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ABSTRACT

Quasars can affect their surrounding environment through a process known as active galac-

tic nucleus (AGN) feedback, through which the quasar can curtail the formation of stars,

regulate the evolution of its host galaxy, and affect its surrounding environment in other

ways. One possible mechanism for this process is a quasar’s outflow, which can be observed

as blueshifted absorption troughs in the quasar’s spectrum. With enough kinetic power, an

outflow can contribute to AGN feedback, regulating star formation and host galaxy evolu-

tion.

By analyzing spectra from the Very Large Telescope (VLT) Ultraviolet Echelle Spectro-

graph (UVES) and the Hubble Space Telescope (HST)Space Telescope Imaging Spectrograph

(STIS), we determined the physical parameters of the absorption outflows of five different

quasars: including electron number density (ne), Hydrogen column density (NH), ionization

parameter (UH), distance from the source (R), and kinetic luminosity (Ėk). We have found

that an outflow’s chemical abundance can be a determining factor of its ability to contribute

to feedback effects.

Particularly notable outflows include a mini broad absorption line (BAL) outflow system

of SDSS J0242+0049, which we estimated to be ∼ 67 kpc away from the quasar, which is

the farthest distance a mini-BAL has been found from its source. We also found a high-

velocity C IV BAL from the same quasar which showed noticeable signs of time variability,



which suggests that the ionization of the outflow has changed over time. Another was SDSS

J1321-0041 which displayed BAL troughs of C II and Si II, an unusual feature for an outflow

of its type.

In our analysis of the EUV500 BAL of QSO B0254-3327B, we compared it with other

EUV500 outflows that have been previously studied, with a total sample of 24 outflows. In

that comparison, we have found that the outflow of QSO B0254-3327B was one of the most

ionized outflows in the sample. We have also found a weak negative correlation between

logR and log |v|, where R is the distance of the outflow from its source, and v is the velocity

of the outflow, with a Spearman rank of -0.43 and p value of 0.05, suggesting that the farther

the outflow is from its source, the slower its velocity.



A Study of Quasar Outflows: Physical Characteristics
and Feedback Effects

Doyee Byun

GENERAL AUDIENCE ABSTRACT

From the prediction of their existence by general relativity, to the first direct image from the

Event Horizon Telescope, black holes have been a fascinating subject for both physicists and

the public alike. Most massive galaxies, including our own, are said to have a supermassive

black hole (SMBH) at their center. In some galaxies, an accretion disk of orbiting matter

forms around the black hole, in which gravitational energy is converted into light. This can

sometimes cause the galactic nucleus to shine as bright as a star in the night sky, despite

it being tens of thousands of times farther away from us than any star in our own galaxy.

Such galactic nuclei are called “quasars”, or “quasi-stellar objects”.

Some quasars show signs of outflowing gases which can absorb some of their emitted light.

These are observed as blueshifted absorption troughs in quasar spectra from telescopes such

as the Very Large Telescope (VLT) or the Hubble Space Telescope (HST). It is predicted that,

with enough power, these outflows can contribute to a process called active galactic nucleus

(AGN) feedback, through which the quasar can curtail the formation of stars, regulate the

evolution of its host galaxy, and affect its surrounding environment in other ways.

This dissertation discusses the study of five different quasars and their outflows observed

with VLT and HST. We determined the physical parameters of the outflows such as electron

number density (ne), Hydrogen column density (NH), ionization parameter (UH), and dis-

tance of the outflow from its source (R), to ultimately find each outflow’s kinetic luminosity



(Ėk), or kinetic power. While we found that some outflows are likely to be able to contribute

to AGN feedback, there are a number of unknowns that still remain.

Some interesting outflows we have found include the mini-BAL outflow of SDSS J0242+0049,

which we found to be at a distance of∼ 67 kpc (or∼ 220, 000 lightyears) away from its source,

the farthest distance observed to date. We also analyzed the extreme UV outflow of QSO

B0254-3327B, which we compared to other outflows observed in a similar wavelength range.

In that comparison, we found a weak negative correlation between velocity and outflow

distance from the central source, suggesting that the farther away an outflow is from the

quasar, the slower it becomes.
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Preface

This dissertation is based on a collection of published papers of which I am the first author.

The chapters are arranged in an order that maximizes thematic consistency and fluidity. In

the introduction, I discuss background information necessary for readers to understand the

rest of the dissertation, including what quasars are and what we hope to learn from these

outflows. Chapters 2–7 discuss the analysis of outflows from individual quasars.

Chapter 1 introduces the reader to the concept of active galactic nuclei (AGN) and quasars.

It also describes quasar outflows, and explains their significance in the process known as

AGN feedback. Section 1.2 discusses the thin spherical shell model that is used for the

analysis conducted in the later chapters, and the following sections describe the different

types of outflows that have been analyzed. In writing this chapter, figures from [1–8] have

been adapted to illustrate the concepts being explained.

Chapter 2 is based on Ref. [17] “The Farthest Quasar Mini-Broad Absorption Line Outflow

from Its Central Source: Very Large Telescope/UVES Observation of SDSS J0242+0049.”

In this work, we identified and analyzed four absorption outflow systems in the VLT/UVES

spectrum of the quasar SDSS J0242+0049. The two most notable of them was a mini-BAL

system at ∼ 67 kpc away from the quasar, as well as a high velocity BAL system that

displayed time variability. I have conducted calculations, created figures, and wrote most of

the paper. All authors were involved in discussing and verifying the results.

Chapter 3 is based on Ref. [18] “VLT/UVES observation of the SDSS J2357-0048 outflow.”

In this work, we analyzed the VLT/UVES spectrum of another quasar, SDSS J2357-0048,

in which we found a BAL outflow with four subcomponents, as well as a high-velocity mini-

BAL. We analyzed the physical parameters of one of the subcomponents, and examined the

1



time variability of the mini-BAL. I have conducted most of the calculations and analysis in

this work, as well as writing and creating figures. All authors actively participated in the

discussion of methodology and results.

Chapter 4 is based on Ref. [19] “VLT/UVES observation of the outflow in quasar SDSS

J1439-0106.” We analyzed the VLT/UVES spectrum of the quasar SDSS J1439-0106, in

which we identified two outflow systems. Only one of them had the necessary diagnostics

for finding the outflow distance from its source. I have conducted most of the analysis and

calculations, as well as writing and creating figures. All authors were involved in discussing

the results.

Chapter 5 is based on Ref. [20] “Extreme FeLoBAL outflow in the VLT/UVES spectrum of

quasar SDSS J1321–0041.” In this work, we analyzed the extreme FeLoBAL outflow found in

the VLT/UVES spectrum of the quasar SDSS J1321-0041. I have conducted the bulk of the

analysis and calculations, as well as writing and creating figures. Mayank Sharma assisted in

the identification of different energy states of Fe II, Gwen Walker helped with debugging and

analytical calculations, and Maryam Dehghanian provided her insight regarding Cloudy [21]

simulations. Nahum Arav advised the project through each step. All authors participated

in the discussion and interpretation of results.

Chapter 6 is based on Ref. [22] “BAL outflow in quasar B0254-3327B: analysis and compar-

ison with other extreme UV outflows.” In this work, we analyzed the HST/STIS spectrum

of QSO B0254-3327B, in which we found a BAL outflow. As the wavelength range the out-

flow was observed in fit into the definition of an EUV500 outflow [2], we also conducted a

comparison of its parameters with other EUV500 outflows that have been analyzed in the

past. I have conducted most of the analysis, calculation, writing, and creation of figures.

Maryam Dehghanian provided her insight in Cloudy simulations, Gerard A. Kriss helped

with creating and verifying the spectral energy distribution model used for the analysis,
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and Gwen Walker helped with debugging and analytical calculations. Nahum Arav advised

the project and provided physical insight. All authors were involved in the discussion and

interpretation of results.

While they are not included in this dissertation, I have also been involved as a co-author

in the following works studying AGN: Ref. [23] “High mass flow rate in a BAL outflow of

quasar SDSS J1130+0411,” Ref. [24] “AGN STORM 2. I. First results: A Change in the

Weather of Mrk 817,” Ref. [25] “AGN STORM 2. III. A NICER View of the Variable X-Ray

Obscurer in Mrk 817,” and Ref. [26] “Narrow absorption line outflow in Seyfert 1 galaxy

J1429+4518: outflow’s distance from the central source and its energetics.”
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Chapter 1

Active Galactic Nuclei and Quasar

Outflows

Foreword

In this chapter, I introduce the reader to quasars and active galactic nuclei (AGN), as well

as the concept of AGN feedback. I also describe quasar outflows and different types of

absorption outflows that are found in the ultraviolet (UV) wavelength range.

Introduction

Quasars were an enigmatic type of object during their early observations. The first known

quasar, 3C 273, was simply referred to as a “radio source”, marking its prominent radio

emission, or a “star-like object”, due to its star-like appearance in the visible wavelength

range [27, 28] (The two characteristics would later be combined to coin the term “quasar”:

short for “quasi-stellar radio source”). [28] and [29], through an analysis of the radio emission

features, identified the lines of Mg II1, [O III], as well as several Hydrogen Balmer lines, with

their wavelengths significantly lengthened due to cosmological redshift (z=0.158). This led

1In accordance with the notation of ions in astronomy, Mg II indicates a transition from the first ionized
state Mg+ to a more highly ionized state. Neutral Mg would be denoted as Mg I.
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to the conclusion that 3C 273, and other objects like it, were extragalactic objects with a

potential connection to radio galaxies, which display lobes of radio emission outside of the

regions which are observed in visible light [30].

Today, quasars are known to be a type of active galactic nucleus (AGN), composed of a black

hole, surrounded by an accretion disk of material. Other examples of of AGN previously

misidentified as stars exist, such as BL Lacertae [31–33]. Quasars are notable for their

extremely large luminosity (L ≳ 1045 erg s−1), and their outflows are often mentioned in the

literature as likely contributors to a process known as active galactic nucleus (AGN) feedback

[e.g., 34–36]. In the following sections, we will introduce the concept and a commonly used

model of quasar outflows, as well as different types of absorption outflow categories in the

UV range.

1.1 Quasar Outflows and Their Observations

A large portion of quasars (≲ 40%) show signs of outflowing material, detected as blueshifted

absorption troughs in their spectra [37, 38]. As mentioned above, quasar outflows are com-

monly invoked as potential contributors to AGN feedback: a process through which an AGN

affects its surrounding environment. There are several effects of AGN feedback. One of these

effects is the mass correlation between the black hole and galactic bulge [e.g., 34, 35, 39–45].

[34] explain that if a quasar’s black hole is above a critical mass, its outflowing wind could

unbind the host galaxy’s material. This provides an upper limit to the mass of the black

hole for its host to remain a star forming galaxy, and relates to the black hole and bulge

mass correlation described by [46]. Feedback effects also include limitations on the growth

of the host galaxy [e.g., 40, 47–52]. Outflows can be a potential explanation for the smaller

number of massive or bright galaxies than predicted by theoretical models [47, 53]. Finally,
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AGN feedback can contribute to the chemical enrichment of the intergalactic medium (IGM)

and intercluster medium (ICM), caused by chemically rich outflows traveling faster than the

escape velocity of their galaxies [e.g., 44, 53–57].

Theoretical models suggest that the kinetic luminosity, or kinetic power (Ėk), of an outflow

must reach a certain percentage of the quasar’s luminosity. [53] argue that it must be 5%

for the modeled number density of bright galaxies to match observed values. On the other

hand, [58] claim that due to the presence of radiative pressure, 0.5% may be sufficient. As

discussed by [2], we take the luminosity of the quasar to be its Eddington luminosity (LEdd),

which is the maximum luminosity that an object can maintain while staying in hydrostatic

equilibrium. The range of observed cosmological redshifts of quasars is quite wide. 3C 273,

the first confirmed quasar, was found to have a redshift z=0.158 [28], while more quasars with

higher redshifts above 1 were found in later observations [e.g., 59]. More recent observations

led to the discovery of quasars with redshifts as high as z=10.1 [60, 61]. As such, gaining an

understanding of the interactions between quasars and their surrounding environments will

give us deeper insight into the history of galaxy formation and evolution.

Several different types of outflows have been observed and studied. Molecular outflows

show signs of molecular transitions such as those of CO, HCN, and HCO, which are often

observed with radio instruments such as the Atacama Large Millimeter Array (ALMA), the

Submillimeter Array, and the IRAM 30m telescope [e.g., 62–64]. Atomic outflows include

outflows detected via H I 21cm absorption features, also observed with radio instruments [e.g.,

65, 66]. Ionized outflows can be seen in both emission, such as in integral field spectroscopy

[e.g., 67–69], and absorption, such as in optical and UV spectra [e.g., 70–72]. Extremely

ionized outflows can be found X-ray spectra as well [e.g., 73–75]. The wide range of outflows

is demonstrated in Figure 1.1, and explained in more detail by [1]. While this work focuses

on ionized absorption outflows, insight into the different phases of outflows can provide us
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with a more holistic understanding of how they operate.

As previously mentioned, absorption outflows are observed as troughs in the spectra of

quasars. An example of such is shown in Figure 1.2. Analysis of absorption troughs such as

this can reveal the physical characteristics of the outflows, such as hydrogen column density

(NH), ionization parameter (UH), distance R, and ultimately, kinetic luminosity Ėk.

1.2 The Spherical Shell Model

Due to the limitations of observational data of absorption outflows, we must adapt a kine-

matic model to approximate their physical parameters. For this purpose, we use a spherical

shell model, introduced by [71] and later refined by [14]. As the term suggests, the model

assumes that a quasar’s outflow is a thin partial spherical shell, with a solid angle < 4π

which we represent with a normalized parameter called the global covering factor Ω < 1. A

typically used value for Ω is 0.2, as that is the approximate portion of quasars that show

signs of C IV broad absorption line (BAL) outflows [37, see Section 1.3]. See Figure 1.3 for a

visual representation of the model.

According to the model, as outlined by [14], the mass of the outflow M is given by the

following:

M ≃ 4πΩR2NHµmp (1.1)

where Ω is the aforementioned global covering factor, R is the distance of the outflow from

the central source, NH is the hydrogen column density, µ = 1.4 is the molecular weight

per proton, and mp is the mass of a proton. As we are assuming a thin shell, we use the
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Figure 1.1 Figure 1 of [1], adapted and modified by [2]. Ėkin(OF) = Ėk, and the dotted, dashed, and solid
lines indicate where Ėk = 0.01, 0.1 and 1.0Lbol respectively, where LBol is the bolometric luminosity of the
AGN. The red, blue, and green points indicate X-ray, molecular, and ionized outflows, while
BAL outflows are denoted by black points. To be more specific, out of the red symbols, the large
stars show local ultrafast outflows (UFOs), the starred open circle marks the outflow of Markarian 231, the
filled triangle shows the outflow of PDS456, the circled square marks the outflow of IRAS F11119+13257,
and the small stars mark slower warm absorbers. Out of the blue points, open circles mark CO outflows, the
open square marks the IRAS 23060 outflow, the filled squares mark OH outflows, the starred open circles
mark the outflows of Markarian 231, the crossed open circles are the outflows of NGC 6240, the small dotted
open triangle marks the measurements in NGC 1068 and NGC 1433, the small dotted open circles mark
NGC 1266 and IC 5066, and the squared open circle marks IRAS F11119+13257. Of the green points, filled
squares show outflows of AGN at z > 1, filled triangles show outflows of AGN with redshifts between 0.1
and 0.2, open triangles show redshifts from 0.4 to 0.6, pentagons show radio galaxies at z=2–3, and filled
circles show hyper-luminous quasars at z=2–3. Outf of the black symbols, the pentagon marks the [C II]
wind of J1148+5251, while the stars indicate the other BAL outflows reported by [1]. The black circles and
squares are EUV500 (see Section 1.5) and S IV absorption outflows (outflows with S IV absorption troughs)
reported by [2]. A more detailed explanation can be found in [1] and [2].
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Figure 1.2 A portion of Figure 1 from [3], adapted by [4]. It shows a segment of the HST/
COS spectrum of the quasar PKS J0352-0711. The y axis shows the flux, and the top and
bottom x axes show the rest and observed wavelengths in angstroms (Å) respectively. Note
that at observed wavelength λobs ≈ 3050 Å, there is a C IV emission feature that has been
redshifted due to the cosmological distance of the quasar, while to the left of it, there is
an absorption trough from an outflowing gas (shaded in blue), blueshifted relative to the
redshifted emission feature.



10 CHAPTER 1. ACTIVE GALACTIC NUCLEI AND QUASAR OUTFLOWS

dynamical time scale t = R/v to find the mass flow rate Ṁ as follows:

Ṁ ≡ M

(R/v)
= 4πΩRNHµmpv (1.2)

which ultimately leads to the kinetic luminosity:

Ėk =
1

2
Ṁv2 (1.3)

Note that there are three required parameters for this process: NH , R, and the velocity

v. Outflow velocity v is the simplest of the three parameters to find, as it is based on

the blueshift of the absorption troughs relative to the systemic redshift of the quasar. The

process of finding NH , which is an analogue for the total column density of the outflow,

involves the calculation of ionic column densities and photoionization analysis, which will be

further detailed in the following chapters. This process uncovers not only NH but also the

ionization parameter UH , which is defined as follows:

UH ≡ QH

4πR2nHc
(1.4)

where QH is the ionizing photon emission rate, nH is the hydrogen number density of the

outflow, and c is the speed of light. QH can be found via the quasar’s continuum flux

level and bolometric luminosity, and nH can be approximated by finding the column density

ratios of different energy levels of the same ion. Using the found values of UH , nH , and

QH , along with Equation 1.4, we can find the distance R. Using the found parameters with

Equations 1.2 and 1.3 allows us to find Ṁ and Ėk. Comparing Ėk with LEdd ultimately

allows us to determine the feasibility of AGN feedback contributions by the outflow.
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Figure 1.3 Diagram by [5] representing the geometry of the spherical shell model of quasar
outflows.

1.3 BAL and Mini-BAL Outflows

A category of absorption outflows that is commonly referred to is broad absorption line

(BAL) outflows. [76] define a BAL as an absorption outflow with continuous C IV absorption

that reduced flux by at least 10% over a velocity width ∆v ≥ 2000 km s−1, starting from

at least −3000 km s−1. Many outflows that fit into this category have been studied over

the years [e.g., 77–80]. An example of an outflow that fits well into this category is shown

in Figure 1.4. Note that not all BAL outflows are able to fit into this category, as will

be further explained in Sections 1.4 and 1.5. Outflows that do not quite reach the width

threshold of a BAL are called mini-BALs. Mini-BALs are defined as outflows with a velocity

width between 500 and 2000 km s−1 [81]. Likewise with BALs, the mini-BAL outflows of

several quasars have been analyzed for their physical characteristics [e.g., 7, 17].

As described in Section 1.2, finding the distance (R) of a BAL (or mini-BAL) outflow from its

central source requires finding its hydrogen number density (nH). nH can be approximated

by finding the column density ratio between the resonance and excited states of an ion, a
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Figure 1.4 A portion of the X-Shooter spectrum of the quasar SDSS J1106+1939 as shown
in Figure 1 of [6]. The black curve shows the data, while the green dashed curve shows the
continuum and emission model without the absorption. Note the presence of broad Si IV
absorption along with the C IV trough.

method that has been conducted in many studies in the past [e.g., 6, 7, 79, 82]. For instance,

[7] compared the column densities of the resonance and excited states of S IV in the mini-

BAL outflow of the quasar SDSS J1111+1437, of which the troughs are shown in Figure 1.5.

Given the ratio between energy states, computational software such as Cloudy [21] or Chianti

[12, 13] can calculate the electron number density ne via collisional excitation modeling. As

ne ≈ 1.2nH in highly ionized plasma [83], the ne solution allows for an approximation of nH

and, by extension, R.

1.4 FeLoBALs

Among the category of BALs, there is a type of outflow in which there is prominent ab-

sorption of Fe II, and in some cases, Fe III. These low-ionized iron BALs, or FeLoBALs, offer

a plethora of diagnostics for ne due to the presence of Fe II absorption troughs of multiple

excited state transitions. Thanks to this, an extensive amount of analysis of FeLoBALs has

been conducted [e.g., 80, 84, 85]. The blending of troughs can add difficulty to the identi-

fication of individual absorption lines (See Figure 1.6, [8]). The limitation due to blended
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Figure 1.5 A portion of the normalized X-Shooter spectrum of SDSS J1111+1437, adapted
from [7]. The black curve shows the spectrum, while the dotted line indicates the continuum
without absorption. The blue and red curves show the Gaussian fitting models of the S IV
resonance and excited state troughs, respectively. The column density ratios from troughs
such as these allow for an approximation of the distance of the outflow from its central
source.
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Figure 1.6 Absorption troughs of the quasar SDSS J0802+5513, adopted from [8]. The x-axis
shows the velocity of the outflow indicated by the troughs marked by the dashed vertical
lines. The dotted lines mark other absorption troughs in the same system. Note the upper
left panel in which the absorption features of multiple Fe II lines are blended.

absorption troughs has led to different spectral simulation methods such as the Synthetic

Spectral Simulation (SSS) method [23, 86], and SimBAL [84], both of which simulate the

absorption troughs of an outflow in a spectrum given its physical parameters.
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1.5 EUV500 Outflows

Absorption outflows observed at extreme UV wavelengths (rest wavelength between 500–

1050 Å) are called EUV500 outflows [2]. Notable for prominent absorption features of very

highly ionized species such as NeVIII, Na IX, and MgX [e.g., 9, 16, 82], EUV500 outflows are

rich in diagnostic lines that can help determine their physical characteristics (See Figure 1.7,

[9]).

