Probing galaxy evolution with quasar absorption lines

by

Trystyn Andrew Munro Berg
B.Sc., University of Victoria, 2012
M.Sc., University of Victoria, 2014

A Thesis Submitted in Partial Fulfillment of the

Requirements for the Degree of

DOCTOR OF PHILOSOPHY

in the Department of Physics and Astronomy

(© Trystyn Berg, 2018

University of Victoria

All rights reserved. This thesis may not be reproduced in whole or in part, by

photocopying or other means, without the permission of the author.



Probing galaxy evolution with quasar absorption lines
by
Trystyn Andrew Munro Berg

B.Sc., University of Victoria, 2012
M.Sc., University of Victoria, 2014

Supervisory Committee

11

Dr. Sara Ellison, Supervisor

(Department of Physics & Astronomy)

Dr. Luc Simard, Departmental Member
(Department of Physics & Astronomy)

Dr. Matthew Moffitt, Outside Member
(Department of Chemistry)



111

ABSTRACT

When we look throughout the Universe, we can see the stages of galaxy evolution
across cosmic time; however there are still many unanswered questions about the
details of galaxy evolution. How did galaxies like our Milky Way assemble? Do the
first galaxies look different than our own? What makes galaxies stop forming stars?
Many of these questions can be addressed by studying the detailed chemistry of gas
located in and around galaxies. Absorption lines imprinted on quasar spectra probe
this hard-to-see gas within and surrounding galaxies, giving an luminosity-unbiased
census of gas from z =~ 0 to the epoch of the most distant quasars. In this thesis, I
present two samples of high resolution spectra of quasars obtained from both ground-
and space-based observatories to study the evolution of galaxies through their gas-
phase absorption lines.

The first of the two samples presented in this thesis consists of the 100 quasar
sightlines from the XQ-100 legacy survey completed with the X-Shooter spectrograph
on the Very Large Telescope in Chile. The XQ-100 survey provides a blind sample of
over 350 H 1 absorption line systems associated with galaxies with column densities
18.8 <logN(H 1)< 21.5). Using this sample, I investigated the evolution of neutral
gas reservoirs from z ~ 4.5 to z &~ 2.0. I demonstrate that the lower column density
sub-damped Lyman alpha systems (with column densities 19.0 <logN(H 1)< 20.3)
contribute ~ 20% of the H 1 observed in galaxy gas reservoirs compared to the rarer
but high column density damped Lyman alpha systems (DLAs; logN(H 1)> 20.3).
Furthermore, I show that using the presence of metal lines (particularly Mg 11 ab-
sorption) to identify and select absorbing systems can potentially bias the properties
of the sample; absorbers selected to contain strong metal line absorbers tend to ex-
clude low metallicity and low H 1 column density systems. I demonstrate that the
systems missed by metal-selected searches can have a significant impact on the study
of the cosmic evolution of neutral gas reservoirs.

In addition to the H 1 content, the metal abundances for 13 elements in the 41
DLAs of the XQ-100 sample are presented. In concert with my literature compilation
of 280 DLA metal abundance measurements, I studied the dust-corrected [Zn/Fe].
This work emphasizes that near-IR coverage of X-Shooter provides unprecedented
access to Mg 11, Ca 11 and Ti 11 lines (at redshifts 3-4) to provide additional evidence
for subsolar [Zn/Fe] ratio in DLAs, a chemical signature that DLAs can be high-
redshift dwarf galaxy analogues. Furthermore, the XQ-100 DLA sample consists of
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several unique systems that probe the effects of environment on the chemical evolution
of the Universe, as well as the chemical makeup of the first generations of stars. I
demonstrate that DLAs close to their background quasar (within 5000 km s™') with
logN(HI)< 21.0 show lower [S/H] and [Fe/H] (relative to intervening systems with
similar redshift and N(H 1)), whilst higher [S/H] and [Si/H] are seen in these proximate
systems with logN(HI)> 21.0. Contrary to previous studies, DLAs within 10 000 km
s~! of another DLA show no difference in [a/Fe] relative to single DLAs matched
in metallicity and redshift. In addition, I present follow-up high-resolution data of
J0034+41639, a sightline containing three DLAs, including a metal-poor DLA with
[Fe/H]= —2.82 (the third lowest [Fe/H] in DLAs identified to date) at z.ps= 4.25.

In the latter part of this thesis, I study the circumgalactic medium (CGM) of
galaxies that host an active galactic nucleus (AGN). AGN are thought to play a critical
role in shaping galaxies, but their effect on the gaseous reservoirs surrounding galaxies
is not well studied. I present results from the COS-AGN survey: 19 quasar sightlines
that probe the gas surrounding 20 optically-selected AGN host galaxies observed
over 65 hours with the Hubble Space Telescope. Absorption lines from a variety of
species are measured and compared to a stellar mass and impact parameter matched
sample of sightlines through non-AGN galaxies. Amongst the observed species in
the COS-AGN sample (Lyca, C 11, Si 11, Si 111, C 1v, Si 1v, N V), only Lya shows a
high covering fraction whilst many of the metal ions are not detected in individual
sightlines. A sightline-by-sightline comparison between COS-AGN and the control
sample yields no significant difference in equivalent width distribution. However,
stacked spectra of the COS-AGN and control samples show significant enhancements
in the equivalent width of both Lya and Si 111 at high impact parameters (> 164 kpc)
by a factor of +0.45 4+ 0.05 dex and > 40.75 dex respectively. The lack of detections
of both high-ionization species near the AGN and strong kinematic offsets between
the absorption systemic galaxy redshifts indicates that neither the AGN’s ionization
nor its outflows are the origin of these differences. Instead, I suggest the observed
differences could result from either AGN hosts residing in haloes with intrinsically
distinct gas properties, or that their CGM has been affected by a previous event, such

as a starburst, which may also have fuelled the nuclear activity.
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Chapter 1

On the importance of gas in the

Universe

When we look out into the observable Universe, we can see its primary contents;
stars and gaq'] Although the stars primarily define the visible structures of galaxies
we observe, it is the processing of gas in galaxies that traces the many processes of
the evolution of galaxies. Many of the details of galaxy evolution are still unknown.
For example, what processes regulate the growth of a galaxy? How do the elements
from the periodic table get produced? What did the first stars and galaxies look
like? These questions can be (partially) answered through the observations of the

chemistry and temperature of gas in and around galaxies.

1.1 The origin and distribution of gas in the Uni-

verse

Big Bang nucleosynthesis

The origin of the primordial gas in the Universe is a direct result of the Big Bang.
The extreme temperature and density of the Universe in its infancy kept matter, anti-
matter, and photons in thermal equilibrium with each other (Hayashi, 1950). As the
Universe expanded adiabatically, this material froze-out of its thermal equilibrium,

leaving behind the baryonic material we see and interact with today.

!'Note these components only make up ~ 5% of the total matter-energy budget of the Universe;
the remaining unseen components are dark matter (=~ 27%) and dark energy (=~ 68% |Planck Col-
laboration et al., [2015).



Big Bang nucleosynthesis (Wagoner et al., [1967; [Walker et al| [1991; |Cyburt et al.,
2008)) is responsible for the production of the primordial ratio of hydrogen, helium,
and trace amounts of lithium in gas. Surprisingly, the production of the elements
during the Big Bang is highly dependent on very few quantities: the baryon-photon
ratio (limiting how many nuclei that can form), the proton-neutron ratio (constraining
the amount of neutrons available to form the heavier elements), and the expansion
rate of the early Universe (setting the amount of time nucleosynthesis can occur).
Constraining these three quantities uses a combination of measurements of the Cosmic
Microwave Background (the relic radiation from the Big Bang; [Penzias & Wilson,
1965; [Planck Collaboration et al., 2015 and the amount of primordial material left
over from the Big Bang (namely deuterium and “Li; Spite & Spite, [1982; Tytler et al.,
1996; Asplund et al., 2006; Pettini et al., 2008; (Cooke et al., |2018). The resulting
product is gas that is approximately 75% hydrogen, 25% helium, and trace amounts

of lithium.

