravitational force (Longair, 1994; Peterson, 1997):

Frad = Fgrav. (1.3)

For a single electron:

σe
LEdd

4πcr2 =
GMmp

r2 ,

where σe is the Thomson scattering cross-section (σe = 6.65 × 10−25cm2). The Eddington

luminosity is therefore:

LEdd =
4πGcmp

σe
M

LEdd '1.5 × 1038(M/M�) erg s−1. (1.4)

We can define the Eddington accretion rate by combining this last result with equation 1.1

as:

ṀEdd =
LEdd

ηc2 , (1.5)

which is just the accretion rate needed to generate Eddington luminosity. A useful quantity to

describe the level of accretion is the relative accretion rate:

ṁ
ṀEdd

∝
L

LEdd
(1.6)

Accretion disks working in the sub-Eddington domain (i.e., L/LEdd ≤ 0.3) are thought to be

compatible with the thin accretion model (Longair, 1994; Peterson, 1997).

1.2.2 AGN Structure

Observational properties of quasars are generally explained in terms of a model that includes

five major components: a supermassive black hole (SMBH), an accretion disk, a dusty torus, a

broad-line region (BLR), and a narrow-line region (NLR) (Peterson, 1997; Krolik, 1999). This

so-called “Unification Model” seems to offer feasible explanations for many of the observed

AGN phenomena such as the presence or absence of broad and narrow emission lines in the

spectra of different classes of AGN (Antonucci, 1993). Figure 1.3 is a schematic view of
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Figure 1.3: AGN structure. Matter is being accreted into a SMBH through an accretion disk.

The broad lines are believed to be created in the disk wind which is powered by radiation

pressure, (e.g., Murray et al., 1995), and the narrow lines are emitted in the narrow-line region

–the diffuse ISM of the host galaxy photoionized by the AGN. The figure also depicts the large

dusty structure known as the dusty torus.

our current understanding of the structure of AGN. According to this model, all AGN are

intrinsically similar and orientation (i.e., our viewing point) alone is sufficient to account for

the observed differences among AGN spectra. Despite the many successes the unification

model has achieved in explaining the various AGN observations, it still lacks strong physical

grounds that justifies all its components such as the presence of dense gas clouds (the source

of the BLR emission) in the close vicinity of the central region (see below for more details on

this region).

The SMBH with a mass of 106 − 109M� in the central region accretes material through

the accretion disk. Direct imaging of this extremely small region is not possible but other

observations and theoretical modelling support accretion onto the SMBH as the main source of
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the energy generated by an AGN. The exact details of how the gas is being funnelled into the

central region is not well known but an accretion disk seems to offer the best agreement with

observations. Through this disk, viscosity causes matter to lose its angular momentum while it

swirls down towards the black hole and as it gets closer and closer to the BH it releases more

of its gravitational potential energy as radiation:

Lacc =
dU
dt

=
GM

r
dm
dt

=
GMṁ

r
(1.7)

As mentioned previously, the power emitted in this process can be approximated as L =

ηṁc2 where ṁ is the mass accretion rate and η is the efficiency of converting mass into energy

and is usually taken to be 0.1 (Yu & Tremaine, 2002). Though the value of η is really unknown,

an order of magnitude can be inferred by estimating the gravitational potential energy released

from a BH (the innermost stable orbit of a non-rotating BH) when a mass m falls from infinity

to a distance of 3RS , where RS is the Schwarzschild radius which defines the limit from which

light cannot escape from a BH: RS = 2GM/c2 (Longair, 1994; Peterson, 1997):

∆U =
GMm
3RS

=
GMm

6GM/c2 ' 0.1mc2 (1.8)

Broad emission lines seen in the optical spectra of quasars are emitted by gas located in

the close vicinity of the central source (within ∼ 1 pc). This gas is photoionized by radiation

from the central source. The lack of broad forbidden lines (such as [O III]λ5007) indicates

that the gas density of the BLR is high enough to suppress those forbidden transitions and

provides a lower limit for electron density of ne & 3×106 cm−3. Calculations of line flux ratios

(such as HeIλ5876 to HeIλ10830) give ' 109 cm−3 for upper limits (Krolik, 1999, chapter 10).

The large widths of those emission lines (thousands to tens of thousands km s−1) cannot be

attributed to thermal motions alone but are caused by Doppler broadening by the gravitational

effects of the BH on the gas. For example, line flux ratios give an average value of 104 K for

the BLR temperature (Peterson, 1997; Krolik, 1999). But using mv2 = 3kT results in a line

width of ∼ 10 km s−1 for Hydrogen! Needless to say, this width is not what we measure for

emission lines in AGN spectra, and so other mechanisms must be contributing to the measured

broad emission line widths.