As can be seen in Figure 1.7, C IV is outside of the EUV500 range, making the aforementioned

criteria for BALs by [76] inapplicable. Due to this limitation, [9] adjusted the definition of a

BAL in the EUV500 range to cover velocity widths of ∆ ≳ 1500 km s−1, regardless of which

ion.

As previously discussed in Section 1.1, the effects of AGN feedback can be instrumental in

bridging the gap between observations and theoretical models in galaxy evolution, as well

as provide an explanation for the chemical enrichment of the IGM and ICM. Studying

quasar outflows, which could potentially be an agent of feedback, can help us improve the

understanding of these phenomena. The following chapters cover analyses conducted on

BALs and mini-BALs found in the spectra of five different quasars. Chapters 2, 3, and 4

discuss the analysis of outflows found in the Very Large Telescope (VLT)Ultraviolet Echelle

Spectrograph (UVES) spectra of quasars, some of which display an intriguing amount of time

variability. Chapter 5 discusses an extreme FeLoBAL. Chapter 6 discusses the analysis of

an EUV500 BAL, along with a comparison of that outflow with other EUV500 outflows.
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Figure 1.7 Comparison of diagnostic lines in the EUV500 wavelength range, and those in the
far UV range in which C IV and Si IV are observed. Adopted from [9]. The large number of
excited transitions allows for more measurements of ne, leading to a more accurate approxi-
mation of distance R.



Chapter 2

The Farthest Quasar Mini-BAL

Outflow from its Central Source:

VLT/UVES Observation of SDSS

J0242+0049

Foreword

This chapter is based on the published paper “The Farthest Quasar Mini-BAL Outflow from

its Central Source: VLT/UVES Observation of SDSS J0242+0049” [17]. I led the project

by analyzing the data, doing calculations, creating the figures, and writing the paper.

2.1 Abstract

We analyze VLT/UVES observations of the quasar SDSS J024221.87+004912.6. We identify

four absorption outflow systems: a C IV BAL at v ≈ −18, 000 km s−1, and three narrower

low-ionization systems with centroid velocities ranging from –1200 to –3500 km s−1. These

outflows show similar physical attributes to the [O III] outflows studied by [87]. We find that

17
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two of the systems are energetic enough to contribute to AGN feedback, with one system

reaching above 5% of the quasar’s Eddington luminosity. We also find that this system is

at a distance of 67 kpc away from the quasar, the farthest detected mini-BAL absorption

outflow from its central source to date. In addition, we examine the time variability of the

BAL, and find that its velocity monotonically increases, while the trough itself becomes

shallower over time.

2.2 Introduction

Quasar absorption outflows are seen in a large fraction of quasar spectra (≲ 40%), often

detected via blueshifted absorption troughs in the rest frame of quasars [37, 38, 88]. These

outflows are often mentioned as likely candidates for producing AGN feedback [e.g., 34–

36, 47, 53]. According to theoretical models, outflow systems require a kinetic luminosity

(Ėk) of at least ∼ 0.5% [58] or ∼ 5% [53] of the quasar’s Eddington luminosity (LEdd) to

contribute to AGN feedback. Outflow systems that fit these criteria have been found [e.g.,

9, 14, 16, 77, 82, 86, 89–91].

The kinetic luminosity of a quasar’s outflow system is dependent on its distance from its

central source (R), which we can find by measuring both the electron number density (ne)

and ionization parameter (UH) [92]. Our group and others have used this method to find the

distances of outflow systems in the past [7, 9, 82, 92–96]. Using the ratios between excited

and resonance state column densities of ionized species (Nion) can lead us to a value of ne

[97]. This paper presents one such determination of the R and Ėk values of three outflow

components found in the VLT/UVES spectrum of SDSS J024221.87+004912.6 (hereafter

J0242+0049).

The analysis of J0242+0049 shown in this paper is based on data from the VLT/UVES
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Spectral Quasar Absorption Database (SQUAD) published by [10], containing the spectra

of 475 quasars. Analysis of more SQUAD objects will be conducted in the future.

The UVES data of J0242+0049 is from the program 075.B-0190(A)which [98] used to identify

a high velocity C IV broad absorption line (BAL) at z ≈ 1.88 (v ≈ −18, 000 km s−1), as well

as two mini-BAL outflows and one narrow absorption line (NAL) outflow at lower velocities;

all four of which we have identified independently. Comparing the UVES spectrum to SDSS

spectra from previous epochs, [98] have identified a shift in the velocity of the high velocity

BAL, which could potentially be explained by acceleration. They have also found potential

line locking in the Si IV absorption doublets of the two lower velocity mini-BAL systems. In

addition to the analysis of the UVES data, we conduct a follow up to their observation of

the velocity shift using SDSS observation data from more recent epochs.

This paper is structured as follows. Section 2.3 discusses the observation of J0242+0049,

as well as the data acquisition process. In Section 2.4, we present the ionic column density

measurements, and the process of finding ne and UH . Section 2.5 shows the results of

the analysis, including the energetics parameters of the outflow systems. We also show

observations of the high velocity BAL from recent SDSS epochs. Section 2.6 provides a

discussion of the results, and Section 2.7 summarizes and concludes the paper. For this

analysis, we adopt a cosmology of h = 0.696, Ωm = 0.286, and ΩΛ = 0.714 [99], and use the

Python astronomy package Astropy [100, 101] for cosmological calculations.
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2.3 Observation, Data Acquisition, and Line Identifi-

cation

The quasar J0242+0049 (J2000: RA=02:42:22, DEC=+00:49:12.6; z=2.06) [102] was ob-

served in September 5, 2005 with the VLT/UVES as part of the program 075.B-0190(A),

with resolution R ≃ 40, 000 and wavelength coverage from 3291 to 9300 Å[98]. The systemic

redshift z=2.06 given by [10] is consistent with the value we find based on the Mg II emission

line in the SDSS spectrum of the MJD=57758 epoch. The spectral data was reduced and

normalized by its continuum and emission by [10] as part of their SQUAD database. Broad

and narrow absorption lines have been found in the spectrum of J0242+0049 by [98], which

we identify here as NAL S1 at –1200 km s−1 (Ly α FWHM = 240 km s−1), mini-BAL S2

at -1800 km s−1 (NV FWHM = 900 km s−1), mini-BAL S3 at –3500 km s−1 (NV FWHM

= 720 km s−1), and the aforementioned BAL S4 at –18,000 km s−1, as shown in the full

spectrum in Figure 2.1. Following [76], a BAL is a continuous absorption feature below 0.9

normalized intensity over 2000 km s−1, a mini-BAL is the same but between 500 and 2000

km s−1 [81], and a NAL is an absorption feature with width below 500 km s−1. We measure

the width of S4 at 0.9 normalized intensity to be 2200 km s−1, which is above the threshold

of a BAL, with balnicity index as defined by [76] of 660 km s−1. [103] have identified four

C IV absorption systems, two of which coincide with systems S3 and S4. We label the other

two as systems A and B, and show them in Figure 2.1. The focus of this paper is on the four

systems S1, S2, S3, and S4. We do not discuss systems A and B because they only show

absorption in C IV, which does not lend itself to further analysis.

The outflows show absorption from low ionization species such as Si II, C 2, and Fe II, as

well as lines of Ly α, C IV, NV, PV, Mg II, Al II, and Al III. For the purpose of measuring

the ionic column densities, we convert the normalized spectrum data from wavelength to
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Epoch in MJD Spectrograph Plate Fiber Observed Date Wavelength Coverage (Å)
52177 SDSS 707 332 Sep. 25, 2001 3824–9215
52199 SDSS 706 617 Oct. 17, 2001 3820–9202
55455 BOSS 4240 754 Sep. 16, 2010 3590–10382
57758 BOSS 9381 79 Jan. 5, 2017 3573–10334

Table 2.1 SDSS Spectra Information

velocity space via the systemic redshift of the quasar, as shown in Figure 2.2. Note that

S2 appears to be composed of at least seven sub-components, as seen in Plot (l) of Figure

2.2. The components are blended in the absorption troughs of C IV and Si IV, and due to

the shallowness of the C II* troughs, it is impossible to decompose it into the different sub-

components. For this reason, they are treated as a singular absorption system for the sake

of the analysis in this paper.

For the velocity shift analysis, SDSS spectra from MJD=52177, 52199, 55455, and 57758

were retrieved and corrected for galactic extinction with E(B − V ) = 0.0269 [104]. The

spectra from both the BOSS and SDSS spectographs have spectral resolutions of R ≈ 2000

[102, 105, 106]. More details on the SDSS spectra can be found in Table 2.1.

2.4 Analysis

2.4.1 Ionic Column Density

To find the physical characteristics of the outflow systems, we first find the column densi-

ties of the observed ions (Nion). The simplest method of measuring column densities is by

assuming the apparent optical depth (AOD) of a uniformly covered homogeneous source, as

demonstrated by [107]. When calculating column density under this assumption, we first

assume the relation between intensity and optical depth as follows [see equation 1 of 107]:
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Figure 2.1 Normalized flux of J0242+0049 multiplied by the emission model by [10], based
on the SQUAD data set. The flux has been scaled to match the BOSS spectrum from the
epoch of MJD=57758 (Jan. 5, 2017) at observed wavelength λ = 6500 Å. The black curve
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Figure 2.2 Normalized spectrum plotted in velocity space for each ion in the absorption sys-
tems. The green, red, and blue vertical lines represent the velocity of systems S1, S2, and S3,
respectively. The dotted vertical lines show the integration ranges used for the calculation
of the ionic column densities. The horizontal dashed line represents the continuum level.
Intervening absorption systems that contaminate the blue spectra are marked with cyan ver-
tical lines, while intervening systems contaminating the red spectra are marked with brown
vertical lines. Note in Plot (f) that the S1 integration range for Si II 1265Å is contaminated
with Mg II 2796Å absorption of the z=0.3783 intervening system. Plot (l) shows the structure
of the S2 absorption trough of Si II and C II, on a narrower velocity scale.
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I(λ) = I0(λ)e
−τ(λ) (2.1)

where I(λ) is the intensity, I0(λ) is the intensity without absorption, and τ(λ) is the optical

depth as a function of wavelength. When writing optical depth as a function of outflow

velocity, it has a relation with column density N(v) of [see equation 8 of 107]:

τ(v) =
πe2

mec
fλN(v) (2.2)

where me is the mass of an electron, e is the elementary charge, and f and λ are the oscillator

strength and wavelength of the transition line, respectively. Finding N(v) and integrating

it over the velocity range of the absorption trough yields the column density based on the

AOD assumption. The AOD method is used to find lower limits of Nion for singlets or

contaminated doublets, or upper limits when there are no discernible absorption troughs.

When there are multiple lines of the same ion and energy state, we can use the partial

covering (PC)method, which assumes a homogeneous source partially covered by the outflow

[108–110], and solves for a velocity dependent covering factor [111, 112], to improve our

measurements by taking phenomena such as non-black saturation into account [113, 114].

When calculating the PC based column density of an ion with a doublet of transition lines,

we find the covering fraction C(v) via the following relations [see equations 2 & 3 of 112]

IR(v)− [1− C(v)] = C(v)e−τ(v) (2.3)

IB(v)− [1− C(v)] = C(v)e−2τ(v) (2.4)

where IR(v) and IB(v) are the normalized intensities of the red and blue absorption features

respectively, and τ(v) is the optical depth of the red component.
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We choose integration ranges that cover visible absorption in the data, as can be seen in

Figure 2, while minimizing the effects of blending and contamination. For instance, for Si

IV, we use the blue line for S3 and the red line for S2. Si II* of S1 shows contamination due

to an intervening absorption feature, so we use the measured column density as an upper

limit for the sake of our analysis. C IV of S2 is heavily blended between the red and blue

features, so we choose a velocity range in which the blue and red spectra do not overlap with

each other in order to find a lower limit of the column density.

Attempting a Gaussian fit of the C IV absorption of S2 yields a poor fit due to the saturation

of the trough. Calculating the column density based on the fit results in a lower limit of

2400× 1012cm−2, compared to the measured lower limit of 3900× 1012cm−2. This difference

does not affect the solution of the hydrogen column density and photoionization parameter

as described in Section 2.4.2.

The measured column density values can be found in Table 2.2. Note that most adopted

values in Table 2.2 are upper or lower limits. The errors in the column densities are propa-

gated from the errors in the normalized flux from the data, binned along with the data into

segments of ∆v = 10 km s−1 for numerical integration. 20% error is added in quadrature

for the column density values adopted for photoionization analysis (see last column of Table

2.2) to take into account the uncertainty in the modeled continuum level [7].

Table 2.2: J0242+0049 Outflow Ionic Column Densities

Troughs AOD PC Adopted

S1, v = −1200 km s−1

H I 177.0+1.9
−1.8 > 180−40

NV 467+5
−5 > 470−90

PV 56+4
−4 > 50−10
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Table 2.2: J0242+0049 Outflow Ionic Column Densities

Troughs AOD PC Adopted

C II total 26+2
−2 > 26−5

C II 1335 10.8+1.5
−1.2

C II* 1336 14.7+1.5
−1.3

C IV 350+5
−4 > 350−70

Si II total 5.5+0.3
−0.4 < 5.5+1.2

Si II 1260 1.3+0.3
−0.2 < 1.3+0.4

Si II* 1265 2.8+0.2
−0.2 < 2.8+0.6

Si IV 92.6+1.0
−1.0 > 90−20

Mg II 2.7+0.3
−0.3 > 2.7−0.6

Al II 0.3+0.09
−0.08 < 0.3+0.1

Al III 3.3+0.3
−0.3 4.9+0.8

−0.5 4.9+1.3
−1.1

Fe II 1.9+0.4
−0.3 < 1.9+0.5

S2, v = −1800 km s−1

H I 1680+180
−10 > 1680−340

NV 4620+30
−30 > 4620−920

PV 450+10
−10 > 450−90

C II total 740+90
−10 > 740−150

C II 1335 690+90
−10

C II* 1336 50+2
−2

C IV 3910+330
−20 > 3910−780

Si II total > 80−20

Si II 1260 77.6+1.3
−1.1 > 80−20

Si II* 1265 2.9+0.3
−0.3 < 3+0.7
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Table 2.2: J0242+0049 Outflow Ionic Column Densities

Troughs AOD PC Adopted

Si IV 1410+100
−10 > 1410−280

Mg II 84+1.0
−0.9 90.7+1.0

−1.0 90+20
−20

Al II 10.3+0.2
−0.1 > 10−2

Al III 48.4+0.9
−0.9 55.6+0.9

−0.8 55+10
−10

Fe II total > 12−2.5

Fe II 2600 12.2+0.5
−0.5 > 12−2.5

Fe II* 2612 1.0+0.5
−0.5 < 1.0+0.5

S3, v = −3500 km s−1

H I 417.7+3.7
−3.4 > 420−80

NV 3780+20
−20 > 3780−760

PV 390+10
−10 > 390−80

C II total 94.2+3.5
−3.3 > 90−20

C II 1335 32+2.4
−2.2

C II* 1336 62.1+2.5
−2.5

C IV 2180+10
−10 > 2180−440

Si II total 5.1+0.4
−0.3 > 5.1−1.1

Si II 1260 2.5+0.3
−0.3

Si II* 1265 2.6+0.2
−0.2

Si IV 285.8+1.5
−1.4 > 290−60

Mg II 17.9+0.6
−0.6 > 18−4

Al II 2+0.2
−0.2 < 2+0.4

Al III 19.7+0.4
−0.4 > 20−4

Fe II total 6.7+0.7
−0.9 < 6.7+1.5
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Table 2.2: J0242+0049 Outflow Ionic Column Densities

Troughs AOD PC Adopted

Fe II 2600 2.2+0.4
−0.5

Fe II* 2612 4.5+0.6
−0.7

Note: Units are in 1012cm−2. Values have been calculated by numerical inte-

gration over bins with width ∆v = 10km s−1. Note that most of the adopted

values are upper or lower limits.

2.4.2 Photoionization Analysis

We use a grid of photoionization models created using the spectral synthesis code Cloudy

(version c17.00) [21], in order to find the Hydrogen column density (NH) and ionization

parameter (UH) that best fit the measured ionic column densities, following the method of

previous works [e.g., 77, 79, 82].

We use Cloudy to create a grid of simulated models that correspond to different NH and UH

values, assuming solar metallicity, and the spectral energy distribution (SED) of quasar HE

0238-1904 (hereafter HE0238) [14]. The NH and UH parameters determine the ionic column

densities of each model, which we compare with the measured column densities shown in

Table 2.2. For S2, including the lower bound of the Fe II column density in the analysis

introduced an NH and UH solution that was contradictory to the constraints from the other

ions. We suspect that this is because the Fe abundance of the system does not match solar

metallicity (Z⊙), requiring a metallicity of ∼ 10Z⊙. This is in approximate agreement with

the highest outflow metallicity found by [115] (Z ≈ 5Z⊙). For this reason, we model our

solution using the other ions but excluding Fe II. The logNH and logUH values from this

analysis are shown in Table 2.3, as well as in Figure 2.3.
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Figure 2.3 Plots of logNH vs. logUH for (a) S1, (b) S2, and (c) S3. The colored lines
represent the NH and UH values allowed by the measured column densities of ions. Solid
lines show measurements, dashed lines show lower limits, and dotted lines show upper limits.
The colored bands attached to the lines represent the uncertainties in the column density
measurements. The black stars in the plots show the solution for NH and UH found via
χ2 minimization, and the black ellipses represent the 1σ range for the solutions. For this
calculation, the HE0238 SED and solar metallicity are assumed.

2.4.3 Electron Number Density

The electron number density and, by extension, the distance of the outflow systems from

the central source, can be found by determining the abundance ratios, measured via column

densities, between excited and resonance states of low ionization species [89]. We use the

CHIANTI 9.0.1 Database [12, 13] to model the relationship between the ratio of excited

and resonance state ion abundances, and the electron number density, based on collisional

excitation. We overlay this relation with the ratios based on the measured column densities,

as shown in Figure 2.4. For this object, we use the ratios N(Si II*)/N(Si II), N(C II*)/N(C II),

and N(Fe II*)/N(Fe II), where N(ion) is the column density of a particular ion.

For S3, we have an upper limit given by the C II ratio, and a measurement from the Si II

ratio which agree with one another. Our measurements of Fe II are dominated by noise, and

as such, are not included in the ne measurement. Taking the ratio of N(Si II*)/N(Si II), we

find that logne = 3.3+0.8
−0.4 [cm−3]. S2 provides us a measurement from C II, and upper limits

from Si II and Fe II. From the N(C II*)/N(C II) ratio, we find logne = 0.25+0.2
−0.2 [cm−3]. S1
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only gives us a lower limit from C II, as the Si II* is contaminated by an intervening line and

cannot give us a reliable ratio between N(Si II*) and N(Si II). Thus, we get a lower limit for

the electron number density, logne > 2.0−0.45 [cm−3].

2.5 Results

2.5.1 Distance and Kinetic Luminosity of the Outflows

In order to find the distance of the outflow systems, we use the definition for the ionization

parameter

UH ≡ QH

4πR2nHc
(2.5)

where QH is the rate of ionizing photons, R is the distance of the outflow from the central

source, and nH is the hydrogen number density, which is estimated as ne ≈ 1.2nH for highly

ionized plasma [83]. Since we have a solution for UH from our photoionization analysis, as

well as the ne for each outflow from the excited to resonance state ratios, we can find R

after determining the value of QH . We determined QH by first scaling the HE0238 SED

to match the continuum flux at observed wavelength λ = 6500 Å from the most recent

SDSS observation (Fλ = 1.4+0.14
−0.14 × 10−16 erg s−1 cm−2 Å−1), and integrating over the scaled

SED for energies above 1 Ryd, yielding QH = 1.21+0.11
−0.11 × 1057 s−1. The corresponding

Lbol = 1.93+0.18
−0.18 × 1047 erg s−1 is larger than what would be expected from calculating the

νLν at a specific wavelength via the method employed by [116], as the HE0238 SED shows a

large peak at the UV range [λ ≈ 1000 Å, 14]. Applying a bolometric correction appropriate

to 1700 Å from [117] brings the νLν reported by [116] to within 20% of our calculated Lbol.