The buildup of structure in the Universe

After the Big Bang, all matter in the Universe (both baryonic [~ 10% of matter], and
the so-called dark matter [~ 90% of matter| whose origin is uncertain; |[Planck Col-
laboration et al., 2015)) are uniformly distributed on large scales across the Universe.
However, density perturbations on small scales lead to the growth of structure in the
Universe as the attractive force of gravity brings the matter together into the so-called
cosmic web, which is characterized by long filamentary structures connecting nodes
of large matter buildup (see Figure 1 of |Springel et al., 2005b). Gas residing outside
of galaxies (known as the inter-galactic medium; Gunn & Peterson, |1965) funnels
along the filamentary structures into the dark matter haloes that have formed at the
nodes, leading to the formation of stars and galaxies (e.g. see Figure 1 of both |Vo-
gelsberger et al., 2014} [Schaye et al., 2015). Furthermore, the gravitational attraction
of neighbouring nodes brings smaller structures (such as dark matter haloes or stel-
lar clusters) together, leading to the build up of more massive structures; a process

known as hierarchical assembly (Searle & Zinn, |1978; White & Rees, 1978]).



1.2 Star formation, evolution, and the synthesis of

metals

As the gas cools within a dark matter halo or galaxy, the atomic hydrogen settles onto
dust grains or, in dust-free environments such as the early Universe, free protons and
electrons to form molecular hydrogen (e.g.|Gould & Salpeter, [1963; Bromm & Larson,
2004)). The molecular gas continue to cool into giant molecular clouds, which continues
to contract until they reach high enough densities that the thermal pressure of the gas
can no longer support it and the cloud fragments and collapses (Jeans| [1902). Each
fragment continues to contract until the temperature of the core can begin fusion
reactions, forming stars. The hottest, brightest stars formed emit enormous amounts
of ultra-violet (UV) light, which heat up and ionize the remains of the giant molecular
clouds, preventing stars from continuing to form until the gas cools again (McKee &

Ostriker, |2007)).

Stellar fusion

Fusion of nuclei in stars starts at a temperature of 5x 10° K, converting four hydrogen
nuclei into one helium nucleus through the proton-proton (pp) chain (Burbidge et al.,
1957). At higher temperatures (~ 10® K), a preferential mechanism known as the
CNO cycle dominates over the burning of hydrogen into helium (Bethel 1939). In
brief, the pp-chain combines three hydrogen nuclei into *He, and *He nuclei into *He
. The pp-chain is the only hydrogen burning cycle that does not require additional
catalysts, whereas the CNO cycles requires the catalysts carbon, nitrogen, and/or
oxygen for hydrogen fusion.

Upon the exhaustion of hydrogen within the stellar core, the star can no longer
support its outer layer. Further collapse of the star increases the temperature of the
core to 10® K, igniting helium in the triple alpha process to produce carbon ash. In
summary, the triple alpha process converts three helium into carbon by first fusing
two helium nuclei into ®Be, and then adding a third “He (e.g. Burbidge et al., [1957)).
The difficulty that the stellar core faces during helium burning is that ®Be is easily
dissociated at these high temperatures. To overcome this problem, high densities and
temperatures are needed to quickly merge 8Be+*He and overcome the small cross-
section of this nuclear reaction (Salpeter, 1952).

For the more massive varieties of stars, further stages of burning occur in the



core (and in shells beyond the core), as more massive stars can reach central (shell)
temperatures for further fusion reactions using fuel such as carbon (temperature of
~ 5 x 10% K), oxygen (~ 10° K), neon (~ 1.5 x 10? K), and silicon (~ 3 x 10° K).
These massive stars have complex shells of burning, leading to a stellar structure
often denoted as the onion-skin model (see Figure [I.I). Once nickle and iron ash
are produced in the core, nuclear fusion is no longer favourable and the star can no
longer support itself from further collapse. This final collapse results in a supernova,
releasing a portion of the newly processed elements back into the gaseous interstellar
medium (ISM) of the galaxy whilst the remaining materials forms a remnant corpse

of a neutron star or black hole.

Metal enrichment and chemical evolution

As stars live and die, the production of elements from the stellar nuclear reactions
pollute the gas within the galaxy, resulting in future generations of stars with these
new material in their atmosphere. The measure of the content of all the elements
that are not hydrogen or helium in a gas cloud or on the surface of a star is known as
the metallicity, as these elements are commonly referred to as metals. As this cycling
of ISM gas leads to an increase in metallicity with time (e.g. Timmes et al.; [1995),
the gas-phase metallicity is a useful tracer of the star formation history of a galaxy.
The effects of metal enrichment have been seen within the ISM of galaxies across
cosmic time (since redshiftﬂ z ~ 4.5; e.g. [Pettini et al.| |1997; Prochaska et al., 2003a;
Rafelski et al., 2012} 2014)), finding a steady increase in metallicity with time.

Metallicity is measured as the ratio of the number of atoms of metals (or more
typically using a standard element or ion M as a metal tracer, e.g. Fe or Zn) relative
to the amount of hydrogen. For reference and simplicity, it is also generally scaled to
the value of the Sun’s abundance and measured in the log, namely [M/H]= log({*) —
log(%), where ny; and ny are the number densities of the metal M and hydrogen,
while ny, and ng, are the number densities of M and hydrogen in the Sun (e.g. as
compiled by |Asplund et al., [2009).

In addition to the general increase in metallicity, the abundances of individual

2Redshift is a quantity typically used to define an epoch of the Universe in the past. Due to the
expansion of the Universe, the observed light from objects further away appear redder due to the
Doppler shifting of light. The redshift of an object is quantified as z = %, where Agps and g
are the respective observed and rest-frame wavelengths of light; such that larger values of z refer to
earlier epochs in the Universe.



H= He
logT=7.0

Figure 1.1 A schematic cross-section of a star undergoing multiple burning phases.
Each concentric ring shows the fuel and main end products of the fusion reactions
within the layer, along with the typical temperature (logT; in units of log(K)) of
those reactions. Temperatures for each layer are adopted from |Kippenhahn & Weigert|

(1994).




elements also change with time. However, the rates of these metal abundance changes
depend on the types of stars within the stellar populations formed. Within a given
molecular cloud, a population of stars with a range of stellar masses form at the same
time. The most massive stars of this population evolve the fastest, contributing to
the metal production first through Type II supernova explosions. These massive stars
dominate the production of elements such as oxygen, magnesium, neon, silicon, and
sulphur (i.e. the a-elements, for containing an integer number of a-particles in their
atomic nucleus; note these are the bulk of fuel and products in the fusion layers of
Figure . The long-lived, less massive stars will later nucleosynthetically contribute
more to the production of iron (and other metals of similar atomic numbers) through
Type la supernovae, thus diluting the ratio of a-elements to iron (the [a/Fe| ratio).
Therefore, [«/Fe| is often used as an indicator of how fast the gas has evolved with
time or metallicity (see Figure ; Tinsley, |1979; McWilliam, [1997). As a result, the
evolution of the [a/Fe] ratio with metallicity varies for different galaxies. Comparing
the [a/Fe]-metallicity trend of the Milky Way (e.g. McWilliam, 1997; |Venn et al.
2004) with local dwarf galaxies (Tolstoy et al., 2009) has revealed that the lower
mass dwarf spheroidal galaxies (dSphs) have a drop in the [a/Fe] ratio at lower
metallicities relative to the Milky Way (see Figure . This discrepancy results
from dwarf galaxies having fewer massive stars, and are unable to enrich the global
metallicity of the galaxy as quickly as the Milky Way (Tolstoy et al., 2009) before the
contributions of lower mass stars to [«/Fe|. Similar effects can be seen in the lack
of Zn in dwarf galaxies (Shetrone et al., 2003 [Venn et al., 2012; Berg et al., 2015a;
Skuladottir et al.l 2017), where the dearth of the most massive stars (the suggested
dominant producer of Zn; Umeda & Nomoto, [2002) in dwarf galaxies leads to an
under-abundance of [Zn/Fe| relative to the Milky Way.