An important feature of quasar broad lines is variability which is observed as a change in

the line fluxes in response to changes in the continuum. Because of the high densities and short
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recombination time scales, the time scale is set by the light travel-time: the time needed for

the radiation emitted by the central source to reach the BLR (Peterson, 1997). Variability in

quasars is known to be non-periodic i.e., it does not have a fixed timescale. Its amplitude is

also observed to increase in the shorter wavelength part of the spectrum which makes it easier

to study quasar variability in the UV and X-ray than in optical (Krolik, 1999).

AGN variability is the basis for BH mass determinations with a method called reverber-

ation mapping. This technique assumes that the broad lines respond to the variations in the

continuum radiation with a time delay τ = RBLR/c. The time delay τ is used to determine the

size of the BLR and consequently the mass of the black hole (assuming virialized Keplerian

motions) (Peterson, 1993; Kaspi et al., 2005):

MBH = f
∆V2RBLR

G
(1.9)

Where G is the gravitational constant, and the factor f reflects our ignorance about the geome-

try of the BLR; it was found to be of the order of ∼ 5 by matching the BH masses obtained by

reverberation mapping with the MBH − σ∗ for quiescent galaxies (Woo et al., 2010). ∆V is the

line profile width measured as the FWHM of the broad emission line. Interestingly, reverber-

ation mapping showed that broad lines with higher ionization potentials seem to have shorter

time delays than broad lines with lower ionization potential which provides strong evidence

for the stratification of the BLR, i.e., higher ionization lines are emitted at smaller scales than

the lower ionization lines. In addition, reverberation mapping has revealed a strong correlation

between the size of the BLR and the continuum luminosity: RBLR ∝ L1/2
AGN (e.g., Kaspi et al.,

2005). This correlation allows us to use optical/UV spectra to determine the BH masses in ob-

jects where reverberation mapping data are not available, so-called “single epoch” BH masses.

The C IV, Mg II, and Hβ lines and the continuum luminosity at 5100 Å are commonly used for

BH mass estimations (e.g., Shen et al., 2011).

One of the most well-known correlations found between the broad lines and the continuum

is the “Baldwin effect” (named after Baldwin 1977). The Baldwin effect is observed as an in-

verse correlation between the equivalent width2 of the CIV line and the continuum luminosity.

Fig. 1.4 shows the Baldwin effect from the original Baldwin (1977) paper and a more recent

2The equivalent width of a line is defined as: EWλ =
∫ fλ− fcont

fcont
dλ



10 Chapter 1. Introduction

Figure 1.4: The Baldwin Effect: equivalent width of broad lines (C IV here) is anticorrelated

with the continuum luminosity i.e, lower luminosity quasars have relatively stronger emission

lines. Left from the original paper of Baldwin (1977), right from Richards et al. (2011). There

is a considerably large scatter when a larger SDSS sample is used.

study by Richards et al. (2011). A correlation such as the Baldwin effect holds the potential

for being used as a standard candle, but unfortunately the large scatter found in this correlation

undermines its usefulness for such purposes. Other broad lines (such as Lyα) show a Baldwin

effect but with varying slopes and strengths of the correlation (Richards et al., 2011). Interest-

ingly, variations in the Baldwin effect of different lines are not random; higher ionization lines

seem to have preferentially stronger dependence on continuum luminosity (i.e., larger slopes

Shields, 2007, and references therein).

A physical account of the Baldwin effect has not been fully constructed. Variations in the

strength of the Baldwin effect in different broad lines eliminates the possibility of orientation

as the sole cause of the effect as we would expect different broad lines to be equally affected by

the inclination of the illuminating source. Another perhaps more robust explanation uses the

known correlation between the shape of the ionizing continuum and the luminosity in a sense

that the ionizing continuum becomes softer (more power on lower energies) with increasing

continuum luminosity which can potentially lead to weaker emission lines in more luminous

objects –the Baldwin effect (Netzer et al., 1992; Shields, 2007).
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Broad lines usually display structures –profile asymmetries– which are thought to be signa-

tures of gas motions such as outflows. They are also known to be blueshifted from the systemic

redshift measured from lower ionization lines such as Mg II. The measured blueshifts of the

broad lines are found to be higher in high ionization lines than in low ionization lines; this cor-

relation can be explained in terms of a stratified BLR where higher ionization lines are emitted

closer to the central source than lower ionization lines (e.g. Richards et al., 2011).