The resulting outflow distances are shown in Table 2.3. Note that the distance of S2 (–1800

km s−1, R = 67+55
−31 kpc) is at least an order of magnitude larger than that of S3 (–3500 km
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s−1, R = 1.2+0.8
−0.9 kpc) or S1 (–1200 km s−1, R < 5.4+7.3 kpc).

Once we have the distance of the outflow, we can find the mass flow rate [118]

Ṁ ≃ 4πΩRNHµmpv (2.6)

and the kinetic luminosity

Ėk ≃
1

2
Ṁv2 (2.7)

assuming a partially filled shell, where Ω is the global covering factor (fraction of the total

solid angle of the quasar that the outflow covers), µ = 1.4 is the mean atomic mass per

proton, mp is the proton mass, and v is outflow velocity. For the global covering factor, we

assume Ω = 0.2, the portion of quasars from which C IV BALs are found [37]. As explained

by [71], this is a reasonable assumption despite the relative rarity of quasars showing singly

ionized absorption troughs such as Si II, due to the likelihood that such quasars are regular

BAL quasars seen from specific lines of sight. The resulting kinetic luminosity calculations

yield log ĖK [erg s−1] = 45.42+1.33
−0.64, 45.82

+0.37
−0.32 for S3 and S2 respectively, as well as an upper

limit of log ĖK < 44.33+0.53 for S1. In addition, we calculate the momentum flux (Ṁv) of

each outflow system (see Table 2.3) and compare it to the single-scattering limit of the quasar

(Lbol

c
= 6.44+0.61

−0.61 × 1036 erg cm−1). The single-scattering limit assumes the scenario in which

absorption of photon momentum drives acceleration [119, 120]. The momentum flux of S1

is smaller than the single-scattering limit, while those of S2 and S3 are above the limit. As

S2 has a momentum flux an order of magnitude higher than the single-scattering limit, this

implies the possibility of a multiple-scattering scenario [121].
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2.5.2 Changes in the High Velocity BAL Trough (S4)

Following up on the results reported by [98], we examine the velocity shift of the C IV BAL

of S4. Using two Gaussian profiles, one broad and shallow, and the other narrow and deep,

we modeled the absorption in each of the five epochs, as shown in Figure 2.5. We can see

that the centroid velocity of the narrow Gaussian monotonically grows, while the equivalent

width becomes smaller from epoch to epoch. Detailed information on the centroid velocities

and equivalent widths per epoch can be seen in Table 2.4.

Assuming acceleration along the line of sight, based on the centroid velocities of the narrow

Gaussian, the average acceleration between the observations in September 2001 and January

2017 would be a = −0.25±0.13 cm s−2 in the quasar’s rest frame, which agrees within error

with the acceleration a = −0.154 ± 0.025 cm s−2 between September 2001 and September

2005 found by [98]. Due to the shrinking of the trough, we must take into consideration

effects other than line of sight acceleration, such as changes in photoionization, as discussed

by [122].

2.6 Discussion

2.6.1 AGN Feedback Contribution of Outflows

As previously mentioned in the introduction, the kinetic luminosity (Ėk) of the outflow sys-

tems must be at least ∼ 0.5% [58] or ∼ 5% [53] of the source quasar’s Eddington luminosity

(LEdd) to contribute to AGN feedback. In order to find this ratio, we must first find the

Eddington luminosity. We compute the mass of the black hole using the Mg II-based mass

equation in [123], with the FWHM of the Mg II emission feature in the SDSS spectrum. To
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Figure 2.4 Ratio between excited and resonance state abundances of Si II, C II, and Fe II
vs. logne. The curves marked Si II, C II, and Fe II are the theoretical ratios modeled with
CHIANTI, assuming a temperature of 10,000 K. The crosses on the curves show the ranges of
the C II, Si II, and Fe II column density ratios, based on the measured AOD column densities.
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limit of the N(Si II*)/N(Si II) ratio for S3 is marked with a tick, as it overlaps with the error
bars of the C II ratio of the same system.
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Table 2.3 Physical Properties J0242+0049 Outflow Systems
Outflow System S1 = −1200 km s−1 S2 = −1800 km s−1 S3 = −3500 km s−1

log(NH)
21.41+0.38

−0.70 21.27+0.64
−0.58 21.78+1.30

−0.24[cm−2]
log(UH) −0.86+0.33

−0.59 −1.30+0.49
−0.48 −0.83+0.95

−0.18[dex]
log(ne)

> 2.00−0.45 0.25+0.20
−0.20 3.30+0.75

−0.40[cm−3]
Distance

< 5.4+7.3 67+55
−31 1.2+0.8

−0.9[kpc]
Ṁ

< 480+300 6500+8900
−3400 700+2900

−30[M⊙yr−1]

Ṁv
< 3.6+2.3 74+100

−39 16+60
−0.7[1036 erg cm−1]

log(ĖK)
< 44.33+0.21 45.82+0.37

−0.32 45.43+0.7
−0.02[erg s−1]

ĖK/Ledd
< 0.18+0.16 5.5+8.8

−3.1 2.3+9.9
−0.8[%]

Note: Temperature of 10,000K assumed.

Table 2.4 Velocities of C IV BAL at Each Epoch
MJD Date ∆tRest vn ∆vn EWn vw ∆vw EWw

(days) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)
52177 Sep. 25, 2001 0 −17, 460± 50 0 1190 −19, 000 0 1010
52199 Oct. 17, 2001 13.0 −17, 600± 40 −140± 70 1320 −19, 000 0 2140
53619 Sep. 5, 2005 838.6 −17, 720± 4 −260± 50 920 −20, 000 −1000 20
55455 Sep. 16, 2010 1922.8 −17, 870± 40 −400± 60 460 −19, 490 −490 860
57758 Jan. 5, 2017 3282.7 −18, 180± 380 −720± 380 80 −19, 000 0 260
Note: Table of the centroid velocity and equivalent width of the C IV BAL for each epoch. ∆tRest is the elapsed
time in the quasar’s rest frame since the 52177 epoch. vn and vw are the centroid velocities of the narrow and
wide best fit Gaussians in the quasar’s rest frame, while ∆vn and ∆vw are the velocity shifts compared to that
of the 52177 epoch. The equivalent widths (EWn, EWw) have been calculated by integrating over the Gaussians
in velocity space. The parameters for the wider Gaussians are more affected by the continuum models for each
epoch. Note that the uncertainty in the centroid velocity of the MJD=53619 epoch is significantly smaller than
those of the other epochs, due to the higher S/N ratio and resolution of the data.
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Figure 2.5 Normalized flux vs. velocity of the S4 C IV BAL at different epochs. The trough
has been modeled by employing a best fit of a profile of two Gaussians, one wide and one
narrow. (a) shows Gaussian models of the troughs over the data, while (b) shows the Gaussian
models independently. The colored vertical lines mark the centroid velocities at each epoch.
Note that the centroid velocity increases through each epoch, while the EW decreases.

account for the Fe II emission throughout the spectrum, we use the Fe II template by [124],

and run a best fit algorithm to match the features in the spectrum, as done by [125]. This

yields a black hole mass of MBH = 9.7+4.9
−3.4×108M⊙, corresponding to an Eddington luminos-

ity of LEdd = 1.2+0.6
−0.4 × 1047erg s−1. We expect the Fe II emission’s effect on the absorption

to be small, as the fitted emission template from [124] is < 20% of the continuum level of

the SDSS spectrum of MJD=57758, leaving us with column densities that agree with our

measured values within error.

Taking the ratio between the kinetic luminosity of each outflow system and the Eddington

luminosity of the quasar, we find that S2 and S3 are well above the 0.5% threshold from

[58], and S2 is above the 5% threshold by [53], while S1’s kinetic luminosity is below 0.18

% of the Eddington luminosity, as seen in Table 2.3. We can thus conclude that S2 and S3

are energetic enough to contribute to AGN feedback.

Unlike in objects analyzed in other papers [e.g. 82, 86], we do not have lines from the very

high ionization phase. Thus, while there may be a very high ionization phase, we cannot tell
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from the information we have.

2.6.2 Time Variability of Troughs

Following the examination of the S4 C IV BAL at different epochs, we looked to systems

S1, S2, and S3 for time variability. As shown in Figure 2.6, the Si IV trough depth becomes

increasingly shallower over time, which may be explained by the same ionization effects that

affect the S4 C IV BAL shown in Figure 2.5, discussed by [122]. As the ionization parameter

UH changes, ions of particular ionization states become more or less abundant over time.

Since the C IV of S4, along with Si IV of S1, S2, and S3, decrease monotonically, this supports

the assertion that the changes in the troughs are due to changes in the ionization parameter.

Further observation and analysis will be required to confirm these effects.

2.6.3 SED and Metalliticy Dependency, and Attenuation of the

SED

An alternative to using the SED of HE 0238-1904 would be to use the theoretical SED

as defined by [126], which is based on the He II line. The HE 0238-1904 SED is based

on observation of a high quality spectrum which stretches into the far UV range, better

representing a quasar spectrum [14]. Just like in other objects[e.g. 7, 82], higher metallicity

drops the values of the energetics parameters. For instance, raising the metallicity to 4 times

solar metallicity, using abundance ratios from [11], changes the photoionization solution of S2

to logUH = −1.5+0.3
−0.3, and logNH = 20.5+0.4

−0.4[cm−2], lowering the mass flow rate and kinetic

luminosity to Ṁ = 1300+600
−400M⊙yr−1 and log ĖK = 45.13+0.17

−0.18[erg s−1] respectively. Using

the SED by [126] with solar metallicity changes the solution to logUH = −1.5+0.4
−0.4, logNH =

21.2+0.5
−0.5, which is in agreement with the values in Table 2.3 within error.
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It is possible that the SED seen by one outflow system can be attenuated by another, resulting

in a smaller QH , and by extension, a smaller distance R. In particular, as S2 is further out

than the other mini-BAL system S3, it is likely that the SED seen by S2 is obscured by S3

[e.g., 3, 79, 127, 128]. We used the method described by [79] to test the effects of attenuation

by S3. We used Cloudy to model the attenuated SED by S3 by inputting the relevant NH and

UH values of S3 shown in Table 2.3. We then use that attenuated SED to find the resulting

QH and R of S2. The reduced values for the parameters are QH = 4.9+0.5
−0.5 × 1056 s−1 and

R = 43+35
−20 kpc, which is a ∼ 30% decrease in the distance of S2. We choose S3 as the

attenuation source, as its stronger features compared to S1 suggest that the attenuation

effect from S3 would be larger than that of S1. We are unable to calculate the attenuation

by S4, as we cannot obtain NH or UH from its singular C IV absorption trough.

2.6.4 Comparison With Other Outflows

There have been several prior studies of quasar outflow acceleration, including that of the

acceleration of the outflow of quasar SDSS J1042+1646 conducted by [122], based on the

acceleration seen in the NeVIII λλ770, 780. The bolometric luminosity of SDSS J1042+1646

is estimated at ∼ 1.5 × 1047 erg s−1, which is comparable to that of J0242+0049 (1.9 ×

1047 erg s−1). The average acceleration of S4 that we have found (a ≈ −0.25 cm s−2) is

roughly an order of magnitude smaller than that by [122] (a = −1.52 cm s−2),which suggests

that if S4 is truly accelerating, the acceleration of quasar outflows can cover a wide range.

To give context to the study of outflow S2, we review a few outflows with similarly large R

and/or ĖK . Analysis of a molecular outflow of quasar SDSS J1148+5251 at a distance R ∼

15 kpc conducted by [129] revealed a lower limit to the mass flow rate of Ṁ > 3500M⊙ yr−1

as well as one for the kinetic luminosity ĖK > 1.9× 1045 erg s−1.
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Figure 2.6 Normalized flux vs. velocity of Si IV troughs at different epochs. Note that the
depth of the troughs becomes shallower over time.
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[87] analyzed the ionized gas around 11 radio-quiet quasars via the [O III] λ5007Å emission.

These outflows were found between ∼ 10− 20 kpc from the central source, had velocities of

up to –1000 km s−1, and had an estimated ne ∼ 1.2 cm−3. The outflows had an estimated

range of ĖK from 4×1044 to 3×1045 erg s−1, and Ṁ from 2×103 to 2×104M⊙ yr−1. These

numbers are within a factor of few of the values we find for S1, S2, and S3 (see Table 2.3),

which suggests we may find similar outflows in absorption.

In their analysis of SDSS J1051+1247, [82] found an outflow system with ĖK = 3 ×

1045 erg s−1. The mass flow rate (Ṁ = 6500M⊙ yr−1) and kinetic luminosity (ĖK = 6.6 ×

1045 erg s−1) of S2 align with these values, and those of the objects mentioned above, within

margin of error. [86] claim the most energetic quasar outflow measurement to date from

quasar SDSS J1042+1646 (ĖK = 5× 1046 erg s−1), and this claim remains uncontested.

While the distance of S2 from the quasar is unprecedentedly large, there exists a theoretical

model that may be supported by this observation. [48] provide an argument that FeLoBALs,

absorption systems with signs of Fe II, may be formed in situ at distances of several kpc.

They clarify that while their model focuses on the formation of FeLoBALs at large distances,

other classes of outflows may form as described by it.

2.7 Summary and Conclusion

This paper has presented the analysis of three absorption systems of quasar SDSS J0242+0049,

dubbed S1, S2, and S3, from VLT/UVES observational data, as well as the velocity shift of

the S4 C IV BAL across five different epochs. From the absorption troughs we identified, we

measured the column densities of 11 ions in each system as shown in Table 2.2. Through

photoionization analysis using the measured column densities, we found the best fit solutions

to UH and NH for each system.
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The abundance ratios between the excited and resonance states of ions Si II and C II were

used to find the electron number density ne of the three systems S1, S2, and S3, as shown in

Figure 2.4. Equations 2.5, 2.6, and 2.7 used to find the distance from the central source, the

mass flow rate, and the kinetic luminosity of each system respectively. The ratios between the

kinetic luminosities and the quasar’s Eddington luminosity were found in order to evaluate

their AGN feedback contribution, the results of which can be seen in Table 2.3. From this

analysis, we have found that S2 and S3 have sufficient kinetic luminosity for AGN feedback

contribution. Most notable in this result is the distance of S2 R = 67 kpc, further than the

absorption system of 3C 191 found at R= 28 kpc by [95], making this the furthest reported

distance of a mini-BAL absorption outflow from its central source.

Following the analysis of the three systems, we examined the change in velocity and equiva-

lent width of the S4 C IV BAL, as shown in Figure 2.5, based on the UVES spectrum, as well

as different SDSS observations. As seen in Table 2.4, there has been a monotonic increase

in the line of sight velocity, as well as a decrease in equivalent width, with the trough being

a factor of six weaker at the epoch of January 2017 compared to that of September 2001.

Through further observation and analysis, we expect to shed more light on the time vari-

ability of the S4 C IV BAL, as well as that of systems S1, S2, and S3.
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Chapter 3

VLT/UVES Observation of the SDSS

J2357-0048 Outflow

Foreword

This chapter is based on the published paper “VLT/UVES Observation of the SDSS J2357-

0048 Outflow” [18]. I led the project by analyzing the data, doing calculations, creating the

figures, and writing the paper.

3.1 Abstract

We found a broad absorption line (BAL) outflow in the VLT/UVES spectrum of the quasar

SDSS J235702.54-004824.0, in which we identified four subcomponents. We measured the

column densities of the ions in one of the subcomponents (v = −1600 km s−1),which include

O I and Fe II. We found the kinetic luminosity of this component to be at most ∼ 2.4%

of the quasar’s Eddington luminosity. This is near the amount required to contribute to

AGN feedback. We also examined the time-variability of a C IV mini-BAL found at v =

−8700 km s−1, which shows a shallower and narrower absorption feature attached to it in

previous SDSS observations from 2000 and 2001, but not in the spectra from 2005 and

41
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onwards.

3.2 Introduction

Quasar outflows are often seen as absorption troughs blueshifted relative to the quasar rest

frame in ≲ 40% of quasar spectra [37, 38, 88], often invoked as likely producers of AGN

feedback [e.g., 34–36, 53, 130]. Theoretical estimates require these outflows to have a kinetic

luminosity (Ėk) of ∼ 0.5% [58] or ∼ 5% [53] of the quasar Eddington luminosity (LEdd)

to significantly contribute to AGN feedback. We have reason to interpret the luminosity

mentioned by [58] and [53] to be LEdd and not the bolometric luminosity (LBol), as explained

in Section 4 of [2]. Outflows satisfying these conditions have been found in previous studies

[e.g., 9, 14, 16, 17, 77, 82, 86, 89–91, 131].

An outflow’s kinetic luminosity depends on its distance from the quasar (R). One way to

estimate this distance is by measuring the ionization parameter (UH) and electron number

density (ne) [e.g., 92]. Several studies in the past have employed this method to find the

distance of outflow systems [e.g., 2, 7, 9, 17, 82, 92–96]. The value of ne can be determined

by finding the ratio between the column densities of energy states of the same ion [e.g., 97].

This paper presents the determination of the R and ne values, along with Ėk, of an outflow

system found in the VLT/UVES spectrum of SDSS J235702.54-004824.0 (hereafter J2357-

0048). The analysis in this paper has been conducted with data from the VLT/UVES Spectral

Quasar Absorption Database (SQUAD)published by [10], from which data has been retrieved

for a similar analysis of quasar outflows [17].

The UVES data of J2357-0048 is from program 075.B-0190(A), and has been added to

SQUAD by [10] and examined by [103] for mini-BAL systems. [103] report the presence of
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four absorption systems, which we independently identified as four sub-components of a BAL

outflow. We found the lowest velocity system suitable for our analysis, as it shows troughs of

excited states of Fe II, O I, and Si II. We also found a high velocity C IV mini-BAL, of which

we report the time variability in comparison with SDSS spectra from different epochs.

This paper is structured as follows. Section 3.3 discusses the observation and data acquisition

of J2357-0048. Section 3.4 shows the ionic column density measurements and the ne and

UH . In Section 3.5, we present the analysis results and the energetics parameters. We

also show the time variability analysis of the high velocity mini-BAL. In Section 3.6, we

discuss the results and other features of the quasar’s spectrum, and Section 3.7 summarizes

and concludes the paper. For this analysis, we adopted a cosmology of h = 0.696, Ωm =

0.286, and ΩΛ = 0.714 [99], and used the Python astronomy package Astropy [100, 101] for

cosmological calculations.

3.3 Observation and Data Acquisition

The quasar J2357-0048 (J2000: RA=23:57:02.54, DEC=-00:48:24.0; z = 2.998)was observed

with the VLT/UVES on September 5, 2005 as part of the program 075.B-0190(A), with

resolution R ≃ 40, 000 and wavelength coverage from 3621 to 10429 Å [10].

[10] report a systemic redshift of z = 2.998, also reporting values of z = 2.998, z = 3.012, z =

3.005 from the SDSS, NED, and SIMBAD databases respectively. We found a discrepancy

between these values and the redshifts that we found from the databases independently.

From the SDSS data, we found redshifts ranging from z = 3.006 [ninth data release 132] to

z = 3.062 [13th data release 133]. NED reports z = 3.063 citing the 13th SDSS data release,

while in SIMBAD we found z = 3.006 from the ninth data release. While the literature

reports a wide range of redshifts, we found that the systemic redshift z = 2.998 reported by
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[10] is consistent with the C IV emission redshift z = 2.97, blueshifted relative to the systemic

redshift, that we found based on the emission from the SDSS spectrum. We have also found

a redshift of z = 2.99 with the C III] emission complex, consistent with the adopted redshift

of z = 2.998.

[10] reduced and normalized the UVES data by its continuum and emission as part of the

SQUAD database. In Fig. 3.1, we show the normalized spectrum multiplied by the emission

model, scaled to match the continuum level at observed wavelength λ = 6500 Å of the

SDSS spectrum at the epoch of MJD=25503. [134] report the detection of a damped Ly

α (DLA) system at z = 2.479, and [103] have identified four outflow absorption systems,

which we identify here as four subcomponents of a BAL outflow (S1 at v = −1600 km s−1,

S2 at v = −2300 km s−1, S3 at v = −2700 km s−1, and S4 at v = −3100 km s−1). We also

identified a high velocity C IV mini-BAL at z = 2.8849, which we call S5 in this paper.