1.3 The evolution and death of galaxies

Evolutionary states of galaxies

Upon the collection of gas into the dark matter haloes and the formation of stars,
galaxies are born. Although this definition of a galaxy is simple, observational studies
of galaxies show they are much more complex systems with a diverse range of proper-
ties such as mass and shape. Two of the simplest ways of classifying galaxies, which

are inter-connected, are by morphology (Hubble, 1926; Willett et al., [2013) or colour



[a/Fe]

[Fe/H]

Figure 1.2 The schematic evolution of [a/Fe| with metallicity in the Milky Way (black
line) and lower-mass dwarf galaxies (coloured lines). At low metallicities [« /Fe] does
not evolve as the abundance ratio is set by the nucleosynthetic yields of massive stars.
The metallicity at which [a/Fe] is no longer constant (i.e. the ‘knee’; [Fe/H|~ —1.0
in the Milky Way) is the time when lower-mass stars contribute to the production
of Fe through Type Ia supernovae explosions. The height of the [a/Fe] plateau is
effectively set by the mass of the galaxy, while the metallicity location of the knee is
dependent on the star formation history (SFH).



(a reflection of the amount of star formation in a galaxy; [Strateva et al., [2001}; Baldry
et all) |2004; Schawinski et al., 2014). Galaxies that are blue in colour tend to be less

massive, actively forming stars, and disc-shaped, while redder galaxies are passive

(i.e. minimal star formation rates) and tend to be spheroidal or elliptical in shape.
How galaxies evolve from this blue, star-forming nature and become passive is poorly
understood. The dearth of galaxies at an intermediate stage of star-formation (the so

called ‘green valley’ galaxies) suggests that the evolutionary process(es) that truncate

star formation are quick (Martin et al. |2007; Schiminovich et al. 2007; |Gongalves|

7'

A notable feature from studying the environments in which star forming and

passive galaxies are found, is that galaxies in denser environments (such as galaxy

groups or clusters) tend to have higher mass but lower star formation rates (SFR) and

gas content than galaxies in isolation (Dressler] |1980; Kauffmann et al., 2004} Baldry,

et al., |2006; Weinmann et al., 2006]). A natural consequence of groups and clusters of

galaxies due to the hierarchical assembly of the Universe are galaxy mergers. In terms

of morphology, both simulations and observations have shown that the merging of two

star-forming, disc galaxies results in a elliptical-like galaxy (e.g. [Wright et al., [1990;

Mihos & Hernquist, [1994). Studies of galaxies undergoing interactions have, relative

to field galaxies of similar mass, increased SFRs (Lambas et al., |2003; Di Matteo
et al., 2007, [Patton et al.| [2011; Knapen et al., 2015 with a dilution in metallicity, a
likely result of gas funneling into the centres of galaxies (Kewley et al., 2006a; [Ellison|
et al., 2008; |Scudder et al., [2012; [Torrey et al., 2012).

The regulation of galaxy growth

The large halt in star formation during galaxy evolution suggests a change in the
amount of cold gas in the galaxy to form stars. One of the currently proposed mech-
anisms for removing gas from a galaxy is a process known as feedback. Although a
galaxy can accrete material that flows down from filaments, galaxy feedback mecha-
nisms stunt the growth of a galaxy by removing gas from within the galaxy and thus

preventing future star formation. Energetic supernovae and stellar winds heat up and

ionize the gas, pushing the material outside the galaxy (e.g. [Shapiro & Field, |1976;
Putman et al., 2012; Fox et al. 2016|). Furthermore, feedback and other baryonic

processes are required in galaxy evolution simulations in order to match the mass

and frequency distribution of galaxies that is observed in large surveys (Scannapieco




et al., [2012; Vogelsberger et al., [2014; Schaye et al., 2015).

Within the nucleus of many galaxies resides a super-massive black hole. The
growth of this black hole is closely tied to the growth of the galaxy, leading to various
scaling relations between the properties of the central nucleus and the galaxy (e.g. the
black hole mass—velocity dispersion or black hole mass—bulge mass relations; Ferrarese
& Merritt} [2000; Haring & Rix|, [2004). For such tight relations to occur, the accretion
of material onto the black hole is likely responsible for the regulation the growth
of the host galaxy (or vice versa) with some sort of active galactic nuclei (AGN)
feedback (for a review, see [Fabian, 2012). The two main modes of AGN feedback
reflect how the AGN interacts with the gas. In the ‘quasar’ (or ‘radiative’) mode,
some of the accreted gas is blown out of the galaxy in the form of strong winds (e.g.
Heckman et al} 2000; Veilleux et al., 2005]), photoionizing the surrounding material.
The ‘radio’ (or ‘mechanical’) mode uses the powerful AGN jets to mechanically heat
the gas outside the galaxy, preventing the reservoirs of gas beyond the galaxy from

returning to feed future star formation (McNamara & Nulsen) 2007).

1.4 Measuring the gas in and around galaxies

As described in the previous sections, the evolution of the Universe is heavily de-
pendent on the interplay of gas, stars, and galaxies. However, one of the greatest
challenges to constrain the interaction of gas with the rest of the Universe comes
down to its detection. Gas excited by radiating sources do emit photons as electronic
(atomic transitions) or rotational-vibrational (molecular transitions) states shift to
lower energy states. Detecting this emitted light from the earliest epochs of the Uni-
verse becomes increasingly challenging as the detectable flux from the emitted light
requires enormous telescopes and integration times. Furthermore, interpreting such
a signal also requires an understanding of what the emitting source is, which is not
known a priori. However molecular and atomic gas can be detected through the
absorption of light at the corresponding transitions that excite the molecules or elec-
trons (Kirchhoff, [1860)). We are fortunate that the Universe has provided a natural,
background light source in the form of quasars (further denoted QSOs) that can be
seen to very early times (z =~ 6; |Venemans et al., 2015). Furthermore, QSOs are
bright across a large range of wavelengths, particularly in the rest-frame UV where
many important atomic transitions occur, including the Lyman series lines of hy-

drogen. Thus, probing the evolution of the gas across cosmic time has usually been
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Figure 1.3 A mock QSO spectrum (at rest-frame UV wavelengths). Notable QSO
emission lines are noted by the blue and black arrows at the top of the figure. The blue
portion of the spectrum represents the Lya forest, the region where the intergalactic
medium absorbs high energy photons emitted by the QSO. The large decrement in
flux at low wavelengths (the red-coloured spectrum) denotes the blanket absorption
of all photons with energies greater than the ionizing potential of hydrogen (13.6
eV; i.e. the Lyman limit). The dotted and dashed green vertical lines denote two
quasar absorption line systems identified by strong Ly« absorption, which are likely
associated with two different galaxies.

done by using the imprinted absorption lines on top of a QSO spectrum (Figure .
The corresponding collection of gas associated with the absorption lines are typically

referred to quasar absorption line systems (QALSs) or simply absorbers.

1.4.1 Quantifying the abundance of gas
The Voigt profile

The absorption lines imprinted on top of QSO spectra contain information about the
number of atoms along the sightlines (typically referred to as the column density,
and is measured in units of atoms cm™2), and the temperature of the gas. Due
to the finite lifetime of an electron occupying a given state (At), the Heisenberg
uncertainty principle (AE - At > h/2) dictates that the width of the absorption line
(AFE) is naturally broadened. The amount of natural broadening is dependent on the
number of atoms present in the gas (and thus the column density), and is represented
by a Lorentzian distribution. In addition, the random motions of the gas results
in a distribution of particle velocities, further thermally broadening the absorption

lines. This thermal, or Doppler, broadening is characterized by a Maxwellian or
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Gaussian profile and is dependent on the gas temperature. The convolution of these
two broadening mechanisms results in an absorption line from a single cloud of gas
being describes as a Voigt profile. For an atomic absorption line at the rest-frame
wavelength Ay (with oscillator strength f and natural damping parameter I'; for a list
of laboratory measurements or predictions see Morton, |2003; Cashman et al.| |2017)) ,

the absorption line profile in terms of optical depth (7) at wavelength A is given by:

2 oo —y?
meif N eV

me 705b J_ (%)2 + (g(l — /\io) —y)?

T(A) = dy, (1.1)

where m and e, are the mass and charge of the electron, c is the speed of light,
N is the column density of gas, y is the velocity field of the gas, and b is the Doppler

parameter. The Doppler parameter can be further refined in terms of the temperature
2kT .

of the gas T', namely b = /=%-; where £ is the Boltzmann constant.