The NLR –in contrast to the BLR– has a lower gas density. The lines emitted in this region

are known to be “forbidden”, i.e. do not obey at least one of the electric dipole selection rules

which govern the changes in the quantum numbers during a radiative transition. These rules

require the following (Draine, 2011):

1. Parity must change.

2. ∆L = 0,±1.

3. ∆J = 0,±1, but J = 0→ 0 is forbidden.

4. Only one single-electron wave function changes, ∆l = ±1.

5. ∆S = 0.

Using line ratios, it is possible to infer some of the physical conditions in the NLR gas

such as the electron densities and temperatures (e.g., Osterbrock, 1989). Determinations of the

electron temperature can be done using a pair of lines that arise from the same ion (in order

to avoid complications of abundance) but with different excitation potentials. This means that

the population rates of these two levels is primarily determined by temperature and hence the

ratio of the line intensities will reflect this temperature. The [N II] λλ5755, 6548, 6583 and

[O III] λλ4363, 4959, 5007 lines are commonly used for electron temperature measurements

(e.g., Osterbrock, 1989; Draine, 2011). For instance, using three [O III] lines (Fig. 1.2.2),

Osterbrock (1989) derives the following empirical relation (his equation 5.4) which allows us

to calculate Te:

jλ4959 + jλ5007

jλ4363
=

7.90 exp(3.29 × 104/Te)
1 + 4.5 × 10−4 ne /T 0.5

e
(1.10)
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Figure 1.5: Energy levels for [O II] (left) and [S II] (right). Figure is from Peterson (1997).

For the NLR such calculations reveal average temperatures of the order of ∼ 104 K (e.g. Oster-

brock, 1989; Peterson, 1997; Krolik, 1999).

For calculations of electron densities we would need to use lines from the same ion that

are formed due to transitions from two states with almost equal excitation energy and there-

fore their population rates are temperature independent. The [S II] λλ6716, 6731 and [O II]

λλ3726, 3729 doublets are commonly used pairs for this purpose (see Fig 1.2.2) In the case

of low density gas, line intensity is proportional to n2 (n is the gas density) where radiative

de-excitation dominates. It is proportional to n in the high density gas where de-excitation is

mostly collisional. In between these two extremes, the intensity ratio is a strong function of

electron density (e.g. Osterbrock, 1989, Fig. 1.6). Using such calculations gives a range of

102−104 cm−3 for the NLR density (Peterson, 1997; Zhang et al., 2013a). One important thing

to keep in mind when looking at such calculations is the fact that each line pair can result in

different values for Te and ne. This is mainly due to the fact that different lines result from

different “cloud” regions within the NLR.

Photoionization by radiation from the central engine is thought to be the main driver of line
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Figure 1.6: Determining the critical density ne from the line ratio of [S II] λλ6716, 6731. The

ratio is almost constant for ne below 102 cm−3 and above 104 cm−3. This line ratio would be a

good diagnostic for density in between these two limits. Figure is from Peterson (1997).

production detected as broad and narrow lines in quasar spectra. This can be inferred from

the simple fact that the energy from collisional ionization (associated with the gas tempera-

ture inferred from line ratios) is insufficient to produce some of the observed high ionization

transitions (such as [Ne V] with IP= 97 eV). Other lines of evidence that support this conclu-

sion include the observed correlated variability between the continuum and the strengths of the

broad lines (with some time delay caused by light travel time). In addition, the wide range

of photon energies associated with radiation from the central source can in principle account

for the presence of both low and high ionization transitions in quasar spectra (Peterson, 1997;

Krolik, 1999).

Line formation in quasars is sensitive to several properties such as the shape of the ionizing

SED, distance from the central region, gas density, temperature, and element abundance. The

ionization parameter U:

U = Φ/nc, (1.11)

is one of the key parameters used to define ionization levels in terms of the ratio between the
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ionizing flux (Φ, photon cm−2 s−1) and the gas density (n, cm−3), i.e., photoionization rates to

recombination rates.

Quasar photoionization models that can reproduce observed broad lines most successfully

assumes that a range of density and ionization parameters exists in the BLR gas surrounding

the central engine, and clouds with the appropriate values of density (which decreases with

radius) and ionization parameter will emit a specific line optimally. This means that for a given

line (transition), gas that is too close to the central source might be over-ionized or too dense

to allow for this transition to happen, on the other hand at farther distances photons might not

have enough energy to remove an extra electron and generate this transition. This is known as

the locally optimally emitting cloud (LOC) model which proposes that a given line is emitted

predominantly from gas in a particular portion of the BLR density-ionization parameter space

that optimizes the production of this line (e.g., Baldwin et al., 1995; Krolik, 1999).