The outflows show absorption of low ionization species such as Si II, Fe II, and O I, and others

including S IV, C IV, Si IV, H I, and Al III. The focus of this paper’s analysis is on S1, as it

displays troughs of excited states of Si II, Fe II, and O I, which allowed us to find its ne, and

by extension, R. We converted the normalized spectrum from wavelength space to velocity

space using the quasar’s systemic redshift, as shown in the plots of Figs. 3.2 and 3.3.

For our time variability analysis, we have retrieved SDSS spectra from MJD=51791, 52203,

55477, 56956, and 57688. We corrected the spectra for galactic reddening and extinction

with E(B − V ) = 0.0253 [104] and the extinction model by [135]. The SDSS spectra have

resolutions of R ≈ 2000. More details on the SDSS spectra are in Table 3.1.
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Figure 3.1 Normalized flux of J2357-0048 multiplied by the emission model by [10], based on the
SQUAD data set. The flux has been scaled to match the BOSS spectrum from the epoch of MJD=52203
(Oct. 21, 2001) at observed wavelength λ = 6500 Å. The black curve represents the flux, and the
gray shows the error in flux. The red, cyan, green, and blue vertical lines mark absorption troughs
of outflow systems S1, S2, S3, and S4 respectively, while the S5 C IV mini-BAL is labeled in ma-
genta. Absorption features of the DLA system are marked in dark purple, and other intervening fea-
tures are marked in grey. The Si II λλ1304 multiplet of S1 is marked in orange to avoid confusion
with the O I multiplet troughs. The SVI doublet of S1 is also marked in orange to avoid confusion
with the H I lines. We also marked where the absorption of the C III* multiplet near rest wavelength
1175Å would be found. Note that we cannot positively identify C III* due to the Lyman-α contamination.
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Table 3.1 SDSS Spectra Information
MJD Spectrograph Plate Fiber Observed Date Coverage (Å)
51791 SDSS 387 246 Sep. 4, 2000 3824–9215
52203 SDSS 685 317 Oct. 21, 2001 3820–9202
55477 BOSS 4216 410 Oct. 10, 2010 3565–10325
56956 BOSS 7850 555 Oct. 26, 2014 3604–10394
57688 BOSS 9208 969 Oct. 27, 2016 3608–10334
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Figure 3.2 Normalized spectra plotted in velocity space for ions in S1. The velocities of S1
(z = 2.9768) and S2 (z = 2.9678) are marked with red and black vertical lines respectively.
The dotted vertical lines show the integration ranges used for column density calculations,
while the horizontal dashed line marks the continuum level. The light blue vertical lines
mark the intervening absorption systems that contaminate the blue spectra.
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Figure 3.3 Normalized spectra plotted in velocity space for ions in S1 that display excited
states. The format of the plots are the same as in Fig. 3.2.

3.4 Analysis

3.4.1 Ionic Column Density

We found the ionic column densities (Nion) of S1 as our first step in finding the physical

characteristics of the outflow. We employed two different methods in measuring the column

densities: assuming the apparent optical depth (AOD) of a uniform outflow covering a ho-

mogeneous source [107]; and the partial covering (PC)method assuming a partially covered

source [108–110].

While the AOD method is convenient in its simplicity, the PC method can provide us with

more accurate measurements of ions with doublets of transition lines, taking into account

effects such as non-black saturation [e.g., 113, 118]. This is done by finding a velocity
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dependent covering factor for each ion [111, 112]. A more detailed description of these

methods can be found in [17] Section 3.1, which used the same methods to analyze the UVES

spectrum of the quasar J024221.87+004912.6. We also used an inhomogeneous power law

(PL) covering factor for the PV and Al III doublets to improve column density measurements,

as done in previous work [e.g., 7, 111, 118]. We incorporated the difference between the PL

and PC values as the lower or upper errors for the adopted column density, depending on

whether the PL result was smaller or larger than that from the PC method.

For each ion, we chose an integration range covering a visible absorption feature (see Figs. 3.2,

3.3). Some ions, such as NV and C IV, exhibit blending between the red and blue troughs

of their doublets (see plots b and f of Fig. 3.2). To minimize the effects of blending, we

selected an integration range that avoids an overlap of the red and blue features, and in

this paper report a lower limit of the column density based on the AOD assumption. While

we show both ground and excited state troughs of S IV in Fig. 3.3, since S IV λ1062 is

contaminated by the damped Lyman-α trough, we only measured the column density of

S IV* λ1073 and thus report a lower limit. While C II absorption is visibly present as seen in

Fig. 3.1, the blending between the excited and resonance troughs, as well as contamination

from intervening absorption, made it difficult to isolate the troughs. As such, while we

computed a lower limit of the total column density of C II, we have excluded it from the

electron number density calculation in Subsection 3.4.3.

The column density measurements are shown in Table 3.2. Note that the high column density

of H I comes from a measurement based on the Lyman 9 line, which has a wavelength of

λ = 920.963 Å (see plot a of Fig. 3.2). The errors in column density have been propagated

from the error in normalized flux, binned in ∆v = 10km s−1 wide bins. A conservative

20% error has been added in quadrature to the adopted values used for photoionization

analysis to take into account the uncertainty in the modeled continuum [7]. Note that most
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of the adopted values are lower limits, as we have used the AOD method for most of the

ions in the system. We also took AOD measurements of the visible absorption features

of S2–S5. The lower limits of H I column densities of S2–S4, measured from the Lyman-

α lines, range between ∼ 400 − 500 × 1012 cm−2, which is several orders of magnitude

smaller than the measured H I column density of S1. The C IV of S5 has a lower limit of

N(C IV) > 520× 1012 cm−2.
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3.4.2 Photoionization Analysis

We followed the method of previous works to find the ionization parameter (UH) and the

Hydrogen number density (NH) of the outflow [16, 17, 77, 82]. Using Cloudy [21, version

c17.00], we created a grid of photoionization models in order to find the values of NH and

UH that best fit the ionic column density measurements. Assuming the spectral energy

distribution (SED) of quasar HE0238-1904 (hereafter HE0238) [14], we created a grid of

models with varying values of NH and UH . The NH and UH values used for each model

determines the column density of each ion, which we compared with the measured values in

Table 3.2. A χ2 analysis has given us the closest matching model to the measurements, as

shown in Fig. 3.4.

We assumed solar metallicity and searched for a one-phase solution (see plot a of Fig. 3.4),

and here report the best fitting NH and UH in Table 3.3. The solution displays a poor fit

to the constraints given by ions such as PV, SVI, and NV. To improve the models’ fit with

the data, we have calculated one-phase (plot a of Fig. 3.4) and two-phase (plot b of Fig. 3.4)

solutions with both solar and supersolar [Z = 4.68Z⊙, 3, 11] metallicities, and computed

the physical parameters as shown in Table 3.3. The ratios between modeled and measured

column densities can be found in Table 3.2.

For the two-phase solutions, we attributed the column densities of Fe II and O I to the low-

ionization phase, as it was more in line with the constraints given by the measured column

densities. The logne values (as estimated in Section 3.4.3) for the high-ionization phase

were calculated assuming that the low and high-ionization phases shared the same distance

from the central source. Note that the two-phase solutions, both for solar and supersolar

metallicity, yield better fits to the column density measurements (see Fig. 3.4).
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Figure 3.4 Plot of logNH vs. logUH for S1. The colored lines represent the NH and UH

values allowed by the measured column densities of ions. Solid and dashed lines represent
measurements and lower limits, respectively. The colored bands attached to the lines show
the uncertainties in ionic column densities. The black stars and ellipses represent the NH and
UH solutions, and the 1σ range, assuming solar metallicity. The blue stars and blue dashed
ellipses represent the solutions and 1σ range assuming supersolar metallicity [Z = 4.68Z⊙,
3, 11]. Note that the lower limits of ions such as C IV and NV are satisfied by any point
above their respective colored bands. The high-ionization phase of the two-phase solution in
plot b satisfies the lower limits from S IV, SVI, C IV, and NV, making the two-phase solution
a better fit to the constraints than the one-phase solution shown in plot a. The HE0238
SED is assumed.
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3.4.3 Electron Number Density

The electron number density (ne) of the outflow can be found through comparing the col-

umn densities of different energy states of ions [e.g., 89]. S1 has absorption troughs of the

resonance and excited states of Si II, O I, and Fe II, which we could potentially use for our ne

measurement. We used the CHIANTI 9.0.1 Database [12, 13] for this task, as it models the

ratio between energy states dependent on ne based on collisional excitation.

The Si II ground and excited states display troughs that are nearly identical in depth (See

plot d in Fig. 3.3), suggesting non-black saturation. As it is difficult to find a concrete con-

straint on the ratio between the two states, we excluded Si II from this process. Finding the

ratios between excited and ground states of Fe II and O I gave unphysical values, suggesting

saturation of the ground states of Fe II and O I as well. Thus, we found the ratios between

excited states instead, as shown in Fig. 3.5. We then found the weighted mean of the logne

values from the different ratios, following the linear model method described by [136]. The

resulting value of logne can be seen in Table 3.3.

While we excluded Si II from the process of finding logne, we confirmed that the lower limit of

the Si II column density was satisfied by the combination of the NH , UH , and ne parameters

found by using Cloudy models. The solar one-phase solution estimates logN(Si II) ≈ 15.01,

while the low ionization phase of the solar two-phase solution predicts logN(Si II) ≈ 14.37,

both of which are above the lower limit reported in Table 3.2. While a comparison with an

analysis of C III* would have been helpful for additional confirmation of ne [e.g. 92, 96, 131,

137], we were unable to identify the absorption troughs of the C III* 1175 Å multiplet, due

to their indistinguishability with the Lyman-alpha forest lines (See Figure 3.1). We modeled

the column densities of the different energy levels with Cloudy using the NH , UH , and ne

values corresponding to each solution (See Table 3.4). The ratio between the J=2 energy
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state and the J=0 state ranges between 0.003 and 1.86.

3.5 Results

3.5.1 Distance and Kinetic Luminosity of the Outflow

The electron number density allows us to find the distance of the outflow from its central

source, based on the following definition of the ionization parameter:

UH ≡ QH

4πR2nHc
(3.1)

where QH is the rate of Hydrogen ionizing photons, R is the distance of the outflow from

the quasar, and nH is the Hydrogen number density. Since ne ≈ 1.2nH for highly ionized

plasma [83], and we found the values of both UH and ne in Section 3.4 (See Table 3.3), we

could solve the equation for R once the value of QH was determined.

Following the method of previous works [e.g. 17, 82], we scaled the HE0238 SED to match

the continuum flux at rest wavelength λ = 1350 Å from the SDSS observation on October

21, 2001 (Fλ = 7.27+0.82
−0.82 × 10−17 erg s−1 cm−2Å−1

), and integrated over the scaled SED

for energies above 1 Ryd, finding bolometric luminosity LBol = 1.8+0.2
−0.2 × 1047 erg s−1 and

QH = 1.13+0.13
−0.13 × 1057 s−1. The outflow distance calculated from these values is shown in

Table 3.3.

Assuming an outflow with the geometry of an incomplete spherical shell, we calculated the

mass flow rate and kinetic luminosity with the following equations [118]:

Ṁ ≃ 4πΩRNHµmpv (3.2)
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Ėk ≃
1

2
Ṁv2 (3.3)

where Ω is the global covering factor (fraction of the solid angle covered by the outflow), µ =

1.4 is the mean atomic mass per proton, mp is the proton mass, and v is the outflow velocity.

We assumed Ω = 0.2, which is the portion of quasars from which C IV BALs are detected [37].

Calculating the kinetic luminosity yielded values ranging from log ĖK = 43.06+0.21
−0.36 [erg s−1]

for the one-phase solution assuming solar metallicity, to log ĖK = 45.55+0.90
−0.32 [erg s−1] for the

two-phase solution assuming solar metallicity. Results based on the other solutions can be

found in Table 3.3.

3.5.2 Changes in the High Velocity Mini-BAL Trough (S5)

We examined the time-variability of the C IV mini-BAL of S5. We adopted the method of

[17], fitting two Gaussian profiles, one broad and one narrow, with the absorption. We

added a constraint to the centroid velocity of the narrow Gaussian (−7900 km s−1 < vc <

−7600 km s−1), as there was a distinct absorption feature found at v ≈ −7800km s−1. As

shown in Fig. 3.6, the smaller absorption feature grows between the observations in 2000 and

2001, but nearly vanishes by 2005. The larger feature becomes gradually shallower. More

information of the Gaussian fits can be found in Table 3.5.

3.6 Discussion

3.6.1 AGN Feedback Contribution of the Outflow

The kinetic luminosity (ĖK) of the outflow must be at least ∼ 0.5% [58] or ∼ 5% [53] of the

quasar’s Eddington luminosity (LEdd) to be a significant contributor to AGN feedback. To
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Figure 3.5 The ratio between the abundances of different energy states of O I and Fe II in S1,
assuming a temperature of 10,000 K. The curves represent the theoretical ratios modeled
with CHIANTI. The crosses on the curves represent the upper and lower limits of the ratios
based on the measured column densities, along with the associated logne values.The ratios
are color coded and marked with shapes: Fe II* 668/1873 with a triangle, Fe II* 2430/668
with a square, Fe II* 2430/1873 with a diamond, and O I* 226/158 with a star. The rightward
arrow on the purple cross of the Fe II* 668/1873 ratio shows that the data point is a lower
limit, as the upper limit of the ratio exceeds the highest point of the curve. The blue dot
and error bars show the weighted average of logne based on the four measured ratios, which
we adopted for our analysis.
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Table 3.3 Physical Properties of J2357-0048 Outflow. Note that the high-ionization and
low-ionization phases of the two-phase solutions are assumed to be co-spatial (at the same
distance from the central source). The kinetic luminosity to bolometric luminosity ratios are
included for comparison.

Solution Solar, one-phase Solar, two-phase Supersolar, one-phase Supersolar, two-phase
Phase One-phase Low High One-phase Low High
log(NH)

21.69+0.44
−0.75 18.96+1.05

−0.64 21.95+1.36
−0.72 20.95+0.46

−0.43 17.96+0.93
−0.35 20.84+0.41

−0.30[cm−2]
log(UH) −1.29+0.39

−0.73 −3.76+0.88
−0.77 −0.56+1.32

−0.80 −1.80+0.44
−0.39 −4.15+0.77

−0.54 −1.25+0.34
−0.29[dex]

log(ne) 4.3+0.2
−0.2 4.3+0.2

−0.2 1.1+1.2
−1.5 4.3+0.2

−0.2 4.3+0.2
−0.2 1.4+0.9

−0.7[cm−3]
Distance

640+890
−260 10900+16600

−7100 1140+780
−500 17100+16600

−10300[pc]
Ṁ

14+9
−8 4400+30700

−2270 47+29
−18 540+1190

−370[M⊙yr−1]

Ṁv
14+9

−8 4400+30800
−2280 47+29

−18 540+1190
−370[1034 ergs cm−1]

log(ĖK)
43.06+0.21

−0.36 45.55+0.90
−0.32 43.57+0.21

−0.21 44.63+0.51
−0.50[erg s−1]

ĖK/LEdd 0.008+0.006
−0.004 2.35+16.80

−1.27 0.025+0.019
−0.011 0.29+0.67

−0.20[%]

ĖK/LBol 0.006+0.004
−0.004 1.96+13.68

−1.02 0.021+0.013
−0.008 0.24+0.53

−0.16[%]

Table 3.4 Modeled C III* column densities of the J2357-0048 outflow, in units of cm−2, along
with the ratio between the energy states of J=2 and J=0.

Energy level Solar,one-phase Solar,two-phase Supersolar,one-phase Supersolar,two-phase
J=0 3.66× 1013 9.92× 1012 1.25× 1011 4.48× 109

J=1 2.96× 109 1.21× 106 1.26× 107 1.81× 103

J=2 5.98× 1013 3.14× 1010 2.33× 1011 2.74× 107

J=2/J=0 1.63 0.003 1.86 0.006

Table 3.5 Gaussian Fits of C IV mini-BAL at Each Epoch
MJD Date ∆tRest vn ∆vn EWn vw ∆vw EWw

(days) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)
51791 Sep. 4, 2000 0 −7770± 40 0 45 −8650± 40 0 690
52203 Oct. 21, 2001 193.9 −7710± 50 +60± 60 180 −8650± 70 0± 80 500
53619 Sep. 5, 2005 860.6 −7760± 14 −10± 40 12 −8577± 6 +70± 40 515
55477 Oct. 10, 2010 1735.4 −7830± 60 −60± 70 15 −8650± 50 +0± 70 500
56956 Oct. 26, 2014 2431.7 −7900± 5180 −130± 5180 6 −8600± 50 +50± 70 470
57688 Oct. 27, 2016 2776.3 −7900± 200 −10± 200 15 −8590± 80 +60± 90 500

Note. — Table of the centroid velocity and equivalent width of the Gaussian profiles fit to the C IV
absorption of S5. vn and vw are the centroid velocities of the narrow and wide Gaussians. EWn and EWw

are the equivalent widths of the Gaussians in velocity space. ∆vn, ∆vw, and ∆tRest are the changes in
velocity and time in the quasar’s rest frame from the MJD=51791 epoch.
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Figure 3.6 Normalized flux vs. velocity of the S5 C IV mini-BAL at three observational
epochs. A best fit of two Gaussians was used to model the absorption. (a) shows the models
over the data of three epochs, and (b) shows the Gaussians of all six epochs.
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find the ratio, we first found the mass and the Eddington luminosity of the quasar. Following

the method demonstrated by [138], we computed the mass of the black hole based on the

FWHM of the C IV emission in the SDSS spectrum. To account for the blueshift of C IV, we

adopted the correction method by [139]. This yields a mass of MBH = 1.16+0.40
−0.30 × 109M⊙,

corresponding to an Eddington luminosity of LEdd = 1.5+0.5
−0.4 × 1047 erg s−1. Our one-phase

solutions yield ĖK/LEdd = 0.008+0.006
−0.004% for solar metallicity and ĖK/LEdd = 0.025+0.019

−0.011%

for supersolar metallicity, while the two-phase solutions yield ĖK/LEdd = 2.35+16.80
−1.27 % for

solar metallicity and ĖK/LEdd = 0.29+0.67
−0.20% for supersolar metallicity (See Table 3.3). All

but the two-phase solar metallicity solution are insufficient to contribute to AGN feedback.

The 2.35% ratio from the two-phase solar metallicity solution is above the ∼ 0.5% cutoff by

[58]. This is in contrast with the outflow of SDSS J024221.87+004912.6, another SQUAD

quasar analyzed by [17], which exceeded 5% of the quasar’s Eddington luminosity. Other

quasar absorption outflows in the literature have Ėk/LEdd values ranging from 0.001% [140]

to an upwards of ∼ 10% [90]. A larger sample size of analyzed objects may be needed for a

statistical analysis.

3.6.2 The Time Variability of S5

The most notable change in S5 over time has been of the width and depth of the narrow

feature at v = −7800 km s−1, which disappeared in the spectrum of September 2005. The

variability of the broader feature afterwards has been minimal, with the equivalent width

staying at ∼ 500 km s−1.

One possible explanation for the variability is that there has been a change in photoionization

over the different epochs, affecting the depth of the narrow subcomponent [e.g. 17, 122].

While other works involve the acceleration of outflow systems due to significant velocity



60 CHAPTER 3. THE POWERFUL OUTFLOW AND TIME VARIABILITY OF J2357-0048

shifts [e.g. 141], the velocity changes in S5 have been minimal, mostly staying within the

margin of error through each epoch.

3.7 Summary and Conclusion

From the VLT/UVES spectrum of the quasar SDSS J2357-0048, we have identified a BAL

outflow with four subcomponents, S1, S2, S3, and S4, as well as a high-velocity C IV mini-

BAL, which we label as S5. This paper has presented the analysis of S1, based on the column

densities of 14 ions shown in Table 3.2. We have found estimates of NH and UH through

photoionization analysis.

We used the abundance ratios between different energy states of O I and Fe II to find the

electron number density ne of S1, as shown in Fig. 3.5. We have also found other physical

parameters of S1 such as distance from the quasar, mass flow rate, and kinetic luminosity,

using Equations (3.1), (3.2), and (3.3). Based on the ratio between the kinetic luminosity Ėk

and the Eddington luminosity LEdd (see Table 3.3), the outflow’s ability to contribute to

AGN feedback has been found to be dependent on the model.

We also examined the time-variability of the S5 C IV mini-BAL, based on the SDSS and

UVES spectra (see Fig. 3.6). The small absorption feature at v = −7700 km s−1 became

deeper between the 2000 and 2001 epochs, and nearly vanished in the 2005 epoch. The

mini-BAL itself appears to have become gradually shallower over time.