Equivalent widths and the curve of growth

In addition to the column density, a commonly-used metric for measuring the amount
of absorption is the equivalent width. The equivalent width is defined as the width (in
units of wavelength) of a rectangle with infinite optical depth such that the area of the
rectangle is equal to the integral of the absorption line’s profile (i.e. [ e TMNd)\; see
left panel of Figure . The equivalent width is dependent on the column density,
but the functional dependence varies with column density. The right panel of Figure
[1.4] shows the nature of this dependence using a simulated Voigt profile of a Ly« line.
When the line is unsaturated, the equivalent width is directly proportional to the
column density. Upon saturation of the line, the equivalent width becomes mildly
proportional to the column density, but is more dependent on the Doppler parameter
(b). Once natural broadening is the dominant source of broadening (i.e. the Lorentzian
component of the Voigt profile), the wings of the absorption profile are damped and

are moderately sensitive to column density.

1.4.2 Classification of quasar absorption line systems

QALs are typically classified based on their column density of neutral hydrogen [i.e.
logN(H 1)]. The logN(H 1) cuts used to separated classes of QALs are a combination

of the level of saturation of the Lyman series (namely Ly a and the Lyman limit),
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Figure 1.4 Left panel: A cartoon Voigt profile (red; in units of relative intensity).
The equivalent width (EW; denoted by the blue arrow) of the absorption profile
corresponds to the width of a rectangle (from I/l of 0 to 1) whose area (blue shaded
region) is the same as the area between the continuum (7/1y = 1; black dashed line)
and the absorption line profile (red shaded region).

Right panel: The equivalent width as a function of column density (N) for a Ly«
profile of a given Doppler parameter b (10, 20 and 30 km s™!; lighter to darker curves
respectively). The vertical dashed lines approximately separate the three regimes of
the curve of growth; where the line profile is: unsaturated (left), saturated but not
damped (middle), and saturated and damped (right).
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the presence of damping wings, and whether the neutral gas is self—shieldedrf] or of
similar column density to the ISM of the Milky Way. The Ly« forest [14 < logN(H 1)
< 17] are clouds of gas that are optically thin (7 << 1) at the Lyman limit, but are
saturated in Lya (thin blue absorption lines in Figure . The Ly« forest tends
to probe the inter-galactic medium, and is often used to statistically measure the
matter distribution in the Universe on large scales (Cen et al, 1994 Hernquist et al.,
1996; Bi & Davidsen|, 1997; McQuinn), 2016; |Irsi¢ et al., 2017a)). The next step in
logN(H 1) column density corresponds to Lyman limit systems (LLS; logN(H 1)> 17),
which refers to optically thick (7 2 1) Lyman limit absorption. LLS probe column
densities of gas that are typically associated with galaxy structures, whether it is
gas residing in the ISM or outskirts of galaxies (but still bound in its dark matter
halo; Lanzetta et al., [1995a; |Wakker & Savage, 2009; Prochaska et al., 2011; Lehner
et al, 2013). LLS are often further classified into damped Ly« systems (DLAs;
logN(H 1)> 20.3; Wolfe et al., 1986) and subDLAs (19.0 <logN(H 1)< 20.3), where
these column densities limits denote the approximate column densities associated
with strong damping wings (subDLAs; see Figure and full self shielding]] (DLAs;
Wolfe et al., 1986, [2005]). Historically, the logN(H 1)> 20.3 threshold for DLAs also
corresponds to the approximate column density of the Milky Way’s ISM, as DLAs
were thought to be proto-Milky Way galaxies (Wolfe et al., |1986)).

At optical wavelengths that are observable from the ground, the Lya transition

< 4.8. Identifying lower redshift systems

~

can only be observed for redshifts 1.5 < z,ps
without the need for space-based observations of the observed-frame UV transition
requires the used of another absorption line associated with neutral gas. This wave-
length limitation has led astronomers to use the strong Mg 11 doublet at rest-frame
wavelengths of A\ 2796 A and 2803 A to identify absorbers, which can probe absorbers
within the redshift range 0.2 < zps < 1.5 (Bergeron, |1986; |[Bergeron & Boissé, 1991;
Bouché et al., [2006; Nielsen et al., 2013} Huang et al., 2016} Lan & Fukugita, [2017)).
The nature of these absorbers are unclear, as they span a large range in H 1 column
densities (e.g. [Rao & Turnshek| 2000; Rao et al., 2006])

3Self-shielding refers to the effect that, when the density of gas is large enough, the lifetime of
the gas ionized from the external source is less than the time required to ionize all the gas. This
resonance of absorption and re-emission of light keeps a large portion of the gas in a neutral state.

4Note that self-shielding effects can be observed down to column densities close to logN(H 1)=> 19.2
(Zheng & Miralda-Escudé) 2002).
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DLASs

DLAs are of particular interest to understanding both the cosmic evolution of neutral
gas reservoirs and metal enrichment. Although DLAs are relatively rare compared
to their lower column-density counterparts, they contain the bulk of H 1 gas in the
Universe (Lanzetta et al., 1995b; |Prochaska et al., 2005; |Noterdaeme et al., [2012),
making them ideal tracers of the evolution of neutral gas. Furthermore, their self-
shielding effects makes determining their metal abundances relatively straightforward
as the bulk of metals remain in a single ionization state, so no ionization corrections
are usually deemed necessary to obtain the total number of metals. DLAs thus provide
a complementary study of chemical evolution, as their column densities provide an
average measure of the metal abundance of many galactic systems, whereas stellar
abundances are measured for many stars in few galactic systems. DLA abundances
are typically more accurately measured than stellar abundances, as stellar abundances
suffer from relying on a model stellar atmosphere to back out the measured equivalent

widths into atomic number densities.

What are the absorbers?

The trade-off of measuring accurate column densities in QALSs is that they are very
difficult to image due to the bright background quasar blinding one from seeing the
fainter galaxy along the line of sight. Although intials observations of DL As suggested
that these high H 1 column densities probed high-redshift, Milky Way analogues
(Wolte et al., 1986; Prochaska & Wolfe, [1997)), the kinematics and chemical signatures
are also consistent with lower mass, dwarf-like galaxies (Haehnelt et al., |1998; |Cooke
et al., 2015; Berg et al., 2015a). To better understand the morphological nature of
DLA absorbers, clever techniques to remove the background quasar light have been

used to image the absorbing galaxy. These techniques include:

e Angular differential imaging (Johnson-Groh et al., 2016). A technique pioneered
for direct imaging of exo-solar planets (Marois et al., 2006). In summary, the
telescope rotator is turned off while observing the background point source
(QSO) and many short exposures are taken over a long period of time. Using
the multiple exposures to accurately model the point spread function of the
point source, the QSO light can be removed from the image to identify any

projected nearby galaxies.
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e Multiple, close DLAs along the same sightline (Fumagalli et al., [2015]). This so-
called double-DLA technique requires a pair of DLAs identified along the same
QSO sightline, such that the absorption from the higher-redshift DLA partially
obscures the QSO light, allowing for the detection of the foreground DLA.

e 2D spectral imaging (Péroux et al., 2011} |[Fynbo et al., 2013} |Krogager et al.
2013; |Jorgenson & Wolfe, 2014)). With the advent of integral field spectroscopy,
which can provide spectra for multiple position in a field of view, DLA absorbers
can be positionally identified (Péroux et al., [2011}; Jorgenson & Wolfe, 2014).
Similarly, multiple emission spectra can be taken of the QSO with different
position angles of the slit orientation on the sky to build up a 2D spectrum of
the QSO (Fynbo et al.,|2013; Krogager et al., 2013)). Using these emission lines,
one can obtain a model of the point spread function with wavelength and fit

Lya emission seen in 2D spectra.

e Cold, molecular gas imaging (Neeleman et al.| 2016b,[2017). At rest-frame wave-
lengths where the molecular gas is emitting (i.e. sub-millimetre wavelengths),
the contrast between the galaxy and QSO is heavily reduced. Until the re-
cently commissioned Atacama Large Millimetre Array, this imaging technique

was limited by the poor spatial resolution of sub-millimetre telescopes.

e Gamma ray bursts (Ellison et al.l 2006). Rather than using a QSO as the
background light source, intervening absorbers are fortuitously observed along
sightlines towards gamma ray bursts. After the gamma ray burst fades, follow-

up observations image the absorbing galaxy.