1.3 Quasar Winds and Broad Absorption-Line Quasars

Outflowing gas (in the form of equatorial winds) has been proposed to resolve some of the

standing issues concerning the so-called BLR clouds confinement problem and to justify dif-

ferences in velocity shifts between high and low IP emission lines seen in quasar spectra (e.g.,

Collin-Souffrin et al., 1988). Indeed, emission lines (specifically in high IP lines such as C IV)

blueshifted from the systemic redshift (estimated from lower IP lines such as Mg II) are com-

mon in quasar spectra (e.g., Gaskell, 1982; Richards et al., 2002). Furthermore, the presence

of outflows in quasars may be necessary to maintain accretion onto the SMBH by enabling the

gas to rid itself of angular momentum. In addition, outflows can potentially be the means by

which a SMBH and its host galaxy are linked as mentioned in the discussion of the MBH−Lbulge

and MBH − σ∗ relations (§1.1).

Developed theoretical models of quasar winds describe an outflow that emerges from the

accretion disk (at distances of ∼ 1016 cm for a black hole of mass 108 M�) and is acceler-

ated outwards by radiation pressure (e.g., Murray et al., 1995; Proga et al., 2000). A layer of

“shielding” gas between the wind and the central X-ray source prevents the wind from becom-

ing over-ionized by filtering the high energy radiation thus allowing UV photons to accelerate
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the wind to velocities up to ∼ 0.1c (Leighly, 2004; Leighly & Moore, 2004). The idea of a

self-shielding gas is also consistent with correlations found between the EW and blueshift of

the C IV and the hardness of the ionizing SED (probed by the strength of the He II emission

line or by the optical-to-X-ray spectral index, αox
3); these correlations can be seen as quasars

with softer ionizing SEDs (weaker He II and αox ≤ −1.8) have weaker C IV emission lines

(smaller EWs) and are more blueshifted (Wu et al., 2009; Richards et al., 2011). As such, the

shape of the ionizing SED can have a significant impact on the contribution of the winds to the

broad emission lines. This is also seen as C IV emission lines which appear as narrow sym-

metric profiles that are centered at systemic redshift in quasars with lower LUV to LX−ray ratios,

while quasars with asymmetric blueshifted C IV profiles have higher LUV to LX−ray ratios.

More remarkable signatures of quasar winds are manifested in the broad (e.g., Weymann

et al., 1991) or narrow (e.g., Ganguly et al., 2001) intrinsic absorption features that are often

blueshifted from systemic redshift. By definition, quasars with absorption troughs (in C IV)

that are broader than 2000 km s−1 at 10% below the continuum level are classified as broad

absorption line quasars (Weymann et al., 1991). BAL quasars constitute a fraction of nearly

20% of optically selected quasar samples (e.g., Hewett & Foltz, 2003; Trump et al., 2006;

Ganguly et al., 2007; Gibson et al., 2009). Intrinsic absorption in quasars is seen in many

species with range of IPs; HiBAL quasars are those with absorption in high ionization potential

(IP) transitions only such as C IV 1449 Å (IP= 47.9 eV) or Si IV 1394 Å (IP=33.5 eV), while

LoBAL quasars are those with absorption from lower IP transitions such as Al III 1857Å

(IP=18.8 eV) and/or Mg II 2800Å (IP= 7.6 eV) in addition to the high IP transitions.

Furthermore, measurements of αox indicates that BAL quasars are X-ray weak compared to

non-BAL quasars (e.g., Gallagher et al., 2006). These observations are in agreement with the

wind model and the presence of a layer of shielding gas that filters X-ray photons and allows

UV photons to accelerate the wind. In addition BAL quasars are found to be more reddened

that non-BALs, and LoBALs are significantly more reddened than HiBALs (e.g., Weymann

et al., 1991; Reichard et al., 2003b). This is consistent with seeing BAL quasars through a line-

3Defined as αox = 0.384 log( f2keV/ f2500 Å), this quantity measures the slope of the flux densities at rest-frame

2 keV and 2500 Å. The factor 0.384 is the logarithm of the ratio of the frequencies at which the flux densities are

measured.
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of-sight at a low inclination angle closer to the accretion disk and passing though the wind.

1.4 AGN Host Galaxies

Attempts to study the host galaxies of quasars are faced with the difficulty of isolating the

emission of the faint host from the relatively bright nucleus. And although this remains a

challenge, it has become somewhat more feasible with new advanced facilities such as the

Hubble Space Telescope refurbished optical system and the large aperture (∼ 8 m) ground-

based telescopes equipped with adaptive optics (e.g., spatial resolution of ∼ 0.1 arcsec, Wright

et al., 2010).