3.7. SUMMARY AND CONCLUSION 61

Acknowledgements

NA and DB acknowledge support from NSF grant AST 2106249, as well as NASA STScI

grants GO 14777, 14242, 14054, 14176, and AR-15786. DB acknowledges support from the

Virginia Space Grant Consortium Graduate Research Fellowship Program. We also thank

the anonymous referee for their constructive comments that helped improve this paper.

Data Availability

The normalized UVES spectrum of J2357-0048 is part of the SQUAD database made avail-

able by [142] and described by [10]. The SDSS spectra used for the time variability analysis

can be found in the SDSS archive [132, 133, 143, 144].



Chapter 4

VLT/UVES Observation of the

Outflow in Quasar SDSS J1439-0106

Foreword

This chapter is based on the published paper “VLT/UVES Observation of the Outflow in

Quasar SDSS J1439-0106” [19]. I led the project by analyzing the data, doing calculations,

creating the figures, and writing the paper.

4.1 Abstract

We analyze the VLT/UVES spectrum of the quasar SDSS J143907.5-010616.7, retrieved

from the UVES Spectral Quasar Absorption Database. We identify two outflow systems

in the spectrum: a mini broad absorption line (mini-BAL) system and a narrow absorption

line (NAL) system. We measure the ionic column densities of the mini-BAL (v = −1550

km s−1) outflow, which has excited state absorption troughs of Fe II. We determine that the

electron number density logne = 3.4+0.1
−0.1 based on the ratios between the excited and ground

state abundances of Fe II, and find the kinetic luminosity of the outflow to be ≲ 0.1% of the

quasar’s Eddington luminosity, making it insufficient to contribute to AGN feedback.

62
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4.2 Introduction

Quasar outflows are often found in the spectra of quasars (≲ 40%) as blueshifted absorption

troughs relative to the rest frame of the quasars [37, 38, 88]. Often invoked as potential

contributors to AGN feedback, analysis of these outflows can provide us with insight into

galaxy evolution [e.g. 34–36, 145]. The outflows must have a kinetic luminosity (Ėk) of at

least ∼ 0.5% [58] or perhaps as much as ∼ 5% [53] of the quasar’s Eddington luminosity

(LEdd), depending on the theoretical model, to be contributors of AGN feedback. Several

outflows with sufficient Ėk have been found in past studies [e.g. 14, 17, 77, 82, 85, 89, 90, 131].

Crucial to the process of finding a quasar outflow’s kinetic luminosity is finding its mass flow

rate (Ṁ), which is dependent on its hydrogen column density (NH), ionization parameter

(UH), and electron number density (ne) [92]. Analysis using this method has been conducted

in the past (e.g. [7, 9, 23, 93, 95]). The value of ne can be found by calculating the ratios

between the excited and resonance state column densities of ions [97]. This paper presents

the determination of Ėk of one of the outflow components of the quasar SDSS J143907.50-

010616.7 (hereafter J1439-0106), based on the normalized VLT/UVES spectrum acquired

from the Spectral Quasar Absorption Database (SQUAD) published by [10]. Similar analysis

using data from this database has been conducted in previous studies ([17, 18, 23]).

The UVES data of J1439-0106 was collected as part of the programs 081.B-0285(A) and

083.B-0604(A), and has been added to the SQUAD database complied by [10]. From the

normalized spectrum, we identify two distinct absorption outflow systems, which we label

here as the mini broad absorption line (mini-BAL) system S1, and the narrow absorption

line (NAL) system S2, of which we find S1 suitable for our analysis thanks to the presence

of excited state absorption troughs.

This paper is structured as follows. Section 4.3 describes the observation of J1439-0106, as
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well as the method we used to retrieve its spectral data. Section 4.4 discusses the measure-

ment of ionic column densities of S1, as well as the determination of NH , UH , and ne. Section

4.5 shows the resulting calculation of Ṁ and Ėk, as well as its ratio with LEdd. Section 4.6

provides a discussion of these results, as well as a comparison with previous work. Section 4.7

summarizes and concludes the paper. We adopt a cosmology of h = 0.696, Ωm = 0.286, and

ΩΛ = 0.714 [99]. We use the Python astronomy package Astropy [100, 101] for cosmological

calculations.

4.3 Observation and Data Acquisition

J1439-0106 (J2000: RA=14:39:07.5, DEC=01:06:16.7, z=1.819) was observed with

VLT/UVES on 1 May, 2008 as part of the program 081.B-0285(A), and on 16 April, 2009

as part of 083.B-0604(A), with minimal variability between the two epochs. The combined

spectral data, covering wavelengths between 3284–9466Å, was normalized by the quasar’s

continuum and emission, and added to the SQUAD database by [10]. The spectrum is shown

in Fig. 4.1. The object was also observed in 15 May, 2002 as part of the Sloan Digital Sky

Survey (SDSS), the spectrum of which we use to calibrate the flux shown in Fig. 4.1, as well

as find the bolometric and Eddington luminosities of the quasar.

From the UVES spectrum, we identify two different absorption outflow systems, mini-BAL

S1 (v ≈ −1550 km s−1) and NAL S2 (v ≈ −2750 km s−1). We focus on S1 in the analysis of

this paper, as it shows troughs of several Fe II excited lines, allowing us to find the outflow

distance from the source, and by extension, the mass flow rate.



4.3. OBSERVATION AND DATA ACQUISITION 65

3400 36000

20

40

60

80
z=1.819H 

I

N 
V

3800 4000 4200 4400 4600 4800 50000

10

20

30

40

C 
IV

Si
 II

Si
 II

*

Si
 IV

Al
 IIFe

 II
*

Fe
 II

*

5000 5200 5400 5600 58000.0

2.5

5.0

7.5

10.0

Al
 II

I

6000 6200 6400 66000

1

2

3

Fl
ux

 (1
0

16
 e

rg
 s

1  c
m

2 Å
)

Fe
 II

6800 7000 7200 74000.00

0.25

0.50

0.75

1.00

Fe
 II

Fe
 II

*

Fe
 II

*Fe
 II

*

Fe
 II

*Fe
 II

*

Fe
 II

*Fe
 II

*
Fe

 II
*

M
n 

II

7600 7800 8000 8200 8400
Observed Wavelength (Å)

0.0

0.5

1.0

1.5

M
g 

II

M
g 

I

He
 I*

1200 1250 1300
Rest Wavelength (Å)

1350 1400 1450 1500 1550 1600 1650 1700 1750

1800 1850 1900 1950 2000 2050

2100 2150 2200 2250 2300 2350

2400 2450 2500 2550 2600 2650

2700 2750 2800 2850 2900 2950

Figure 4.1 The UVES spectrum of J1439-0106. The normalized spectrum was multiplied
by the continuum model by [10], and scaled to match the flux of the SDSS spectrum at
observed wavelength 6500Å. Red vertical lines mark the absorption features of S1, and the
blue vertical lines mark the features of S2. While in S2, troughs of C IV, Si IV, Mg II, H I,
and NV are detected, they are shallower and narrower than those of S1. The first panel has
been binned by 10 pixels for clarity.
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4.4 Analysis

4.4.1 Ionic Column Densities

Finding the ionic column densities (Nion) of S1 is crucial to determining the energetics param-

eters of the outflow system. In order to measure the column densities, we use the systemic

redshift of the quasar to convert the spectrum from wavelength space to velocity space, as

shown in Fig. 4.2. We then use two different methods to find the ionic column densities,

assuming either an apparent optical depth (AOD) of a uniform outflow [107], or partial

covering (PC) based on a velocity dependent covering factor [108–110].

The AOD method and PC method have different advantages over one another, with the PC

method being particularly more helpful in finding more accurate column densities for ions

with absorption doublets or multiplets, while the AOD method yields lower limits to the

column densities [111–113, 118]. The differences between the two methods is explained in

further detail in Section 3.1 of [17].

We choose our integration range for each ion based on the visibility of absorption troughs,

as shown in Fig. 4.2. In cases were the red and blue troughs of a doublet are blended (e.g.

C IV), we choose a range in which the red and blue troughs are not overlapping, in order

to gain a lower limit of the column density. The measured column densities are shown in

Table 4.1. Note that we add a 20% error in quadrature to account for the uncertainty in the

continuum model [7].

4.4.2 Photoionization Analysis

With the ionic column densities found, we can use these measurements to find the hydrogen

column density (NH) and ionization parameter (UH) of S1 [e.g. 17, 77, 82, Walker et al.
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Figure 4.2 Absorption troughs of the outflow system S1 plotted in velocity space. The
horizontal dashed line indicates the continuum level, while the vertical red line shows the
velocity of S1. The vertical dotted lines show the integration range used to find the column
densities.
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Table 4.1 J1439-0106 outflow column densities from UVES observations. The values are in
units of 1012 cm−2.

Troughs AOD PC Adopted
S1, v = −1550 km s−1

H I 1450+80
−40 > 1450−290

He I* 100+6
−6 > 100−20

C IV 3440+50
−40 > 3440−690

NV 3370+220
−140 > 3370−690

Mg I 7.8+0.2
−0.2 > 8−1.6

Mg II 196+4
−3 250+70

−4 250+80
−50

Al II 25+2
−1 > 25−5

Al III 96+3
−3 > 100−20

Si II total 720+30
−20 > 720−100

Si II 0 410+25
−15

Si II* 310+15
−10

Si IV 850+40
−20 > 850−170

Mn II 2.7+0.3
−0.3 2.8+0.2

−0.2 2.8+0.6
−0.6

Fe II total > 430−60

Fe II 0 230+4
−4 270+5

−5 270+50
−50

Fe II* 385 16+3
−3 21+3

−1 21+5
−4

Fe II* 668 14+4
−4 18+6

−4 18+7
−6

Fe II* 862 7+1
−1 7+1.5

−1.6

Fe II* 977 3.8+0.4
−0.3 3.8+0.8

−0.8

Fe II* 1873 100+10
−10 110+10

−10 110+20
−20
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Figure 4.3 Plots of logNH vs. logUH based on the ionic column densities of S1. The colored
lines show the values of NH and UH allowed by the measured column density of each ion.
Solid lines indicate measurements, while the dashed lines show lower limits from using the
AOD method. The shaded bands attached to the lines represent the uncertainties in column
density. The black stars indicate the solutions found via χ2 analysis, and the black ellipses
represent the 1σ error.

submitted]. We use the spectral synthesis code Cloudy [21, version c17.00] to create a

grid of simulated models based on varying values of NH and UH , using the spectral energy

distribution (SED) of quasar HE0238-1904 (hereafter HE0238) [14]. Via χ2 analysis, we find

the model with ionic column densities that best match the measured values, as shown in

Fig. 4.3. We use two different grids based on metallicity values, solar and super-solar [Z =

4.68Z⊙ 3, 11], to find two different solutions, as previous studies show that the metallicities

of outflows are between Z⊙ and 5Z⊙ [e.g. 3, 115, 146]. The values of NH and UH are shown

in Table 4.2.

4.4.3 Electron Number Density

Finding the distance of the outflow from its source is crucial to finding the mass flow rate, and

by extension, the kinetic luminosity. This is done by finding the electron number density (ne),
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which is measured by taking the ratios between excited and ground state column densities

of ions [e.g. 17, 89]. The CHIANTI 9.0.1 Database [12, 13] models the ne dependent ratios

between different energy states based on collisional excitation, and can be used to find the

value of ne from measured column densities. S1 shows absorption lines of five different excited

states, as well as the ground state, of Fe II, and we find ne by finding the ratios between

these excited states and the resonance state (N(Fe II*)/N(Fe II)), as shown in Fig. 4.4. While

we find troughs of Si II and Si II*, they are unreliable for finding ne due to the saturation of

the troughs (see plot i in Fig. 4.2). We find the weighted mean of the logne values measured

using the different excited states via the linear model method described by [136]. This yields

a value of logne = 3.4+0.1
−0.1.

4.5 Results

The distance of the outflow from the quasar can be found based on the definition of the

ionization parameter:

UH ≡ QH

4πR2nHc
(4.1)

where QH is the emission rate of hydrogen ionizing photons, R is the distance from the

source, c is the speed of light, and nH is the hydrogen number density. Once we find QH ,

we can use the values of UH and ne found in Section 4.4 to find R, as ne ≈ 1.2nH in highly

ionized plasma [83].

We find the value of QH as follows, as per previous works [e.g. 17, 82, Byun et al. 2022,

submitted; Walker et al. 2022, submitted]. We scale the SED of HE0238 to match the

continuum flux of J1439-0106 at observed wavelength λ = 6500 Å, from the SDSS observation

of 15 May, 2002 (Fλ = 8.49+0.64
−0.64×10−17 erg s−1 cm−2 Å−1). We then integrated over the SED

for energies over 1 Ryd, resulting in QH = 5.3+0.4
−0.4 × 1056 s−1.
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and ne values, while the crosses show the measured ratios and their associated ne. The red
dot with error bars indicates the weighted mean of logne. A temperature of 10,000 K is
assumed.
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Once the distance is found, we can find the mass flow rate (Ṁ) and kinetic luminosity (Ėk)

as shown in the following [118]:

Ṁ ≃ 4πΩRNHµmpv (4.2)

Ėk ≃
1

2
Ṁv2 (4.3)

where Ω is the fraction of the solid angle covered by the outflow, µ = 1.4 is the molecular

weight, mp is the mass of a proton, and v is the outflow velocity. We assume Ω = 0.2 based

on ratio of quasars with C IV BALs reported by [37]. When propagating the uncertainties

of the parameters, we take into account the positive correlation between UH and NH in

the photoionization solutions (see Fig. 4.3) to avoid overestimating our errors (see Walker

et al. (2022, submitted) for a detailed explanation). The values found for Ṁ and Ėk are in

Table 4.2.

4.6 Discussion

4.6.1 AGN Feedback Contribution

In order to be a major contributor to AGN feedback, S1 needs to have a kinetic energy of

at least ∼ 0.5% [58] or perhaps as much as ∼ 5% [53] of the quasar’s Eddington luminosity

(LEdd), depending on the theoretical model. To find LEdd, we follow the method by [17],

finding the full-width half max (FWHM) of the Mg II emission in the SDSS spectrum, and

using the Mg II-based equation by [123] to find the mass of the black hole. As there is Fe II

emission in the region of Mg II emission, we use the Fe II template by [124] and run a best

fit algorithm to match the template to the spectrum, following [125].
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Table 4.2 Physical Properties of J1439-0106 Outflow.
Solution Solar Super-solar
log(NH)

20.99+0.61
−0.59 20.13+1.03

−0.71[cm−2]
log(UH) −1.99+0.60

−0.58 −2.44+0.85
−0.45[dex]

log(ne)
3.4+0.1

−0.1 3.4+0.1
−0.1[cm−3]

Distance
2600+2500

−1300 4400+3100
−2800[pc]

Ṁ
110+120

−60 30+80
−20[M⊙yr−1]

Ṁv
1.1+1.2

−0.6 0.27+0.82
−0.18[1036 ergs cm−1]

log(ĖK)
43.94+0.31

−0.32 43.32+0.49
−0.61[erg s−1]

ĖK/LEdd
0.099+0.12

−0.05 0.023+0.053
−0.018[%]

The resulting black hole mass is MBH = 7.05+2.68
−2.03×108M⊙, with a corresponding Eddington

luminosity of LEdd = 8.89+3.38
−2.56 × 1046 erg s−1. The Eddington ratio of the outflow ranges

from 0.099+0.12
−0.05% (for solar metallicity) to 0.023+0.053

−0.018% (for super-solar metallicity), which is

below the threshold for AGN feedback contribution.

4.6.2 Comparison with Previous Work

We have found the value of nH of S1 based on the ratios between the column densities of

excited state and resonance state Fe II. This has notably done by [70] for the outflow of the

quasar NVSS J235953-124148. The logne values from the different energy states in Fig. 4.4

are in agreement within ∼ 0.2 dex, which is comparable to the agreement shown in Fig. 3

of [70], showing that the ratios between Fe II energy states can be consistently used to probe
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the ne value and the distance of an outflow from its source.

4.7 Summary and Conclusion

We have identified two outflow systems from the VLT/UVES spectrum of the quasar SDSS

J1439-0106, the mini-BAL S1 and the NAL S2. After measuring the column densities of the

ions identified in S1, we used these measurements to find the NH and UH values of S1 via

photoionization analysis, using models of both solar and super-solar metallicity (see Fig. 4.3).

With the abundance ratios between five different excited states of Fe II and the resonance

state, we found the electron number density of S1 (see Fig. 4.4). We have also found its

distance from the quasar, the mass flow rate, and kinetic luminosity. Based on the ratio

between the kinetic luminosity of S1 and the Eddington luminosity of the quasar, we conclude

that it is insufficient for the outflow system to contribute to AGN feedback.
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Chapter 5

Extreme FeLoBAL outflow in the

VLT/UVES spectrum of quasar SDSS

J1321-0041

Foreword

This chapter is based on the published paper “Extreme FeLoBAL outflow in the VLT/UVES

spectrum of quasar SDSS J1321-0041” [20]. I led the project by analyzing the data, doing

calculations, creating the figures, and writing the paper.

5.1 Abstract

5.1.1 Context

Quasar outflows are often analyzed to determine their ability to contribute to active galactic

nucleus (AGN) feedback. We identified a broad absorption line (BAL) outflow in the VLT/

UVES spectrum of the quasar SDSS J1321-0041. The outflow shows troughs from Fe II,

and is thus categorized as an FeLoBAL. This outfow is unusual among the population of

FeLoBAL outflows, as it displays C II and Si II BALs.
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5.1.2 Aims

Outflow systems require a kinetic luminosity above ∼ 0.5% of the quasar’s luminosity to

contribute to AGN feedback. For this reason, we analyzed the spectrum of J1321-0041 to

determine the outflow’s kinetic luminosity, as well as the quasar’s bolometric luminosity.

5.1.3 Methods

We measured the ionic column densities from the absorption troughs in the spectrum and

determined the Hydrogen column density and ionization parameter using those column den-

sities as our constraints. We also determined the electron number density, ne, based on the

ratios between the excited-state and resonance-state column densities of Fe II and Si II. This

allowed us to find the distance of the outflow from its central source, as well as its kinetic

luminosity.

5.1.4 Results

We determined the kinetic luminosity of the outflow to be 8.4+13.7
−5.4 × 1045 erg s−1 and the

quasar’s bolometric luminosity to be 1.72 ± 0.13 × 1047 erg s−1, resulting in a ratio of

Ėk/LBol = 4.8+8.0
−3.1%. We conclude that this outflow has a sufficiently high kinetic lumi-

nosity to contribute to AGN feedback.

5.2 Introduction

Active galactic nucleus (AGN) feedback is a process in which an AGN affects the evolution

of its host galaxy, including the regulation of the star formation rate and the correlation
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between the black hole and host galaxy mass [e.g., 34, 47, 147]. In quasars, AGN feedback

is often attributed to outflows, which are found in ≲ 40% quasar spectra as blueshifted

absorption troughs [e.g., 36–38, 88, 145]. Outflow systems require a kinetic luminosity (Ėk)

above ∼ 0.5% of the quasar’s luminosity [58], which [2] interpreted to be the Eddington

luminosity (LEdd). Outflow analyses have been conducted in past works, reporting quasar

outflows with a sufficient value of Ėk [e.g., 17, 18, 22, 23, 82, 90, 131].

The process of finding Ėk involves measuring the ionization parameter (UH) and electron

number density (ne) of the outflow, which leads to the distance from the central source (R)

and mass outflow rate (Ṁ) [92]. For the analysis of ionized outflow, the spectral synthesis

code CLOUDY [21] can be used to compare measured ionic column densities with simulated

values from models created from a range of UH and hydrogen column density (NH) values

[e.g., 19, 22, 23, 82].

A category of BAL quasars is known as iron low-ionized BAL (FeLoBAL) quasars, due to

the identification of Fe II absorption troughs in their spectra. Recent studies of FeLoBALs

include (but are not limited to) the study of a powerful FeLoBAL outflow in the quasar SDSS

J135246.37+423923.5 [148]; the analysis of the FeLoBAL quasar Q0059-2735, whose outflow

has shown signs of broad Si II absorption [80]; and a systematic study of the properties of

FeLoBAL quasars using spectral synthesis code SimBAL [84, 85, 149].

We present the analysis of the UVES spectrum of the quasar SDSS J132139.86-004151.9

(hereafter, J1321-0041), which was retrieved from the Spectral Quasar Absorption Database

(SQUAD) published by [10]. The data from SQUAD have 20 times higher spectral resolution

than SDSS spectra, therefore lending themselves to a more detailed analysis. We conducted

our analysis through the method described above in order to find Ėk and to determine

the outflow’s potential ability to contribute to AGN feedback. Similar analyses of quasar

outflows have been conducted in past works using spectra from SQUAD [e.g., 17, 18, 23].
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This paper is structured as follows. Section 5.3 describes the observation of J1321-0041,

as well as our data acquisition process. Section 5.4 describes the process through which we

have found the outflow’s ionic column densities, NH , UH , and ne values. Section 5.5 presents

the resulting energetics parameters R and Ėk. Section 5.6 discusses the outflow’s potential

ability to contribute to AGN feedback and compares it to other outflows that have been

analyzed in the past. Section 5.7 summarizes and concludes the paper. For our analysis, we

adopted a cosmology of h = 0.696,Ωm = 0.286, and ΩΛ = 0.714 [99].