These imaging technique have typically shown that DLAs probe a variety of different
morphologies (Fumagalli et al., [2015; [Fynbo et al. 2013; Kashikawa et al., [2014),
consistent with the kinematic and chemical signatures of dwarf and Milky Way-like

galaxies.

1.5 Thesis Overview

This thesis concerns the study of galaxy evolution using quasar absorption line sys-
tems to probe the gas within and surrounding galaxies. Although DLAs dominate
the H 1 content of the Universe, comparatively little attention has been paid to the

slightly lower column density subDLA systems (e.g Péroux et all 2005; O’Meara
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et all, 2007} |Quiret et al), 2016). Chapter [2]takes advantage of a large, homogeneous,
and absorber-blind dataset of QAL spectra to pinpoint the contribution of subDLAs
to the overall H 1 budget of the Universe, and quantify the effects of selection biases
of subDLAs and DLAs on this H 1 budget.

As described above, chemical evolution can be a useful tool to understand the

evolution of stellar population of galaxies. Given the limitations of observing the
galaxies responsible for the neutral gas absorption directly, Chapter 3] takes advantage
of the detailed chemical abundances measured in DL As to refine our understanding
of the physical nature of DLA absorbers.

Feedback processes are an extremely important regulator of gas accretion and con-

sumption in galaxies. AGN feedback in particular is thought to be one of the primary

culprits in transforming star-forming galaxies into a passive state (e.g. Springel et al.,
2005a; [Schawinski et al., 2007; Fabian, 2012; Bluck et al. [2014} |2016), and should

have a direct impact on the neutral gas reservoirs that surround galaxies (Tumlinson

, 2017). Chapter |4 uses QALs to probe these gaseous surrounding AGN host
galaxies to better define the connection between feedback and the gas reservoirs of

galaxies.
The thesis concludes in Chapter 5| with a brief highlight of the main results from
this work. These findings are used to motivate future work with both currently

available and future telescope facilities.
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Chapter 2
The cosmic evolution of HI

One of the best ways to characterize the evolutionary history of galaxies is through
understanding the star formation history of the galaxies in question. Stars within
galaxies compose key physical and chemical signatures which astronomers use to
understand how galaxies evolve. To form stars however, galaxies need vast amounts
of cold gas; thus observing the gas reservoirs of galaxies is key to studying how galaxies
grow.

The bulk of neutral gas in the Universe is in the form of neutral hydrogen (H 1),
which typically only emits light at the 21 ¢m hyperfine transition. Due to the fainte-
ness of the 21 cm emission, studies of H 1 gas have for the most part been limited
to the current epoch (z = 0; Giovanelli et al., 2005; |Zwaan et al., 2005) and thus
is unable to provide a picture of gas evolution over a large portion of cosmic time.
However, as QSOs are ubiquitous in the high redshift Universe, QALs provide an
excellent tracer of the evolution of H I gas reservoirs over cosmic time.

In this chapter, I present the sample of DLAs and subDLAs selected from the
XQ-100 legacy survey of 100 QSO sightlines. Using this sample of absorbing systems,
I investigate the contribution of H 1 gas from subDLAs to the cosmic H 1 reservoirs
that are more traditionally traced by DLAs. In addition, I introduce work on under-
standing the effects of using metal absorption lines to pre-select both subDLA and
DLA systems, and discuss the potential biases in the evolution of H 1 introduced by
these metal selection techniques. The identification of DLAs in the XQ-100 legacy
survey was originally presented in [Sanchez-Ramirez et al. (2016, on which I am a
co-author), but I perform my own identification of DLAs in this chapter using a con-
sistent method to homogenize the full absorber sample. The work on Mg 11 selection
of DLAs was published in Berg et al. (2017)), and relies on XQ-100 data previously
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published in Berg et al. (2016} see Chapter [3| for more details). The work on subD-
LAs will appear in a future publication (Berg et al., in prep.). To be consistent with

the previous work on the evolution of H I reservoirs, in this chapter I assumed a flat
ACDM Universe with Hy = 70 km s~! Mpc~! and Q,; = 0.3.

2.1 Quantifying the HI content of quasar absorbers

To quantify the contribution of quasar absorption line systems to the H 1 content of
the Universe, one needs to assess the number of absorption line systems of a given
H 1 column density [N(H 1)] and absorption redshift (z,s). This quantity, known as
the column density distribution function (f(N, X)), is defined as

Mabs

N, X)dNdX = a
(N, X) AN x S 7¥0 AKX,

dNdX, (2.1)

where m,ps is the total number of absorbers with column densities between N —AN/2
and N + AN/2 along the observed absorption distance AX; of the i*" QSO sightline,
and nqgo is the number of QSO sightlines observed. The absorption distance AX; is
the total redshift path covered by the sightline, and is computed on a sightline-by-

sightline basis using

AX@%:/mmﬂ+zmeﬂ+zf+QﬂOﬁk, (2.2)
where 2,,;, and z,,., are the minimum and maximum redshift observed along the
QSO path, while ), and 25 are the matter and dark energy densities of the Universe
observed at the current epoch. z,,,. is typically set by the emission redshift of the
QSO (zem)-

Although f(N, X) contains all the necessary information to understand how the
number of H 1 absorbers evolve with time, the more commonly-used metric to assess
the contribution of H 1 contained in QSO absorption systems is the comoving mass

density of neutral gas (Qy;), and is defined as

QHI(X) - cpo N Nf(Nv X)dN = cpo Z’?QSO AX:
min i (]

where Hj is the Hubble constant at the current epoch, ¢ is the speed of light, my is
3H2
81

the atomic mass of hydrogen, and py is the critical density of the Universe (pg =
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for a flat Universe; where G is the gravitational constant).

The cosmic evolution of DLASs

Of the many classes of QALs, DLAs are the highest H 1 column density absorbers,
defined as having log N(H 1)> 20.3 (Wolfe et al. |1986, 2005). Although fewer in
number compared to lower N(H 1) counterparts (such as subDLAs; 19.0 <logN(H 1)<

20.3), DLAs dominate the H 1 column density distribution from z,,s~ 5 to the present

epoch and are used to trace the cosmological gas density of H 1 (Qy;), eventually

fueling future generations of star formation (Lanzetta et al., [1995b; Rao & Turnshek,

2000}, [Storrie-Lombardi & Wolfe, 2000} [Péroux et al., 2003b} [Prochaska et al., 2005}
Rao et al., 2006} |[Prochaska & Woltel, [2009; Noterdaeme et al., 2012} |Zafar et al.|

2013a; (Crighton et al., 2015} Neeleman et al., 2016a; Sanchez-Ramirez et al., 2016]).
At absorption redshifts where the H 1 is observed in optical bands (1.5 <z < 4.7),
Qy; remains relatively constant with redshift (for the most recent results at these
redshifts, see (Crighton et al., [2015; Sanchez-Ramirez et al. 2016). At z ~ 0, Qy, is

currently best measured from 21 c¢m emission line surveys of galaxies (Zwaan et al.,

2005; [Martin et al. 2010). Between these z ~ 0 measurements and Qy, measured

in DLAs at z ~ 1.5, the gas content of galaxies has only evolved by a factor of

~ 2 (Zwaan et al., 2005; Sanchez-Ramirez et al., 2016, see grey shaded region and

solid circles in Figure [2.1]). This shallow evolution in Qy; (which, upon cooling into
molecular gas, is thought to be the fuel for star formation) is in stark contrast with

the rapid, order of magnitude decline in the cosmic star-formation rate density over

the same epoch (Madau & Dickinson| |2014). To explain the discrepancy between the

two quantities, it has been been suggested that H I reservoirs in galaxies are being
replenished by the intergalactic medium to maintain the density in a steady state
(Lanzetta et al., [1995b; Prochaska et al., [2005; Noterdaeme et al. 2012; Zafar et al.,
2013a; [Sanchez-Ramirez et al., 2016)).

Despite well constrained estimates of Qy; at 2z ~ 0 and at z > 2, studying the na-

ture of the Qy; evolution between 0.3 <z.,s< 1.5 is challenging, as the Ly« transition
shifts into the UV, requiring expensive space-based observations; and 21 c¢cm emission
becomes extremely difficult to detect at intermediate redshifts (Rhee et al., 2016]).