Despite many studies that show quasars are predominantly housed in massive elliptical

galaxies (e.g. McLure et al., 1999; Nolan et al., 2001; Pagani et al., 2003; Kauffmann et al.,

2003; Dunlop, 2004), studies of samples of low redshift quasar hosts sometimes show incom-

patible results regarding their properties such as morphologies or stellar contents. The main

reason behind these inconsistencies appears to be related to the properties of these samples

such as the nuclear luminosity (e.g. Dunlop, 2004; Kauffmann et al., 2003).

Indeed, Kauffmann et al. (2003) find that low luminosity AGN in their ∼ 20, 000 AGN from

the Sloan Digital Sky Survey (SDSS) have a “normal” stellar population similar to stellar pop-

ulations found in massive ellipticals with no AGN while high luminosity AGN have younger

stellar populations (≤ 1 Gyr).

This same distinction seems to be holding for the morphology of AGN hosts. While quasar

hosts are found to be predominantly massive ellipticals in the samples of Dunlop et al. (2003),

Pagani et al. (2003), and Floyd et al. (2004), both bulge-dominated and disk-dominated mor-

phologies are present in different samples such as Bahcall et al. (1997), Jahnke et al. (2004),

and Kotilainen et al. (2013). Figure 1.7, for example, shows HST images from the sample

of Bahcall et al. (1997) where galaxies seem to display a variety of morphologies: ellipticals,

spirals, and some even show signs of galaxy interaction. However, Dunlop (2004) argues that

when AGN hosts of similar nuclear luminosity are compared, the hosts of higher nuclear lu-

minosities are generally ellipticals while the disk component becomes more evident at lower

luminosities. Another line of evidence that supports the notion that most hosts of AGNs are
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massive ellipticals comes from the results of their surface brightness profile fitting (e.g., Dun-

lop et al., 2003). AGN host galaxies appear to have large size scales of ∼ 10 kpc for the

effective radius, Re, which is defined as the radius of a circle that includes half of the bulge

light (Sparke & Gallagher, 2007). Furthermore, the surface brightness of both radio-quiet and

radio-loud4 quasars are found to be inversely proportional to their radii (e.g., Dunlop et al.,

2003). This last result is consistent with the Kormendy relation which is mainly a projection of

the Fundamental Plane (FP)5 for bulge-dominated galaxies with no AGN (Kukula et al., 2001;

Dunlop et al., 2003).

1.5 Galaxy Redshift Evolution

Compared to their higher redshift counterparts, galaxies in the local universe appear to be

more massive, with old stellar populations (> 8 Gyr) (Kukula et al., 2001; Nolan et al., 2001),

and have a higher fraction of bulge–dominated morphologies (Kukula et al., 2001; Dunlop,

2004, and references therein). Measurements of quasar hosts in the local universe suffer from

complications that result from the bright nucleus which overwhelms the light from the host.

And these measurements become more difficult for galaxies at higher redshifts as a result of

the smaller angular sizes and lower surface brightnesses.

The rise in the star formation rate (SFR) with increasing redshift is known for galaxies with

no AGN and is thought to peak at redshift ∼ 2 and decline for higher redshifts. This trend of

SFR increase with redshift seems to be also present for galaxies with AGN (e.g., Madau et al.,

1998; Floyd et al., 2013). Using U and V-filter images of quasar host galaxies from HST, Floyd

et al. (2013) showed that indeed the mean star formation in their z = 2 sample is ∼ 350 M�yr−1

(1 M� = 1.99×1030 kg) for the radio-loud quasars and ∼ 100 M�yr−1 for the radio-quiet quasars

while at z = 1 the star formation falls to ∼ 150 M�yr−1 for the radio-loud quasars and ∼ 50

M�yr−1 for the radio-quiet quasars. This same sample also confirmed the findings of Kukula

et al. (2001) of higher masses of AGN hosts in the local universe compared to those at larger

4Radio-loudness is often defined in the literature using the ratio between the observed radio flux density at

rest-frame 6 cm and the optical flux density at rest-frame 2500 Å; R= f6 cm/ f2500 Å > 10 (e.g., Jiang et al., 2007).
5The fundamental plane is a correlation between three parameters in elliptical galaxies: effective radius Re,

central velocity dispersion σ, and surface brightness Ie: Re ∝ σ
1.2I−0.8

e (Sparke & Gallagher, 2007).
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Figure C.3: Similar to Fig. C.1 but for K = 5.
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