5.3 Observations and data acquisition

J1321-0041 [J2000: RA=13:21:39.86, DEC: -00:41:51.9, z=3.119, 150] was observed with

VLT/UVES on February 13, 2008, with a total exposure time of 22,800 seconds, as part

of program 080.B-0445(A). [10] normalized the spectrum by the quasar’s continuum and

emission and added it to SQUAD. The quasar was also observed on 4 February 2000, 1 May

2000, and 16 March 2001 as part of the Sloan Digital Sky Survey (SDSS), with little to no

time variability between observations. We co-added the SDSS spectra to scale the flux of the

UVES spectrum shown in Figure 5.1 and to find the bolometric luminosity of the quasar.

The co-added SDSS spectrum can be seen in Figure 5.2.

We have identified broad absorption line (BAL) outflow traveling at v ≈ −4100 km s−1 with

troughs of multiple ionic transitions in the UVES spectrum of J1321-0041, including C IV,

Si IV, Si II, and Fe II. The velocity of the outflow was determined based on the deepest part

of the Si II λ1808 absorption. The detection of Fe II absorption features puts this outflow in

the class of FeLoBALs. The outflow is unusual, as its C II trough by itself adheres to the

definition of a BAL [76], as its width is ∼ 2300 km s−1. Only relatively few such objects are

described in the literature[80, 84]. The presence of multiple energy states of Fe II and Si II
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Figure 5.1 UVES spectrum of J1321-0041. Located absorption troughs and expected loca-
tions of absorption troughs from an outflow system, at v ≈ −4100 km s−1, are marked with
red vertical lines. The flux has been scaled to match the flux of the SDSS spectrum at
observed wavelength λ = 6850 Å.
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Table 5.1 Fe II* lines that were used for the ne analysis.

λ (Å) Energy (cm−1) logncrit [cm−3]

1628.160 667 4.4

1623.093 2430 4.5

1570.245 2837 4.6

1726.393 3117 4.6

1562.270 7955 4.7
* Columns show transition wavelengths, ener-
gies, and critical densities, logncrit.

have enabled us to estimate the outflow’s ne, R, and Ṁ values, and by extension, Ėk. The

Fe II* transition lines used for this paper’s analysis, and their associated energies, are shown

in Table 5.1.

5.4 Analysis

5.4.1 Ionic column densities

The first step of our analysis was to find the column densities (Nion) of the ions found in

the outflow system. We converted the normalized UVES spectrum from wavelength space

to velocity space using the systemic redshift of the quasar (see Figure 5.3), and measured

the ionic column densities assuming an apparent optical depth (AOD) of a uniform and

homogeneously covering outflow [107, 151].

The AOD method relates the intensity and optical depth as follows:

I(λ) = I0(λ)e
−τ(λ), (5.1)
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Figure 5.2 SDSS spectrum of J1321-0041 that was used to scale the continuum flux of the
UVES spectrum and to calculate the quasar’s bolometric luminosity. The flux is plotted in
black and the error is plotted in gray.
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where I(λ) is intensity as a function of wavelength, I0(λ) is what the intensity would be

without absorption, and τ(λ) is the optical depth. Normalizing a spectrum makes the process

of finding the optical depth relatively easier, as it becomes a matter of relating the normalized

intensity I(λ)/I0(λ) to e−τ(λ). Finding the optical depth allows us to find the column density,

as they are related as follows [151]:

τ(v) =
πe2

mec
fλN(v), (5.2)

where e is elementary charge (C), me is electron mass (kg), f is the oscillator strength of

the ionic transition (unitless), λ is the wavelength of the transition (Å), and N(v) is column

density per unit velocity (cm−2/km s−1). The column density of an ion can be found by

integrating N(v) over the velocity range of the absorption trough. While this is a simple

and straightforward method to estimating the ionic column density, it is limited to finding

the lower limits when measuring column densities from saturated lines.

We identified the velocity range of the Fe II absorption to be−4200 km s−1 ≲ v ≲ −4000 km s−1

(see bottom panel of Figure 5.3) and integrated over that range to find the ionic column den-

sities of the outflow, as shown in Table 5.2. The red boundary was determined based on the

red wing of the deepest absorption trough of Si II. The integration range was kept consistent

among the different ions to allow direct comparison of different column densities. The Cr II

lines that we identified are those of Cr II* λ1358.71 and λ2161.38. Despite the oscillator

strength of the latter being three orders of magnitude larger (f = 0.014 vs. 2.3 × 10−5),

the depth of the former trough is deeper, suggesting that the absorption features may be

contaminated (See Figure 5.3). Thus, we determined that we would be unable to reliably

measure the column density of Cr II. We have identified two visible Co II* troughs, Co II*

λ2260 and 2286, from which we have determined a lower limit of Co II column density. We

note the reported column densities in Table 5.2 of ions with multiple energy states, such as
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Table 5.2 Ionic column densities of the outflow of J1321-0041.
Ion AOD Adopted

C II 31.8+0.9
−0.7 > 31.8−4.5

C IV 16.2+.3
−.2 > 16.2−3.2

NV 29.6+.5
−.5 > 29.6−5.9

Al II .90+.02
−.02 > .9−.2

Al III 4.4+.1
−.1 > 4.4−.9

Si II 486+5
−5 > 486−69

Si IV 7.0+.2
−.1 > 7.0−1.4

S II 131+2
−2 > 131−26

S IV 44+21
−4 44+22

−8

Fe II 590+30
−30 590+110

−110

Ni II 170+5
−4 170+34

−34

Co II 1.16+.07
−.05 > 1.2−0.2

* Column densities are shown in
units of 1014 cm−2.

Fe II and Ni II, which are the sum of several energy states. The column densities of both Fe II

and Ni II are dominated by their resonance states. We also note that the Fe III transitions are

marked in Figure 5.1 for completion, but they do not have associated discernible troughs. For

the photoionization analysis to be described in Section 5.4.2, we added 20% of the column

densities to their errors in quadrature to take into account systemic uncertainties, such as

that of the modeling of the continuum, following the methodology of [7]. We note that the

majority of the adopted values are lower limits, largely due to saturation of the absorption

lines.
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Figure 5.3 Normalized spectrum of J1321-0041, converted into velocity space. Troughs of
individual ionic transitions are color coded, and the integration ranges used for column
density calculations are marked by vertical dotted lines. The continuum is represented by
a horizontal dashed line. All spectra shown are UVES spectra, except for that of the S IV
absorption, which is based on the SDSS spectra due to wavelength range limitations. We
note the stark contrast in the signal-to-noise ratio. The bottom three panels show the Fe II
and Si II absorption, which were used to estimate ne.
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5.4.2 Photoionization analysis

We used the spectral synthesis code CLOUDY [21] to find the best fitting values of the hydro-

gen column density (NH) and the ionization parameter (UH), by comparing modeled values

of ionic column densities to the measured values shown in Table 5.2. Analyses using this

method have been carried out in previous works as well [e.g., 17, 23]. As shown in Figure 5.4,

CLOUDY was used to create a grid of outflow models using a range of NH and UH values,

with the measured ionic column densities serving as constraints to the parameters. Assum-

ing solar metallicity and the spectral energy distribution (SED) of the quasar HE0238-1904

[hereafter, HE0238, 14], this results in the best fitting solution of logNH = 21.73+0.39
−0.26[cm−2]

and logUH = −1.74+0.69
−0.27. The SED of HE0238-1904 is the best empirically determined SED

in the extreme UV, which most of the ionizing photons come from [14]. We note that this

solution depends on the assumption that the column density of S IV is a measurement, an

assumption we make as we find S IV to be relatively unsaturated. Setting the column density

of S IV to be a lower limit results in an unbound lower limit of UH . We note that the S IV

trough is from the SDSS spectrum, as it was outside the wavelength range of the SQUAD

spectrum.

5.4.3 Electron number density

Assuming collisional excitation (an assumption verified by CLOUDY simulations), an outflow’s

electron number density can be found from the column density ratios between different

energy states of ions [e.g., 89]. We used the troughs of Si II and Fe II that we found to

be relatively unsaturated and free of contamination (see bottom panel of Figure 5.3) and

overlaid the ratios between resonance and excited states of the ions with the relation between

column density ratio and ne calculated using the CHIANTI atomic database [version 9.0.1,
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Figure 5.4 Plot of hydrogen column density (logNH) vs. ionization parameter (logUH),with
constraints based on the measured ionic column densities shown in Table 5.2. Measurements
are shown as solid curves, while the dashed curves show lower limits. The colored shades
indicate the uncertainties in the constraints of the parameters based on the uncertainties in
column density. The black dot shows the solution of logNH and logUH that best matches
the column densities, while the black ellipse indicates the 1-σ error.
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12, 13]. The Si II states were those with energies of E(cm−1) = 0, 287 and those of Fe II

had E(cm−1) = 0, 667, 2430, 2837, 3117, 7955. The resulting logne values ranged from 2.9 to

4.2 (see Figure 5.6). We calculated the weighted mean of logne, following the linear method

described by [136]. For the uncertainty, we used:

∆ logne =
| logne,ex − ⟨logne⟩|√

N
, (5.3)

where ⟨logne⟩ is the weighted mean, logne,ex is the maximum (minimum) measured logne

used when calculating the upper (lower) error, and N is the number of measured logne values.

This resulted in logne = 3.45+0.26
−0.20. We note that the range of logne values is within 2-σ of

the weighted mean.

We were also able to find troughs of Fe II* of energies E = 385, 13474, 22637, and 27620,

which had smaller oscillator strengths than the troughs that had been used for this analysis

(See Table 5.3). Despite the smaller oscillator strength values, the troughs are as deep as

(or even deeper than) the troughs that have been used for the number density calculation

(see bottom panels of Figures 5.3 and 5.5 for comparison.) This suggests that the troughs

may have been contaminated by unidentified absorption features, making them unreliable

indicators of Fe II* column density. Thus, we have excluded them from this calculation.

5.5 Results

With NH , UH , and ne found (see Table 5.4), we could determine the distance of the outflow

from the source based on the definition of UH :

UH ≡ QH

4πR2nHc
, (5.4)



88 CHAPTER 5. THE EXTREME FELOBAL OUTFLOW OF J1321-0041

4400 4300 4200 4100 4000 3900 3800
Velocity (km s 1)

0.5

0.6

0.7

0.8

0.9

1.0

1.1

1.2

1.3

1.4

No
rm

al
ize

d 
Fl

ux

v=
-4

10
6k

m
 s

1

z=3.119 Fe II* 1277.040
Fe II* 1286.430
Fe II* 1295.820
Fe II* 1454.838

Figure 5.5 Fe II* absorption troughs that have been excluded from the calculation of logne.



5.5. RESULTS 89

Table 5.3 Oscillator strengths of Fe II lines found in the spectrum.

Energy (cm−1) λ (Å) f

0 1901.773 6.0× 10−5

667 1628.160 1.8× 10−2

2430 1623.093 8.8× 10−3

2837 1570.245 4.0× 10−2

3117 1726.393 2.2× 10−2

7955 1562.270 5.2× 10−2

385 1277.040 2.7× 10−6

13474 1286.430 3.1× 10−4

22637 1295.820 4.0× 10−5

27620 1454.838 2.1× 10−3

* The transitions used in the analysis and
those that are not are divided by the hor-
izontal line.
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Table 5.4 Physical parameters of the outflow of J1321-0041.

Parameter Value

logUH −1.74+0.69
−0.27

logNH [cm−2] 21.73+0.39
−0.26

logne [cm−3] 3.45+0.26
−0.20

R (pc) 2500+1000
−1400

Ṁ (M⊙ yr−1) 1600+2600
−1000

Ėk (1045 erg s−1) 8.4+13.7
−5.4

log Ėk [erg s−1] 45.92+0.42
−0.45

Ėk/LBol (%) 4.8+8.0
−3.1

* ne calculation has been done
with CHIANTI, assuming tem-
perature T=10,000 K.

where QH is the emission rate of Hydrogen ionizing photons, R is the outflow’s distance

from the quasar, and nH is the Hydrogen number density. Following the approximation of

ne ≈ 1.2nH for highly ionized plasma [83], we could calculate the value of R once QH was

found.

In order to find QH , and by extension, the bolometric luminosity LBol, we scaled the SED

of HE0238 to match the continuum flux at observed wavelength λ = 5850 Å, Fλ = 8.25 ±

0.64× 10−17 erg s−1 cm−2. We then integrated the SED for energies above 1 Ryd, resulting

in QH = 9.6 ± 0.7 × 1056 s−1, and LBol = 1.72 ± 0.13 × 1047 erg s−1. The resulting outflow

distance was R = 2.5+1.0
−1.4 kpc.
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5.6 Discusssion

5.6.1 AGN Feedback Contribution

An outflow’s kinetic luminosity must be at least∼ 0.5% of the quasar’s Eddington luminosity

in order to contribute to AGN feedback [2, 58]. Finding this ratio requires both the kinetic

luminosity, Ėk, and Eddington luminosity, LEdd. A quasar’s LEdd value is typically found by

measuring the width of an emission feature, such as that of C IV or Mg II, and estimating the

mass of the black hole [123, 138, 139]. However, as can be seen in Figure 5.1, the spectrum of

J1321-0041 lacks a prominent emission feature which we could use to make such an estimate.

Therefore, we used LBol as described in Section 5.5 as a substitute metric, assuming that

LEdd ≈ LBol, as this has been the case for several quasars that have been analyzed via this

method [e.g., 17, 18]. We advise caution in taking this assumption at face value, as it has

shown to not always be the case for FeLoBALQs [e.g. 149].We assumed that the geometrical

shape of the outflow was that of an incomplete spherical shell, and found the mass flow rate:

Ṁ ≃ 4πΩRNHµmpv, (5.5)

where Ω = 0.2 is the global covering factor, µ = 1.4 is the mean atomic mass per proton, mp

is proton mass, and v is outflow velocity [6, 114]. The global covering factor 0.2 is adopted

based on the ∼ 20% ratio of quasars in which C IV BALs are found [37]. Despite the relative

rarity of low-ionized BALs with troughs such as Si II or C II, it is likely that quasars with

such LoBALs are BALQSOs at a specific line of sight (See [71] for a full discussion). We

then calculated the kinetic luminosity (Ėk =
1
2
Ṁv2), resulting in Ėk = 8.4+13.2

−5.3 ×1045 erg s−1.

The ratio between the kinetic luminosity and bolometric luminosity is Ėk/LBol = 4.8+7.7
−3.1%,

which would be sufficient to contribute to AGN feedback (see Table 5.4 for a full summary
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of the parameters).

5.6.2 Comparison with other outflows

The nH value of the J1321-0041 outflow was found mainly by examining the ratios between

the Fe II excited and resonance state column densities. This has been done in past studies

as well [e.g., 19, 38]. The ne values from the different ratios agree within ∼ 0.5 dex with the

mean (see Figure 5.6) and combined with the previous outflow analyses, this demonstrates

that Fe II is an effective probe for nH and outflow distance.

In previous analyses of FeLoBALs based on high resolution VLT/UVES data, the distance

R has been measured to be within the range of 1 kpc ≲ R ≲ 67 kpc [e.g., 17, 19, 23]. The

distance of the J1321-0041 outflow from its source is R ≈ 2500 pc, which is well within this

range.

As previously mentioned, there have been studies analyzing extreme FeLoBALs in the past.

[80] analyzed the physical conditions of the FeLoBAL of the quasar Q0059-2735, which had

a C IV width of ∼ 25, 000 km s−1, roughly twice as wide as the C IV width of J1321-0041

(∼ 10, 000 km s−1) found in its SDSS spectrum. [84] studied a larger sample of FeLoBALs,

some of which have extreme blending in their absorption troughs. The presence of unblended

absorption features in the J1321-0041 spectrum enabled us to conduct a precise analysis of

the physical parameters of the outflow system.

5.7 Summary and conclusion

We have identified an FeLoBAL outflow system in the VLT/UVES spectrum of the quasar

SDSS J1321-0041. Through the measurement of ionic column densities and photoioniza-
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tion analysis, we determined the Hydrogen column density and ionization parameter of the

outflow (see Figure 5.4 and Table 5.4).

The presence of Fe II and Si II absorption trough enabled us to find the electron number

density ne by using CHIANTI to relate their column density ratios to estimates of ne. This

allowed us to determine the outflows distance from its central source, kinetic luminosity,

and the ratio between kinetic luminosity and the quasar’s bolometric luminosity (Ėk/LBol =

4.8+8.0
−3.1). Assuming LBol ≈ LEdd, the value of Ėk is above the required threshold to contribute

to AGN feedback.
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Chapter 6

BAL Outflow in Quasar B0254-3327B:

Analysis and Comparison with Other

Extreme UV Outflows

Foreword

This chapter is based on the published paper “BAL Outflow in Quasar B0254-3327B: Anal-

ysis and Comparison with Other Extreme UV Outflows” [22]. I led the project by analyzing

the data, doing calculations, creating the figures, and writing the paper.

6.1 Abstract

We have identified a broad absorption line (BAL) outflow in the HST/STIS spectrum of

the quasar QSO B0254-3327B at velocity v = −3200 km s−1. The outflow has absorption

troughs from ions such as NeVIII, Na IX, SiXII, and NeV. We also report the first detection

of SXIV absorption troughs, implying very high ionization. Via measurement of the ionic

column densities, photoionization analysis, and determination of the electron number density

of the outflow, we found the kinetic luminosity of the outflow system to be up to ∼ 1% of the

95
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quasar’s Eddington luminosity, or ∼ 5% of the bolometric luminosity, making it a potential

contributor to AGN feedback. A solution with two ionization phases was needed, as a single

phase was not sufficient to satisfy the constraints from the measured ionic column densities.

We find that the ionization parameter of the very high-ionization phase of the outflow is

within the expected range of an X-ray warm absorber. We also examined the physical

properties of the outflow of Q0254-334 along with previously studied extreme UV outflows,

with a total sample of 24 outflow systems, finding a weak negative correlation between

outflow velocity and distance from the central source, with larger distances corresponding

to slower velocities. The very high-ionization phase of the Q0254-334 outflow has one of the

highest ionization parameters of UV absorption outflows to date, which we attribute to the

presence of SXIV.

6.2 Introduction

Quasar absorption outflows are often invoked as likely contributors to active galactic nucleus

(AGN) feedback [e.g. 34–36, 53, 145]. They are detected via blueshifted absorption troughs

in the rest frame of ≲ 40% of quasars [e.g., 37, 38, 88, 116, 152]. In order to contribute

to AGN feedback, outflow systems theoretically require a kinetic luminosity (Ėk) of at least

∼ 0.5% [58] or ∼ 5% [53] of the quasar’s luminosity, which we interpret to be the Eddington

luminosity (LEdd) following the reasoning described by [2], as opposed to the bolometric

luminosity (LBol). Past studies have found outflows that fit one or both of these criteria [e.g.

6, 17, 18, 23, 82, 84, 89, 90, 131, 148].

In order to find the value of Ėk, it is important to find the mass flow rate (Ṁ), a method

for which involves finding the electron number density (ne) and ionization parameter (UH)

to measure the distance (R) of the outflow from the central source [92]. Multiple quasar
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outflows have been analyzed via this method [e.g. 19, 23, 93, 95]. For ionized outflows,

the ionization parameter can be determined by measuring the column densities of ions, and

comparing them with simulated values based on a range of UH and hydrogen column density

(NH). Multiple outflow analysis studies have been conducted using the spectral synthesis

code CLOUDY [21] for this method. [e.g. 7, 19, 23, 82].

This paper presents the analysis of the absorption outflow of the quasar QSO B0254-3327B

(hereafter Q0254-334), using the method described above, based on HST/STIS observational

data, ultimately finding the ratio between Ėk and LEdd.

The paper is structured as follows. Section 6.3 describes the observation and data acquisition

of Q0254-334; section 6.4 discusses the process of finding the ionic column densities, NH ,

UH , and ne of the outflow; section 6.5 shows our analysis results of whether the outflow’s

kinetic luminosity is sufficient to contribute to AGN feedback, and compares our results

with studies of other outflows; and section 6.6 concludes and summarizes the paper. In our

analysis, we adopted a cosmology of h = 0.696,Ωm = 0.286, and ΩΛ = 0.714 [99]. We used

the PYTHON astronomy package ASTROPY [100, 101] for our cosmological calculations. We

also used SCIPY [153], NUMPY [154], and PANDAS [v1.2.4, 155, 156] for the majority of our

numerical computations, as well as MATPLOTLIB [157] for plotting our figures.