In an effort to improve the efficiency of space telescope observations, it has become

common practice to pre-select candidate DLAs based on the rest-frame equivalent
widths of the associated Mg 11 A\ 2796, 2803 A absorption observed in the optical
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Figure 2.1 The cosmic evolution of Qy; as probed by DLAs. The grey shaded region
denotes the high redshift DLA sample from [Sdnchez-Ramirez et al.| (2016), while
the black and red diamonds denote intermediate redshift DLA measurements from
Neeleman et al|(2016a)) and Rao et al. (2006), respectively. The z ~ 0 measurements
from various radio surveys are denoted by the filled coloured circles. Figure taken
with permission from Sanchez-Ramirez et al. (2016]).
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(Rao & Turnshek, 2000; Rao et al., 2006)). Qy; derived from zps~ 1 DLA samples
pre-selected from Mg 11 (Qg~ 7.5 x 1073) is consistent with the z,ps> 2 value, imply-

ing strong evolution at the lowest redshifts (Rao et al., |2006, red diamonds in Figure

. However, a recent ‘blind’ archival survey of DLAs at z ~ 1 derived a value of
Qp; a factor of 3 lower than Rao et al.| (2006, ~ 2.5 x 1073), and is consistent with
21 cm results at z ~ 0 (Neeleman et al) 20164, black diamond in Figure [2.1). This
tension in Qy; has led to suggestions that Mg 11 DLA pre-selection may be biased,
possibly leading to high Qp, (Péroux et all [2004; Dessauges-Zavadsky et al., |2009;
Neeleman et al., [2016al).

The cosmic evolution of subDLAs

Although DLAs dominate f(N, X) over a large range of redshifts (Wolfe et al., 2005;
Prochaska et al., 2005; Noterdaeme et al., 2012), subDLAs (19.0 <logN(H 1)< 20.3)

are also thought to host a modest contribution of the H 1 gas of in the Universe. The

trouble with using subDLASs to probe the neutral gas reservoirs of the Universe is that

these systems are often not completely self-shielded from the cosmic UV background,

and thus do not completely trace neutral gas reservoirs (e.g. Zheng & Miralda-Escudé,
2002; O’Meara et al., 2007). Nevertheless, there has been a substantial body of
working calculation the contribution of H 1 from subDLAs to f(N,X) and Qy;
et all 2003blal 2005, [O’Meara et all 2007; [Guimaraes et all, [2009; [Zafar et al.
, as well as understanding whether subDLAs probe different types of gaseous
systems than DLAs (Péroux et al., 2003a; Kulkarni et al., 2007; Dessauges-Zavadsky|
et al) 2009; Quiret et al, 2016). Early work had suggested a distinct evolution
in f(N,X), where more subDLAs were present at higher redshifts (Péroux et al.
2003blfa); Zafar et all,[2013al), although other studies have only detected this evolution
at < 20 confidence (O’Meara et al., [2007; Guimaraes et al., [2009). If such a redshift
evolution exists in f(N, X) for subDLAs, this would imply that subDLAs become
more important at high redshifts (z,,s> 3.5) and contribute more than ~ 10 —20% of
Qp, traced solely by DLAs (Péroux et all 2005; |Guimaraes et al., 2009; Zafar et al.,

20134)).
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2.2 The XQ-100 survey and its intervening ab-

sorbers

2.2.1 Swurvey design and data reduction

The XQ-100 Legacy Survey (PI S. Lépez) observed 100 QSO sightlines at redshift
Zem~ 3.5—4.5. with the X-Shooter Spectrograph Vernet et al. (2011) on the Very Large
Telescope (VLT) in Chile. The XQ-100 survey was designed to cover many science
cases, including: measuring the Lya forest with moderately high resolution at large
redshifts (Irsi¢ et al., 2017alb), observing the proximity effect of gas near to QSOs
(Perrotta et al) 2016), and studying the properties of the QSOs themselves. As a
bonus to addressing these science cases, the QSOs were purposefully chosen to be blind
to any intervening absorption line systems; thus providing a nearly random sample
of sub-DLAs and DLAs to study the cosmological implications of these intervening
absorbers (Sanchez-Ramirez et al.| 2016 [Berg et al., 2016} 2017} |Christensen et al.|
2017). For more details about the science cases and survey design, see [Lopez et al.
(2016]).

The X-Shooter spectrograph is built with three pick-off arms (i.e. a blue [UVB],
visible [VIS], and near-infrared [NIR] arm) to provide simultaneous wavelength cover-
age from the near UV (3150 A) to the NIR (25000 A) at a full width at half maximum
(FWHM) resolution R~5000-9000. For each QSO in the XQ-100 survey, the per-arm
exposures were either ~ 0.5 or ~ 1 hour in length (depending whether the QSO
was classified as ‘bright’ or ‘faint’; respectively), providing signal-noise ratios of ~ 20
pixel ™! (median ~ 30 pixel™'). The spectra for each arm were reduced using an
internal IDL package by G. Cupani and G. Becker. For more details on the data
reduction, see |Lopez et al. (2016).

Continuum fitting

From the extracted, 1-dimensional X-Shooter spectra, I created by-hand fits to the
continuum using a cubic splineE]. In brief, the input spline points were selected by-
hand as regions where the QSO emission flux appeared to be free of any absorption
lines. The typical spline points are separated by ~ 20 — 40 A, although regions close

to QSO emission lines or large variations in the continuum level contain a higher

LCode available at https://github.com/trystynb/ContFit.
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density of points to capture the change in the continuum’s slope. As the Lya forest
and intervening gas clouds along every sightline partially absorb all QSO photons
below the Lyman limit, the QSO’s flux is systematically absorbed for all wavelengths
below the corresponding observed Lyman Limit at the redshift of the QSO (Ar, =
(1 4 Zem) x 911.7633 A), making accurate continuum placement difficult. For this
reason, the continuum was artificially set to a constant high value for wavelengths
below App; this wavelength regime is consequently not used for the work presented in
this chapter. Both the science and error spectra were then normalized by the resulting

spline-fitted continua.

2.2.2 Identification of intervening absorbers

Using my by-hand continuum-normalized XQ-100 spectra, I visually identified candi-
date subDLAs and DLAs. This identification was done by carefully scrolling through
the XQ-100 spectra from the Lya emission of the QSO to Ap; and searching for
saturated absorption broad enough to fit a simulated Lya Voigt profiles of column
density logN(H 1)> 18.8 (assuming a typical Doppler parameter of b = 10 km s™!; e.g.
Dessauges-Zavadsky et al., 2003)). Simultaneously, a simulated second order Lyman
series line profile (i.e. LyJ) was checked at the corresponding wavelength. For each
of these saturated regions identified, one or more Voigt profiles were fitted by adjust-
ing logN(H 1) and z,,s until the modelled Lya and Ly Voigt profiles matched the
continuum-normalized spectra. If required, the original continuum fits were simulta-
neously adjusted to best fit the data. These continuum adjustments were common
for large column density absorption systems on top or near QSO emmission lines.
In many of these adjustments, the best-fit column logN(H 1) was constrained by the
corresponding Lyf profile. Errors on the logN(H 1) column density were estimated
as the minimum and maximum possible logN(H 1) that would also be a reasonable
fit. Given the signal-noise of the spectra, the typical error on logN(H 1) is about
+0.2 dex. For cases where the continuum was uncertain, the assigned logN(H 1) error
was increased to match this uncertainty in the continuum placement.

To ensure higher redshift Ly series lines were not confused with lower redshift
Ly« absorption, a full model spectrum was generated to keep track of all absorption
along each sightline. Upon identifying a new absorber, the associated Voigt profiles
for several key Lyman series lines (Lyca, Lyf, Ly, and Lyd) were added to the full

model spectrum. The identification of systems was terminated when the observed-
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frame wavelength of additional Lya absorbers was shorter than Ay .

Given the modest resolution of the XQ-100 spectra, it is difficult to disentangle
regions of extended saturated absorption without the constraining characteristic of
Voigt profile wings on either side of the profile. In these cases, it is possible that one
or more subDLAs could fit these regions, but was also degenerate with several smaller
LLS clouds. Unless a higher-order Ly series line could disentangle this degeneracy,
no candidate absorbers were fitted to the data in these degenerate regions.

Once this identification process was complete, the list of obtained absorption
line systems was cleaned by adjusting or removing any absorbing systems whose Ly
series lines (down to Lyd) did not fit the continuum normalized spectra. The final
cleaned sample of identified candidate absorbers consists of 131 18.8 <logN(H 1)< 19.0
LLS, 194 sub-DLAs and 33 DLAs. Table contains the full list of 358 candidate
absorbers, including their z,,s and logN(H 1), while Figures — show the
Ly« absorption line profiles and best-fitting H 1 Voigt profiles for all the candidate

absorbers.

Comparison to Sanchez-Ramirez et al. (2016)

In [Sanchez-Ramirez et al. (2016), Rubén Sénchez-Ramirez previously identified 41
DLAs in the XQ-100 sample using a similar absorber identification method, but us-
ing different continuum fits over a slightly longer redshift path. Note that the redshift
path in|Sanchez-Ramirez et al.|(2016) was not truncated at Ay but extended to lower
wavelengths until the QSO emission flux was completely wiped out by Lyman limit
absorption; as a result their search includes eight more DLAs. As previously uniden-
tified subDLAs were fitted also, it was important that I used the same continuum
fits for both the DLA and subDLA identification. All of the [Sanchez-Ramirez et al.
(2016) DLAs within the same redshift range were recovered, and their column densi-
ties are consistent (within the H 1 column density errors) with those that I derived.
The largest discrepancies occurred in regions where the continuum is difficult to con-
strain, such as systems that are nearby the background QSO as part of the Ly«
emission line is absorbed. Unless stated otherwise, I continue to use the logN(H 1)

measurements presented in this chapter for the XQ-100 DLAs.
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Recovery test

To assess the completeness of the visual identification process and ensure that the
modest XQ-100 spectral resolution did not affect the determination of column densi-
ties, an absorption line recovery test was necessary. To ensure the Lya forest statistics
and X-Shooter instrumental effects are reproduced while maintaining the same con-
tinuum fits used in the original identification process, artificial absorption systems
were randomly inserted into the XQ-100 spectra.

Prior to insertion, a list of artificial systems was first generated to ensure that an
approximately uniform distribution of column densities was used. In bins of column
density from logN(H 1)= 18.0 to 20.37 (in steps of 0.1 dex), 15 + 3 systems of that
column density were generated. A random number of systems (~ 350) was generated
to prevent subconscious counting during the recovery process. For each of these fake
systems, a model Ly series (down to Lyd) spectrum was generated, and randomly
inserted into one of the XQ-100 QSO spectra at a random redshift. To simulate noise
in the model spectrum, the flux of the model spectra was then varied randomly using
the XQ-100 error spectrum flux as the standard deviation of a Gaussian distribution.
Between 0 and 7 absorption systems were assigned to each XQ-100 sightline.

The identification process described above was repeated on the spectra with fake
absorbers inserted, starting with the locations of the previously-identified real ab-
sorbers flagged in the model spectra. The left panel of Figure shows the column
density distribution of fake systems inserted into the XQ-100 spectra (with observed-
frame Ly« absorption at wavelengths larger than A;r; grey line). The solid red bars
indicate that I missed seven, logN(H 1)< 19.2 systems in my recovery analysis. How-
ever, the three missed systems with the higher column densities (logN(H 1)> 18.9)
happened to be randomly inserted ontop of already identified, larger Lya absorbers.
Since the H 1 contribution from real overlapping systems would have already be ac-
counted in the original fit to the larger H 1 systems, I do not include these three missed
systems in the recovery rate derivation; therefore only systems with logN(H 1)= 18.8
were missed in the recovery analysis.

For all the recovered systems, the right panel of Figure shows the difference in
logN(H 1) between the measured column density of the fake absorber (Nyeas) and the
randomly generated value (Npake). All but ten of the recovered systems (2% of the

2The recovery rate for DLAs in the XQ-100 dataset was previously measured at 100% in Sdnchez-
Ramirez et al.| (2016]). Given that I recovered all the previously identified DLAs, higher column
densities do not need to be tested.
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Figure 2.2 Left panel: Distribution of the number of fake systems of a given logN(H 1)
used for the recovery test (grey line) and those systems that were missed in the
recovery process. Note that only systems whose Ly« is beyond > A are included
in this plot. Right panel: The difference in measured and fake logN(H 1) column
densities (i.e. 10gNpeas-logNFake) as a function of the fake logN(H 1) value.

total number of systems) have consistent column densities with Ng,.. For these ten
systems, the column densities are only inconsistent by ~ 0.1 dex, which is statistically
consistent with the random flux errors inserted into the fake model spectra.

In summary, the H 1 recovery test was successful in measuring and identifying
absorbers; and suggests my identification of XQ-100 absorbers is 100% complete for
logN(H 1)> 18.9, and 73% complete for logN(H 1)= 18.8.

False positives and metal lines

In addition to ensuring that all the subDLAs and DLAs were identified in the XQ-100

dataset, it is possible that two closely-separated LLS or Ly« forest clouds can mimic
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a low column density subDLA, leading to falsely identified subDLA systems. The
common method to remove these ‘false positive’ absorbers from a sample is to check
higher order Ly series lines or metal lines associated with the absorber, particularly
using high resolution data (Péroux et al. |2003aj; |O’Meara et al., 2007, Zafar et al.,
2013al). However, for low-to-modest resolution spectra or low redshift absorption
systems, the Ly series lines are difficult to separate from the blanket Lyman limit
absorption, or the Lyf forest. For this reason, previous studies have tended to use
strong metal lines (such as C 1v, Mg 11, or Fe 11) to confirm these systems. However,
this metal line selection may artificially remove metal-poor systems with weak or no
metal lines that are not easily identified, and thus lead to a biased absorber sample.

From the full sample (further abbreviated as FS) of candidate absorption systems
with logN(H 1)> 18.8, I identified a subsample of metal-confirmed absorbers (further
denoted as MS), where at least one of the following ionic species is detected: C 1v
(A 1548 A & 1550 A), Mg 11 (A 2796 A & 2803 A), or Fe 11 (\ 2344 A, 2382 A,
& 2600 A) Of the 358 candidate systems identified, only 149 have confirmed metals
lines, with all all DLAs having detected metal lines. The systems with observed
metal lines are identified in the ‘Metal?’ columns of Table [A.1] Figure [2.3 shows the
distribution of logN(H 1) and z,,s for the FS (grey circles) and MS (red diamonds)
absorbers. It is clear that the metal selection process preferentially removes low
redshift, logN(H 1)< 19.4 candidate absorbers from the FS. I note that this high
number of metal-deficient candidate absorbers identified at low redshift is in contrast
with the metallicity enrichment of the Universe, where metal-poor absorbers tend to
be found at higher redshifts (Pettini et al., [1999; [Rafelski et al., |2014; Quiret et al.|
2016)).

To better understand whether the XQ-100 spectra have the capability of detecting
low N(H 1), metal-poor absorbers, I computed the signal-noise ratio (snr) required
to detect a metal line absorption line (with rest-frame wavelength A and oscillator

strength f), at 30 significance, for an absorber with metallicity [M/H] using

n —1
3m.c FWHM [M/H]+log ——2
J— =TT (N(H 1)10 ( Heo )) ) (2.4)

Equation [2.4] assumes the metal line is detected at the corresponding full width half-
maximum (F'W HM; measured in the observed frame) of the instrumental resolution
of the NIR arm (R = 5300). Note that at higher resolutions, the FWHM term in
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Figure 2.3 The H 1 column density (logN(H 1) of all candidate XQ-100 absorbers
(grey circles) as a function of their redshift (z,,s). The red diamonds indicate the
XQ-100 MS absorbers. The total number of absorbers (N) for each sample are given
in the top left corner of the main panel. The distributions of z.,s and logN(H 1) are
given in the top and right-most panels, using the same colour scheme for the two
subsamples. For reference, the dotted and dashed horizontal lines denote the column
density thresholds for subDLAs and DLAs (respectively).
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Figure 2.4 The predicted spectral signal-noise required to observe the metal lines
Fe 11 A 2382 A (left panel) and Mg 11 A 2796 A (right panel) as a function of absorber
logN(H 1). A range in metallicities is represented by the different coloured lines. The
typical range in signal-noise of the XQ-100 spectra is denoted by the light grey region.