6.3 Observation and Data Acquisition

Q0254-334 (J2000; RA=02:56:47.84, DEC=-33:15:26.16, z=1.863) was observed with

HST/STIS on 17 February, 2001 as part of the program SNAP 8681, and on 4 March,

2001 as part of the program GO 8569, with the G230L and G140L gratings respectively.

Prior to this, it was also observed with HST/FOS in 1994. Due to the limited wavelength

range of the FOS data relative to that of STIS, we have focused on the STIS data for the
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Figure 6.1 Co-Added STIS spectrum (black) and FOS spectrum (purple) of Q0254-334. The
absorption features of the outflow system (v ≈ −3200 km s−1) are marked with red vertical
lines, with the NeV multiplet emphasized with a red arrow. The continuum and emission
model is plotted as a blue dashed curve. Note that the continuum flux has risen between
1993 and 2001 in observed wavelengths up to ∼ 2100Å, while at longer wavlengths, the
variability is nearly indistinguishable.
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purpose of this analysis. After retrieving the data from the Mikulski Archive for Space Tele-

scopes, we have co-added the two STIS spectra, and corrected the combined spectrum for

galactic reddening and extinction with E(B − V ) = 0.0205 [104], and the extinction model

by [135]. The co-added and dereddened spectrum of the two observations, covering observed

wavelengths 1138.6–3156.6Å, along with the FOS spectrum, is shown in Figure 6.1.

We have identified a broad absorption line (BAL) outflow system at v = −3200 km s−1,

with its ionic absorption troughs marked by red vertical lines in Figure 6.1. Troughs exist

of species such as NeVIII, Na IX, and SiXII, as well as excited state transitions such as O IV*

and NeV*. [9] define a BAL in the extreme UV range as a continuous absorption feature

with normalized flux I ≤ 0.9 over a width of ∆v ≳ 1500 km s−1, at least −3000 km s−1

blueward of the center of emission. We have verified that the outflow is a BAL outflow by

confirming the width of the SiXII λ499.406 and NeVIII λ780.324 troughs (see Figure 6.2). The

normalized flux was found by modeling the quasar’s continuum via a spline model that gave

the minimum possible continuum above the absorption, and the most prominent emission

features (e.g. OVI)with Gaussians. The presence of the NeV* feature allowed us to find the

value of ne, as shown in Section 6.4.2.

6.4 Analysis

6.4.1 Ionic Column Densities

As the ionic column densities (Nion) of the outflow are crucial in finding the physical prop-

erties of the outflow, we used two different methods to find them based on the absorption

troughs: the apparent optical depth (AOD)method in which we assume uniform and homo-

geneous covering [107]; and the partial covering (PC)method in which we include a covering
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Figure 6.2 Normalized flux in the region of the SiXII λ499.406 and NeVIII λ780.324 absorp-
tion. The dashed horizontal line shows the continuum level, and the dotted vertical lines
show the region between v = −4500 and −3000 km s−1, which represents the range for
the EUV BAL criteria, as defined by [9]. The normalized flux for SiXII falls below 0.9 in
this region. While the NeVIII normalized flux lies above 0.9 at −4500 km s−1, it is within
uncertainty range to fall below the threshold. To demonstrate, the error in the NeVIII flux
is shown in gray.
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factor C < 1 [108–110].

The AOD method allows us to find upper limits and lower limits of ionic column densi-

ties with its relative simplicity, while the PC method lets us find more accurate measure-

ments of ions with doublet features [e.g. 18, 111, 112, 118]. As done by [17] for the quasar

J024221.87+004912.6, we selected the appropriate method for computing the column density

of each ion.

The AOD method involves the following relation between intensity and optical depth [107,

151]:

I(λ) = I0(λ)e
−τ(λ) (6.1)

where I(λ) is the intensity as a function of wavelength, I0(λ) is the intensity without ab-

sorption, and τ is the optical depth. Finding the optical depth enables computation of the

column density, as they have the following relation:

τ(v) =
πe2

mec
fλN(v) (6.2)

where τ(v) is the optical depth as a function of velocity, e is the elementary charge, me is

the mass of an electron, and N(v) is the column density per unit velocity. Integrating N(v)

over the velocity range of an ion’s absorption trough results in the ion’s column density.

As mentioned above, the PC method involves a covering factor C < 1, which follows the

relation shown in the equations below [112]:

IR(v)− [1− C(v)] = C(v)e−τ(v) (6.3)

IB(v)− [1− C(v)] = C(v)e−2τ(v) (6.4)

where IR(v) and IB(v) are the intensities at the red (longer wavelength) and blue (shorter
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wavelength) troughs of a doublet transition, C(v) is the covering factor as a function of

velocity, and τ is the optical depth.

For each ion, we converted the spectrum from wavelength space to velocity space, using the

redshift of the quasar and the wavelengths of the ionic transition lines (see Figures 6.3,6.4).

We then chose integration ranges for each ion that covered visible absorption features and

minimized blending effects with other lines. For instance, the OVI doublet had heavy blend-

ing between the red and blue troughs (see Figure 6.3f). We thus chose a range where the

overlap between the red and blue troughs would be minimized and computed a lower limit to

the column density with the AOD method. As there were no discernible absorption troughs

of Ly γ, C III, and S IV*, we measured their AOD column density with integration range

v ≈ −4500 to −2000 km s−1 to match the NeVIII width, and treated them as upper limits.

Due to the severe blending in the multiplet of S IV λλ744.904, 748.393 and S IV* λ750.221

(see panel 4 of Figure 6.1), we were unable to pinpoint the column density of the resonance

state S IV 0 from this trough. However, as there was no discernible absorption trough of

S IV λ809.656, we were able to find an upper limit of its column density. Similarly, the

trough of O IV λ787.711 blended with O IV* λ790.190, and potentially with the neighboring

SV λ786.468. As such, we were unable to find the column density of the resonance state

O IV 0, and could only find a lower limit of the O IV* column density. We were also limited

to finding a lower limit of the NeVIII column density based on an AOD measurement due

to the saturation of the doublet troughs. In the doublet of SXIV, we determined the red

trough of SXIV λ446 to be contaminated, due to the visible blue-ward absorption compared

to the blue trough λ418 (see Figure 6.4 plot c). Due to this limitation, we measured the

AOD column density of SXIV based on the blue trough. We determined that it was safe to

treat this column density as a measurement, due to its shallower depth relative to similarly

ionized troughs with comparable oscillator strengths (e.g. SiXII).
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The integrated column densities are shown in Table 6.1. The rightmost column shows the

values adopted for the photoionization solution described in Section 6.4.3. The errors have

been propagated from the error in the flux, and a conservative 20% error has been added

in quadrature to the adopted column density errors to account for the uncertainty in the

continuum level due to the subjectivity of the model [7]. This uncertainty is demonstrated

in the column density calculation of O IV* based on the different continuum models shown

in Figure 6.5. The maximum, minimum, and intermediate continuum fits in the region are

shown as blue, red, and purple dashed lines respectively. The O IV* absorption is marked with

a gray vertical line. The AOD measurement of the O IV* column density is 28.0+2.8
−2.0 × 1014

cm−2 for the intermediate continuum, while the higher and lower continuum levels yield

results of 32.6+2.8
−2.0 × 1014 cm−2 and 24.4+2.8

−2.0 × 1014 cm−2. This indicates a ±15% difference

in column density depending on continuum level, and a 20% difference when including the

individual errors. Note that the column density of NeV was based on a Gaussian fit of the

troughs of its different energy states, which we further describe in Section 6.4.2.

6.4.2 Ne V Gaussian Fitting

As seen in Figure 6.6 (top panel), the NeV multiplet of the outflow is blended into a

singular trough. The involved transitions are NeV 0 (λ = 480.415 Å), NeV* 411 (λ =

481.227, 481.366, 481, 371Å), and NeV* 1109 (λ = 482.990, 482.994Å). To remedy the blend-

ing, we modeled the individual energy states of NeV by fitting Gaussian profiles for each

of the expected absorption features, and running a best fit algorithm to best match the

data. The free parameters used were the optical depth of the ground state NeV trough, the

width of the trough, and logne. We assumed the AOD scenario, and adjusted the depths of

the excited state troughs to match the oscillator strengths of the transition lines, as well as

the abundance ratios N(NeV*)/N(NeV 0) from the CHIANTI 9.0.1 atomic database [12, 13].
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Figure 6.3 Absorption troughs of the Q0254-334 outflow plotted in velocity space. The
velocity of the outflow at z = 1.89229 is marked with red vertical lines. The integration
range used to calculate the column densities is marked with dotted vertical lines, while the
continuum level is indicated by the dashed horizontal line.
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Figure 6.4 Absorption troughs of MgX, SiXII, SXIV, and S IV* in the outflow of Q0254-334.
Format and notation are identical to those of Figure 6.3.
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Figure 6.5 The O IV region of the Q0254-334 spectrum showing the possible continuum fits
which lead us to use 20% error bars on the column densities (See text).
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Table 6.1 Q0254-334 outflow column densities from STIS observations. The numbers next to
the NeV* excited states denote the energies in cm−1. The values are in units of 1014 cm−2.

Ion AOD PC Adopted
H I 38+7

−4 < 38+11

C III 1.8+0.3
−0.2 < 1.8+0.4

N IV 4.6+0.6
−0.4 > 4.6−1.0

O IV* 28.0+2.8
−2.0 > 28.0−6.0

OV 50+8
−5 > 50−11

OVI 114+10
−4 > 114−23

NeV total 196+22
−22 196+45

−45

NeV 0 106+18
−18

NeV* 411 72+12
−12

NeV* 1109 18+3
−3

NeVIII 229+25
−10 > 229−47

NaVIII 29+11.6
−2.9 > 29−6.6

Na IX 38.2+8.4
−7.2 48.2+6.2

−6.1 48.2+11.5
−11.3

MgX 366+87
−46 > 336−87

SiXII 360+57
−22 > 360−75

S IV total 27+2
−2 < 27+5

S IV 0 7.2+0.9
−0.6

S IV* 20+3
−2

SXIV 198+20
−13 198+45

−42
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We assumed a temperature of 10,000 K in our CHIANTI computations. A similar process of

finding ne via the ratios between the different energy states of NeV is demonstrated by [82],

and is especially illustrated in their Figure 3.

We have found that the optical depth τ = 0.69 ± 0.11, FWHM = 2360 ± 170 km s−1 and

logne = 3.6 ± 0.1 [cm −3]. Using the modeled troughs, we have calculated the column

densities of each energy state of NeV, as shown in Table 6.1. Since the value of ne is crucial

in finding the distance of the outflow from the central source (as described in Section 6.5.1),

we later ran a simulation with the spectral synthesis code CLOUDY [version c17.00, 21] in

order to verify the temperature of the outflow. With the two-phase high-ionization solution

later described in Section 6.4.3 as our input parameters, the simulation yielded a temperature

of T ≈ 27, 000 K. Calculating the electron number density with this temperature yielded

logne = 4.0+0.1
−0.1. As such, we adopted this value of logne for the purpose of our analysis.

The total column density of NeV based on this computation is in agreement with the value

based on the T = 10, 000 K assumption.

As an alternate method of modeling the blended trough of the NeV multiplet, we used

the trough of SiXII λ499 as a template to create a profile of two blended Gaussians (see

Figure 6.7). We then ran a best fit algorithm to model the absorption of each energy state,

leaving the width of the profile as a fixed parameter (see Figure 6.6 bottom panel). This

resulted in an electron number density of logne = 4.3 ± 0.1 [cm−3], which is only ∼ 0.3

dex higher than the simple Gaussian fitting shown in Section 6.4.2. We report the physical

properties calculated based on this value of ne in Table 6.5.

While the difference in the electron number density shifts the kinetic luminosity to lower

values relative to those shown in Table 6.3, the kinetic luminosities remain in agreement

within error. We thus focus on the results based on the Gaussian model throughout the

paper. The parameters are described in further detail in Sections 6.5.1 and 6.5.
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Figure 6.6 Modeling of the NeV absorption troughs, created by fitting Gaussians (top) and
by using SiXII as a template (bottom). The vertical dashed lines represent the range of data
used for our fitting. The green curve is the modeled absorption of the resonance state of
NeV. The red curve shows combined absorption of the E = 411 cm−1 level lines, and the
purple curve shows the absorption of the E = 1109 cm−1 level lines. The absorption features
from multiple lines of the same excited states have been combined within the figure. The
orange curve represents the total combined modeled absorption of the NeV multiplet.
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Figure 6.7 Fitting of a two-Gaussian profile to the absorption trough of SiXII. The dotted
curves show the individual Gaussians in the profile, while the blue curve shows the blended
profile of both Gaussians. The dotted vertical lines represent the range of data that was
used for fitting the Gaussians.
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6.4.3 Photoionization Solution

We used the measured ionic column densities to constrain the values of the hydrogen column

density (NH) and ionization parameter (UH), as done in previous works [e.g 17–19, 23, 77].

For this purpose, we used a grid of simulated models produced with CLOUDY [21] with a

range of NH and UH values as input parameters, modeling the ionic abundances at different

NH and UH . We used the ionic column densities shown in Table 6.1 to set upper and lower

limits to these parameters, as shown in Figure 6.9, assuming solar metallicity. We adopted a

spectral energy distribution (SED) that would match the V-band flux of Q0254-334 found on

NED, the UV continuum flux measured at three separate points, as well as the X-Ray fluxes

observed with Chandra at energy ranges from 0.5–7 keV (see Figure 6.8). Note that there

are limitations to this SED due to potential variability between the different observations

that were referenced for its construction. [15] report a V band magnitude of 16 and cite

[158], who in turn discuss observations made with the 3.9 m Anglo-Australian telescope on

28 November, 1978 and on 5 December 1978. Chandra observations of Q0254-334 were made

on 2 January, 2000 and 15 February 2000. We have also calculated the αox spectral index

based on our SED, using the following equation [159, 160]:

αox = 0.3838 log L(2 kev)
L(2500 Å)

(6.5)

which yielded a result of αox = −1.58. This is somewhat higher than the range of αox values

of LBQS broad absorption line quasars which were reported by [161] (–2.58 to –1.65).

A single phase solution was insufficient to satisfy the constraints from the ionic column

densities. To remedy this issue, we formulated a two-phase solution, in which a high- and

very high-ionization phase exist co-spatially. We deduced that the two phases would be

co-spatial based in the kinematic similarity between the high-ionization troughs and the



112 CHAPTER 6. THE EXTREME UV OUTFLOW OF Q0254-334

very high-ionization troughs. Specifically, Figure 6.6 shows that we get a very good fit for

NeV (a high-ionization line), using the velocity template of SiXII (a very high-ionization line,

see Figure 6.7). We find that the two-phase solution satisfies more of the constraints set

by the measured ionic column densities (reduced χ2 = 5.1, as opposed to 22.3 for the one-

phase solution). To cover the range of possible metallicities, we have also applied models of

metallicity Z ≈ 4.68Z⊙ [3, 11], which are shown in the lower panel of Figure 6.9. The results

are favorable towards the super-solar metallicity solution, of which the reduced χ2 values are

16.0 and 0.5, for the one-phase and two-phase solutions respectively. As discussed by [14],

the inability for a one-phase ionization solution to reasonably fit the measurements and limits

of Nion necessitates the adoption of a two-phase solution. This is further demonstrated by

comparing the modeled column densities of H I, Na IX, and SXIV from supersolar one-phase

and two-phase solutions to the observed ones, as shown in Table 6.2. Note that the reported

measured column density of H I is an upper limit based on Ly γ. Due to the larger discrepancy

between modeled and measured column densities in the solar abundance solutions (e.g. model

H I column density upwards of ∼ 20 times larger than measured), they have been excluded

from the table. As can be seen in the table, the two-phase solution yields modeled column

densities with a maximum 2σ difference between modeled and measured column densities,

while the one-phase solution yields a 4− 8σ difference. As such, the comparison of modeled

column densities favors the two-phase solution. The UH and NH values found using χ2

analysis are shown in Table 6.3.

We compared the NH and UH values found using the Q0254-334 SED with those found

using the SED of the quasar HE0238-1904 [hereafter HE0238, 14], as the latter SED has

been adopted for quasar outflow analysis in several past papers [e.g., 17–19, 23, 82]. We

report the logNH and logUH values derived from the HE0238 SED in Table 6.4. Comparing

these values with those found in Table 6.3 shows that while the one-phase solutions are in
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Table 6.2 The measured and modeled column densities of H I, Na IX, and SXIV of the Q0254-
334 outflow. The second and third columns denote the supersolar one-phase solution and
the σ difference between modeled and measured values; the fourth and fifth columns show
the same for the two-phase solution. The values are in units of 1014 cm−2.

Ion Measured 4.68Z⊙1-p ∆σ 4.68Z⊙2-p ∆σ

H I < 38+11 123 8 59 2
Na IX 48+12

−11 96 4 55 0.6
SXIV 200+40

−40 40 –4 190 –0.3

agreement within error, the two-phase solutions show a discrepancy in the logUH values that

range up to ∼ 0.5 dex.

6.4.4 Black Hole Mass Calculation

Black hole masses of AGN are often found using the emission features of Mg II [123] or C IV

[138, 139]. However, as the STIS spectrum of Q0254-334 lacked both features, we looked to

the OVI emission to compute the mass of the central black hole. We referred to the method

described by [162], measuring the OVI FWHM to find the mass.

Although [162] specify the use of two Gaussians to fit each line of the emission doublet,

we opted to fit one Gaussian per line instead, as the lower signal to noise ratio of the

STIS spectrum did not warrant the more detailed modeling method. We employed a best

fit algorithm adjusting the amplitude of the blue emission line, the ratio between the blue

and red lines, and the FWHM of the blue line. The ratio between the blue and red line

amplitudes was constrained between 1–1.5, and the widths of the two features were fixed to

be equal to each other. For the resulting fit, we found a ratio of 1, normalized amplitude

A = 0.23 ± 0.11, and FWHM = 4800 ± 900 km s−1. This, along with the measured flux of

Fλ = 7.7+1.0
−1.0×10−16 erg s−1 cm−2 Å−1 at rest wavelength 1050Å, resulted in a black hole mass
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Figure 6.8 Comparison of SED shapes of HE0238 [14] and Q0254-334. The Q0254-334 SED
was formed by using the V-band magnitude [the first red dot, 15], UV continuum flux
measured at three different wavelengths (rest wavelengths λ = 574, 880, 1097 Å; second,
third, and fourth red dots), and the X-ray fluxes reported by Chandra (5th–8th dots). The
HE0238 SED was scaled to match the UV continuum flux for the sake of this comparison.
We use the Q0254-334 SED for the analysis in this paper.
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Figure 6.9 Plots of the Hydrogen column density (NH) vs. ionization parameter (UH), as-
suming solar (top) and supersolar (bottom) metallicities, with the Q0254-334 SED shown in
Figure 6.8. Constraints on the parameters are based on measured column densities shown
in Table 6.1. Measurements are shown as solid curves, while upper and lower limits are
represented with dotted and dashed curves, respectively. The colored bands represent the
uncertainties in the constraints. The red circle shows the one-phase solution of NH and UH ,
while the black square and star show the high ionization and very high-ionization phase of
the two-phase solution respectively. The 1-σ uncertainties of the solutions are shown as
black/red ellipses.
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Figure 6.10 Gaussian fitting of the OVI emission feature. The dashed vertical lines denote
the range of data used for the Gaussian fit. The green and red curves are the modeled
blue and red emission features respectively, and the orange curve represents the combined
modeled emission.

of MBH = 5.3+5.5
−2.7 × 109M⊙, and Eddington luminosity LEdd = 6.6+6.9

−3.4 × 1047 erg s−1. Note

that we have limited our Gaussian fit to the red wing of the emission feature, as the blue wing

has been contaminated by the absorption outflow (see Fig. 6.10). While this contamination

has contributed significantly to the uncertainty, we were unable to find alternative emission

features with which to estimate the black hole mass.
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6.5 Discussion

6.5.1 Distance of the Outflow from the Central Source

With the parameters we found as described in Section 6.4, we could calculate the distance

of the outflow from the central source, as well as the kinetic luminosity of the outflow. The

distance can be found based on the definition of the ionization parameter UH :

UH ≡ QH

4πR2nHc
(6.6)

where QH is the emission rate of ionizing photons, R is the outflow distance from the source,

nH is the hydrogen number density, and c is the speed of light. Solving the equation for R

gives us

R =

√
QH

4πUHnHc
(6.7)

For highly ionized plasma, ne ≈ 1.2nH [83], and the values of UH and ne were found in

Section 6.4.

We followed the method of other works [e.g. 17, 19, 82] to find QH and integrated over the

SED mentioned in Subsection 6.4.3, limiting our range to energies over 1 Ryd. This yielded

the bolometric luminosity LBol = 2.40+0.24
−0.24×1047 erg s−1 and QH = 9.33+0.94

−0.94×1056 s−1. The

distance estimates of the outflow calculated with this value are shown in Tables 6.3 and 6.5.

6.5.2 Contribution of the Outflow to AGN Feedback

For an outflow to contribute to AGN feedback, its kinetic luminosity must be at least ∼ 0.5%

[58] or ∼ 5% [53] of the quasar’s Eddington luminosity. Assuming an incomplete spherical
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Table 6.3 Physical Properties of the Q0254-334 Outflow. The high and very high ionization
phases for the two-phase solution are assumed to be co-spatial.

Metallicity Z⊙ 4.68Z⊙
Solution One-phase Two-phase One-phase Two-phase
Phase High Very High High Very High
log(NH)

23.18+0.45
−0.46 20.63+1.47

−1.01 22.59+0.33
−0.43 22.32+0.33

−0.34 20.32+0.99
−0.65 21.84+0.13

−0.15[cm−2]
log(UH)

0.58+0.43
−0.32 −0.85+0.68

−0.57 0.69+0.17
−0.18 0.65+0.33

−0.32 −0.75+0.53
−0.34 0.79+0.08

−0.09[dex]
log(ne)

*
4.0+0.1

−0.1 4.0+0.1
−0.1 2.5+0.7

−0.6 4.0+0.2
−0.2 4.0+0.1

−0.1 2.5+0.5
−0.4[cm−3]

Distance
100+50

−40 500+490
−280 90+40

−30 450+240
−210[pc]

Ṁ
1400+1000

−700 1800+800
−300 180+90

−60 290+50
−90[M⊙yr−1]

Ṁv
28+21

−14 37+16
−6 4+2

−1 6+1
−2[1036 ergs cm−1]

log(Ėk)
45.65+0.30

−0.24 45.78+0.07
−0.16 44.76+0.20

−0.18 44.98+0.15
−0.07[erg s−1]

Ėk/LEdd
0.7+1.1

−0.4 0.9+0.9
−0.5 0.08+0.10

−0.05 0.14+0.16
−0.07[%]

Ėk/LBol
3.5+3.6

−1.5 4.6+1.0
−1.4 0.4+0.3

−0.2 0.7+0.3
−0.1[%]

* The ne of the very high-ionization phase is the ne of the high phase times the ratio of the
high/very-high ionization parameters.

Table 6.4 Photoionization solution for the Q0254-334 outflow assuming the HE0238 SED.
Metallicity Z⊙ 4.68Z⊙
Solution One-phase Two-phase One-phase Two-phase
Phase High Very High High Very High
log(NH)

23.08+0.38
−0.38 20.83+0.85

−0.59 22.58+0.16
−0.19 22.29+0.36

−0.34 20.61+0.98
−0.94 21.84+0.48

−0.19[cm−2]
log(UH)

0.88+0.30
−0.24 −0.39+0.47

−0.40 1.00+0.06
−0.08 0.87+0.29

−0.25 −0.24+0.54
−0.59 1.01+0.07

−0.09[dex]
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shell, the mass flow rate can be calculated as follows:

Ṁ ≃ 4πΩRNHµmpv (6.8)

followed by the kinetic luminosity:

Ėk ≃
1

2
Ṁv2 (6.9)

where Ω is the global covering factor, µ = 1.4 is the mean atomic mass per proton, v is

outflow velocity, and mp is the mass of a proton [118]. We assumed Ω = 0.2, as C IV BALs

are found in ∼ 20% of quasars [37]. We use the Ω associated with C IV BALs, since our

high-ionization phase has troughs from ions of very similar ionization potential. For example,

in our spectrum, we detect O IV λ787. O IV has an ionization potential of 77 eV, which is

quite similar to the C IV ionization potential of 64 eV. Assuming supersolar metallicity,

this calculation yielded a kinetic luminosity of log Ėk = 44.76+0.20
−0.18[erg s−1] for the one-phase

solution, and log Ėk = 44.98+0.15
−0.07[erg s−1] for the two-phase solution, leaving a ∼ 0.2 dex

difference between the solutions.

The ratio between the kinetic luminosity and Eddington luminosity yields

Ėk/LEdd = 0.08+0.10
−0.05% for the one-phase solution, and Ėk/LEdd = 0.14+0.16

−0.07% for the two-

phase solution, which is below the 0.5% threshold. For the sake of completeness, we

have also found the ratio between Ėk and the bolometric luminosity LBol, resulting in

Ėk/LBol = 0.4+0.3
−0.2% and 0.7+0.3

−0.1% (see Table 6.3). Based on the ratio between Ėk and LEdd,

the outflow would be unable to contribute to AGN feedback. It is important to note that

the different assumed metallicity values have significant effects on the physical parameters

of the outflow, such as a near order of magnitude difference in kinetic luminosity, leading to

values that may be sufficient for AGN feedback contribution (see Table 6.3).
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6.5.3 The Two-Phase Outflow

As mentioned earlier in Section 6.4.3, the two-phase photoionization solution provides a

better fit to the constraints from the measured ionic column densities. While the values

of Ėk for the one-phase and two-phase solutions agree with each other within error (see

Table 6.3), there are significant differences to be found in the other parameters, such as

distance, NH , and UH .

Note that the difference in NH between the high- and very high-ionization phases is ∼ 1.5

orders of magnitude, as well as the difference in UH . Assuming the two phases are co-spatial,

the volume filling factor of the high-ionization phase is as follows [14, 82]:

fV =
UH,HP

UH,V HP

× NH,HP

NH,V HP

(6.10)

resulting in log fV = −3.1+1.1
−0.9, which follows our expectations from the high-ionization

phase’s larger ne and smaller NH values compared to those of the very high-ionization phase.

6.5.4 Connection to X-Ray Warm Absorbers

The two-phase solution for the outflow of Q0254-334 is comparable to the parameters mea-

sured in X-ray warm absorbers. For instance, in their analysis of the Seyfert galaxy NGC

3783, [163] found the parameters of the absorbing gas composed of three different com-

ponents, with the oxygen ionization parameter ranging from logUox = −2.4 to −0.6. To

effectively compare the UH of Q0254-334 to the Uox values of NGC 3783, we calculated the

oxygen ionizing emission rate Qox as defined below:

Qox =

∫ ν(10 keV)

ν(0.54 keV)

Lν

hν
dν (6.11)
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Table 6.5 Physical Properties of the Q0254-334 Outflow, based on the SiXII template-based
fitting of the NeV absorption. The high and very high ionization phases for the two-phase
solution are assumed to be co-spatial.

Metallicity Z⊙ 4.68Z⊙
Solution One-phase Two-phase One-phase Two-phase
Phase High Very High High Very High
log(ne)

4.3+0.1
−0.1 4.3+0.1

−0.1 2.8+0.7
−0.6 4.3+0.1

−0.1 4.3+0.1
−0.1 2.8+0.5

−0.3[cm−3]
Distance

70+30
−20 370+350

−200 70+30
−20 330+170

−150[pc]
Ṁ

1000+700
−500 1300+500

−200 130+60
−50 210+30

−60[M⊙yr−1]

Ṁv
20+15

−10 27+10
−3 2.6+1.3

−0.9 4.4+0.6
−1.2[1036 ergs cm−1]

log(Ėk)
45.52+0.30

−0.24 45.64+0.06
−0.15 44.63+0.19

−0.17 44.85+0.14
−0.06[erg s−1]

Ėk/LEdd
0.5+0.8

−0.3 0.6+0.6
−0.3 0.06+0.08

−0.03 0.10+0.11
−0.05[%]

Ėk/LBol
2.6+2.6

−1.1 3.4+0.6
−1.0 0.33+0.19

−0.11 0.55+0.23
−0.08[%]

such that the ratio Qox

QH
= Uox

UH
. The resulting value of the emission rate was Qox = 3.9+0.4

−0.4 ×

1054 s−1, which is 2.4±0.1 orders of magnitude smaller than QH . Subtracting 2.4±0.1 from

the logUH values of the high- and very high-ionization phases leads to logUox = −3.2+0.5
−0.5

and −1.6+0.3
−0.3 respectively. The very high-ionization phase has a Uox within the range of Uox

values of the NGC 3783 absorbing gas. We note that NGC 3783 is a much lower luminosity

AGN than Q0254-334, and that its SED may be different. However, lacking high quality

X-ray spectra of z ∼ 1 quasars, it is still illuminating to compare the NGC 3783 X-ray wind

with the EUV wind seen in Q0254-334.
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6.5.5 Comparison to Other Extreme UV Objects

As the spectrum of Q0254-334 covers observed wavelengths as short as 400Å, we found it

appropriate to compare it with other quasars observed in the extreme UV range [hereafter

EUV500, 9]. We compiled a list of the physical parameters of 28 EUV500 quasar outflow

systems analyzed in previous works [3, 9, 16, 82, 86, 91, 122], and added the parameters

of Q0254-334 for comparison, with a total of 29 EUV500 outflow systems. Out of the 29

outflow systems, 24, including the outflow discussed in this paper, have measurements of

kinetic luminosity and distance from the source. We compared the parameters of the Q0254-

334 outflow such as ĖK , NH , R, and UH , with the other 23 outflow systems.

As seen in Figure 6.12, no strong correlation has been found between log Ėk and logLEdd,

or between log Ėk and logLBol. 4 of the 24 outflows (∼ 16%) are above the threshold of

Ėk/LEdd ∼ 5%, while 7 (∼ 29%) are between the 0.5% and 5% thresholds. With regards

to LBol, 5 of the outflow systems (∼ 20%) are above the 5% threshold, while 7 (∼ 29%) are

between the 0.5% and 5% thresholds. Note that while the values of log Ėk range between

41–47, logLEdd and logLBol range between 47.0–47.9 and 46.6–47.6 respectively, which is

much narrower than the range of log Ėk. It is also indicative of the ability of line-of-sight

analysis to identify outflow systems at large ranges of kinetic luminosity, as well as velocity.

Figure 6.13 shows the logNH and logUH values of the high- and very high-ionization phases

of each of the outflow systems. With the exception of the very high-ionization phase of the

outflow system of UM425 traveling at −9420 km s−1, the high-ionization phases tend to have

values of logUH < 0, while the very high-ionization phases have logUH > 0. Note that the

very high-ionization phase of the Q0254-334 outflow has a higher logUH value relative to the

average of the other outflows. We largely attribute this to the detection of SXIV. As can be

seen in Figure 6.9, the very high-ionization phase solution is at the intersection between the

Na IX and SXIV constraints. The logUH value is ∼ 0.3 dex higher than what it would have
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been if SXIV were not detected, and the parameters were constrained by other ions such as

SiXII. It is also notable that as shown in Figure 6.13, the logUH of the very high-ionization

phase of the Q0254-334 outflow is higher than the average logUH of the other outflows. We

suspect that future observed outflows with SXIV would yield comparably high UH values.

Note that there is an apparent edge in the range of logNH and logUH values of the outflows.

In Figure 6.13, we have indicated the approximate locations of the hydrogen ionization front

(NH ≈ 1023UH), as well as the He II ionization front (NH ≈ 1022.2UH). The NH/UH ratio for

the He II ionization front was calculated based on the average logNH value at which the He II

to He III ratio is 1:1 in a series of CLOUDY models created with a range of −2.0 < logUH < 1.0.

We used the aforementioned SED of HE0238 for the models, as this SED was used for the

analysis of the majority of the EUV500 outflows in question. Interestingly, the logNH vs.

logUH values of all of the EUV500 outflows fall under the He II ionization front, which

would suggest that they are high ionized BALs (HiBALs) as opposed to low ionized BALs

(LoBALs). This is supported by the lack of BALs from low-ionization species. For instance,

there is a noticeable lack of absorption where the trough of C II λ687 would be, despite a

large oscillator strength of f=0.336 (see Figure 6.11).

We also examined the ranges of R and v of the outflow systems (see Figure 6.14). To examine

the correlation between distance and velocity, we conducted a weighted least squares linear

fit between logR and log |v|, taking into account the asymmetry of the reported errors in R.

We adopted the weight determination method described by [136]. The weight of each data

point wi = 1/Vi was determined by the value of Vi:

Vi = σ2
i + (1− 2

π
)α2

i (6.12)

in which σi =
σ+
i +σ−

i

2
is the mean of the upper and lower errors of logR, while αi =

σ+
i −σ−

i

2
.
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Figure 6.11 Region in which C II λ687 absorption is expected to be found.
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The weighted linear fit yielded a slope of −1.08 and an intercept of 6.44, suggesting a negative

correlation. To determine the strength of the correlation, we calculated a modified value of

the coefficient of determination r2 that would take into account the weight of each data

point. The residual sum of squares SSres was modified so that:

SSres =
∑
i

wi(logRi − fi)
2 (6.13)

where fi is the value of logR according to the linear fit. The total sum of squares SStot was

adjusted so that:

SStot =
∑
i

wi(logRi − ⟨logR⟩)2 (6.14)

where ⟨logR⟩ is the weighted mean of logR. The resulting value of r2 = 1 − SSres

SStot
is 0.28,

suggesting a weak negative correlation between logR and log |v|. This correlation is further

supported by a Spearman correlation of -0.43 and associated p value of 0.05. We find it

worth mentioning that [85] have conducted a similar analysis of iron low ionized BALs

(FeLoBALs), in which they determined that the correlation (or anti-correlation) between

distance and velocity was dependent on the E1 parameter, which is formulated based on the

relationship between the equivalent width of [O III] emission and the ratio between Fe II and

H β fluxes [149].

6.6 Summary and Conclusion

We have identified a BAL outflow in the HST/STIS spectrum of the quasar QSO B0254-

3327B, of which we have found the ionic column densities (see Table 6.1). Based on the

column densities, we conducted photoionization analysis to find the values of hydrogen col-

umn density NH and ionization parameter UH . The results of our analysis are as follows:
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Figure 6.12 Distribution of log Ėk vs. logLEdd (left) and logLBol (right) of EUV500 outflows.
The dashed and solid lines on the left (right) indicate the Ėk/LEdd (Ėk/LBol) thresholds
of 0.5% and 5% respectively. The plus-sign symbol denotes the outflow of Q0254-334 as
reported in this paper, while the other symbols denote the parameters of other EUV outflows
reported by [9] and [16]. The color map corresponds to the velocities of the outflow systems.

1. The two-phase solution. The constraints from the measured ionic column densities

required a solution with two ionization phases: the high-ionization phase and the very

high-ionization phase. The two-phase solution showed a significant improvement in

the χ2 value compared to that of the one-phase solution (reduced χ2 = 5.1 vs. 22.3).

2. The energetics of the outflow. We were able to determine the composition of the NeV

trough via Gaussian fitting of the blended features (see Figure 6.6), thanks to which

we were able to narrow down the electron number density ne. Through the use of

Equations 6.7, 6.8, and 6.9, we were able to determine the distance, mass flow rate,

and kinetic luminosity of the outflow (see Table 6.3). There were notable differences

in the energetics parameters based on different values of assumed metallicity (Z = Z⊙

vs Z = 4.68Z⊙, see Tables 6.3 and 6.5).

3. Potential contribution to AGN feedback. As the ratio between the kinetic luminosity and

the quasar’s Eddington luminosity Ėk/LEdd = 0.9+0.9
−0.5% assuming solar abundance, and
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Figure 6.13 Distribution of logNH vs. logUH of EUV500 outflows. Symbols are coded as
they are in Figure 6.12. Symbols with dotted outlines denote high-ionization phases, while
symbols with solid outlines denote very high-ionization phases. The color map corresponds
to the velocities of the outflow systems. The dark blue and cyan curves show the H I and
He II ionization fronts respectively.
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0.14+0.16
−0.07 assuming super-solar abundance, its contribution to AGN feedback is model

dependent, as the theoretical thresholds for the ratio are ∼ 0.5% [58] and ∼ 5% [53].

4. Comparison to X-ray warm absorbers. We have compared the ionization parameter

values of the high-ionization and very high-ionization phase to that of the X-ray warm

absorber of NGC 3783 analyzed by [163]. Converting UH to the oxygen ionization

parameter Uox as defined by [163] showed that the Uox of the very high-ionization

phase agreed with that of the NGC 3783 absorber within the error.

5. Comparison with other EUV500 outflows.We have also examined the physical param-

eters of previously studied EUV500 outflows [3, 9, 16, 82, 86, 91, 122], and determined

that out of the sample of 24 outflow systems with measured kinetic luminosity, up to

∼ 50% may contribute to AGN feedback, depending on the theoretical model. The

trend between logR and log |v| was also analyzed via a weighted least squares linear

fit, showing a weak negative correlation, indicated by a Spearman rank of –0.43, and p

value of 0.05. We have also found that the very high-ionization phase of the Q0254-334

outflow had one of the highest UH values of all UV absorption outflows to date.

The process of finding logne was limited to the examination of a blended trough of NeV.

Further observations and analyses of the quasar may reveal more excited state troughs, which

could help improve the uncertainty in logne. Studying additional EUV500 outflows will be

essential in a more thorough statistical analysis of their parameters as well.
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Chapter 7

Conclusions

In this dissertation, we present the analyses of the outflows of five different quasars. In order

to contribute to AGN feedback, a quasar’s outflow must have a kinetic luminosity (Ėk) of at

least ∼ 0.5% the quasar’s Eddington luminosity [58]. We found the physical characteristics

of the outflows, including electron number density (ne), Hydrogen column density (NH),

ionization parameter (UH), and outflow distance from the source (R).

In Chapter 2, we examined the VLT/UVES spectrum of the quasar SDSS J0242+0049, iden-

tifying 4 different outflow systems. Two of the outflow systems were found to have sufficient

kinetic luminosity to contribute to AGN feedback, one of which being a mini-BAL system

with a distance of R ∼ 67 kpc from the quasar. We also examined the time variability in

the velocity and equivalent width of a high-velocity C IV BAL, which was previously studied

by [98]. Between September 2001 and January 2017, its velocity increased monotonically,

and its equivalent width steadily decreased, suggesting that its time variability was caused

by a change in ionization.

In Chapter 3, we conducted a similar analysis of the outflow of SDSS J2357-0048. In its

VLT/UVES spectrum, we identified a BAL outflow with four subcomponents, as well as a

high-velocity C IV mini-BAL. Based on the analysis of one of the subcomponents of the BAL

outflow, we determined that its ability to contribute to AGN feedback to be dependent on

the selected chemical abundance model. In examining the time variability of the C IV mini-

BAL, we found a smaller absorption feature within the trough that disappeared between

131



132 CHAPTER 7. CONCLUSIONS

2001 and 2005.

In Chapter 4, we discuss the analysis of the outflow of SDSS J1439-0106. We identified

two outflow systems: a mini-BAL system and a NAL system. We were able to find the

mini-BAL’s ne and R values thanks to the presence of Fe II absorption at six different energy

levels. The resulting ratio of Ėk/LEdd was 0.099 or 0.023 depending on the model used,

which is insufficient for AGN feedback contribution.

In Chapter 5, we show the analysis of the FeLoBAL outflow found in the VLT/UVES spec-

trum of SDSS J1321-0041. The presence of Si II and C II BALs makes it unusual among

FeLoBAL outflows. Due to a lack of diagnostics that could be used to find the black hole

mass, we were limited to using bolometric luminosity LBol as a substitute for LEdd. Com-

paring the outflow’s kinetic luminosity with the bolometric luminosity resulted in a ratio

of ∼ 4.8%, which, assuming LBol ≈ LEdd, would make it enough to contribute to AGN

feedback.

In Chapter 6, we analyzed the EUV500 BAL outflow of QSO B0254-3327B (hereafter Q0254-

334), and compared its physical characteristics with those of other outflows observed in the

EUV500 wavelength range. We constructed a new SED based on HST and Chandra obser-

vations of the object, resulting in a range of Ėk/LEdd from 0.08% to 0.9%. The best fitting

solution, the two-phase supersolar metallicity solution, resulted in a distance R = 450 pc,

and Ėk/LEdd = 0.14, making it insufficient to contribute to AGN feedback. In its compar-

ison with other EUV500 outflows, the outflow of Q0254-334 was among the most ionized.

We have also found a weak negative correlation between outflow velocity and distance from

the central source.

Overall, while we have found that some of the studied outflows are powerful enough to

contribute to AGN feedback, the results of our analysis are dependent on factors such as the
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chemical abundance of the outflow. Further analysis of a larger sample of quasar outflows

will be required to examine the general trend of outflows, and new methods of estimating

outflow chemical abundance may be needed to improve the accuracy of future studies.
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