Equation [2.4]is dictated by the smallest width of the line rather than the instrumental
resolution.

Figure [2.4] shows the range of signal-noise required to detect the two strong metal
lines Fe 11 \ 2382 A (left panel) and Mg 11 A 2796 A (right panel) as a function of
absorber logN(H 1) and metallicity ([M/H]; coloured lines). For the typical range of
signal-noise in the XQ-100 spectra (grey shaded region in Figure , the XQ-100
spectra can only detect metal lines down to [M/H|Z —2.5 for the typical subDLA
absorber not included in MS (logN(H 1)< 19.4). Few subDLAs have previously been
detected with [M/H]> —2 (Quiret et al. 2016). However the lack of low-metallicity
subDLAs could be a result of metal-line selection effects, particularly as DLAs can
probe down to [M/H]a —3.0 (Cooke et al., 2015; |Quiret et al., 2016). Although this
metal selection technique does not fully assess the false positive rate, the total number
of genuine absorbers present in the X(Q-100 samples should be bounded by the FS
and MS absorbers.
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2.3 The cosmic evolution of neutral gas

As stated in Section the two key quantities for understanding the contribution
of H 1 from subDLAs and DLAs are f(N,X) and Qy,. In Sdnchez-Ramirez et al.
(2016)), we originally computed both these quantities for the XQ-100 DLA sample
and analyzed the evolution of ;. In this section, I will present the added infor-
mation obtained from calculating f(N, X) and Qg from the XQ-100 subsample. As
in Sanchez-Ramirez et al.| (2016]), I restrict the XQ-100 sample to exclude systems
with an absorption redshift within 5000 km s~! of the QSO emission redshift. These
proximate systems likely trace a different population of systems compared to their
intervening counterparts, (Ellison et al., 2002} |2010; Berg et al., |2016; Perrotta et al.,
2016) and are typically ignored when computing Qy;. To properly measure f(N, X)
for DLAs, a sample size much larger than the 33 DLAs identified in the XQ-100
sample must be used in order to statistically probe the high column density end of
F(N,X) (logN(H 1)> 21.5). I thus combined the XQ-100 DLA sample with literature
sample of Sanchez-Ramirez et al. (2016]), which consists of 1019 DLAs measured in
various literature surveys across a redshift range of 1.6 <z.,,s< 5.1. It is important
to note that this supplementary DLAs sample does not include any subDLAs, and
probes a very different redshift path than the XQ-100 subDLAs. For this reason, I
will continue to separate the entire XQ-100 absorber sample into DLAs and subDLAs

in the rest of this analysis.

2.3.1 The contribution of subDLAs to the HI budget

Monte Carlo Bootstrap re-sampling

To estimate the errors in deriving f(N, X) and Q; from the XQ-100 dataset, the
Monte Carlo bootstrap (further abbreviated MCB) resampling technique presented
in [Sanchez-Ramirez et al.| (2016) was used. This technique provides a robust method
of combining the random errors quantified for measurements (such as logN(H 1)) with
the sampling errors inherent to a relatively small sample size. In essence, the MCB
method takes the original absorber N(H 1) distribution and duplicates the sample a
large number of times to create Nga,, simulated mock surveys. For each mock survey,
the logN(H 1) of each absorbers is randomly varied within its error-bar (assuming a
Gaussian error distribution) to create a ‘new’ set of logN(H 1) measurements. From

this new set of measurements, absorbers are randomly drawn (with replacements)
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until a new mock survey is generated with the same number of absorbers. As the
drawing of values is done with replacement, this mimics the effect of sampling errors
by randomly excluding or duplicating absorbers in the sample. The choice of Ngump is
arbitrary, but needs to be very large (= 10000) in order to provide a robust statistical
sample.

As the XQ-100 absorber sample is split into two subsamples based on column
density (subDLAs and DLAs), the MCB technique also needs to take into account the
effects of removing/including systems that could be misclassified into the wrong H 1
absorber type (e.g. a subDLA with a measured logN(H 1)= 20.1£0.2 could be a DLA
in reality). By design, this misclassification effect is naturally implemented by the
random variation in logN(H 1) for each resampling. However, as the supplementary
literature sample does not contain subDLAs and covers a different redshift path; only
absorbers along XQ-100 sightlines are included in the sub-DLA sample, even if the

supplementary literature absorber would be classified as a subDLA.

Quantifying f(N, X)

Using the MCB resampling of the XQ-100 and supplementary DLA samples, f(N, X)
was computed. Rather than using the standard bins of column density, which can
hide or amplify features depending on the choice of bin, I elected to use a sliding
logN(H 1) bin to quantify the median f(N,X) in each column density bin. The
sliding bin keeps a fixed bin width, but the centre of the bin shifts by a small amount
in each step to capture the effects of individual data being included and excluded from
the bin. Using a logN(H 1) bin width of 0.4 dex, I computed the median, 1o and 20
percentiles of the underlying f(N, X) distribution of the 10 000 MCB samples. For the
subDLAs, the centre of the bin starts at logN(H 1)= 19.2 (such that bin edge includes
logN(H 1)= 19.0), and is then shifted by 0.05 dex until the the centre of the bin reaches
logN(H 1)= 20.1 (such that bin edge includes logN(H 1)= 20.3). The same is done for
the DLAs, but using logN(H 1) bin centres from 20.5 to 21.8. Note that the sliding
bins of both the DLA and subDLA samples do not pass the logN(H 1)= 20.3 threshold
due to the different redshift path coverage of the two samples. The computation of
f(NV, X) is repeated using both the F'S and MS absorbers from XQ-100.

Figure shows the resulting median column density distribution functions of
DLAs and subDLAs (solid lines) for the FS (top panel) and MS absorbers (bottom
panel) in XQ-100. The 1o and 20 are shown as the dark and light shaded regions
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Figure 2.5 The column density distribution of subDLAs and DLAs in the XQ-100
sample. The median f(NN, X) is given by the solid line, while the dark and light
shaded regions represent the lo and 20 percentiles (respectfully). Both the DLA
and subDLA samples were split by the median redshift of the XQ-100 absorbers
(Zabs= 3.2). The top panel presents f(N, X) for the FS absorbers in XQ-100, while
the bottom panel shows f(N,X) computed only with MS systems. For reference,
the coloured dashed lines in each panel show the median subDLA f(N, X) from the
opposite panel. The square points denote the subDLA measurements from Zafar
et al.| (2013a) over a similar redshfit range. The greyed region below logN(H 1)=19.2
represents the regime where the incompleteness of the XQ-100 sample could have a
significant influence on the determined f(N, X).
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(respectfully). Each sample was split into two redshift bins by the median redshift of
the XQ-100 absorbers (z.ps= 3.2); f(NV, X) for the lower and higher redshift bins are
denoted by the blue and red colours (respectively).

There is a clear difference in the shape of f(N, X) between all candidate subDLAs
and those that have metal lines, resulting in ~ 0.5 dex difference in f(N, X) at low
column densities. I emphasize again that using both the FS and MS samples should
bound the true nature of f(NN,X) at these column densities. The derived f(N,X)
curves were compared with the values computed by |Zafar et al.| (2013a)) for subDLAs
over approximately the same redshift range (squares in Figure . The |Zafar et al.
(2013a)) sample consisted of a search for subDLAs and DLAs in archival high resolution
spectra taken with the UVES spectrograph on the VLT in Chile. Their identification
of absorbers started with an automated search for candidate subDLAs and DLAs
characterized by saturated absorption over a large range of wavelength. The absorber
was confirmed as a (sub)DLA if higher order Lyman series or metal lines were present;
which is analogous to the methods used in determining the XQ-100 MS absorbers. It
is therefore both encouraging and not surprising that f(N, X) for the MS absorbers
is consistent with Zafar et al.| (2013a). However, the ~ 0.5 dex increase in f(N, X)
when all candidate absorbers are used suggests a potential bias of missing low column
density absorbers when computing f(N, X).

To attempt to better quantify the significance of the difference in f(N, X) between
the MS and F'S subDLAs, as well as search for any evolution in f(N, X)) with redshift,
[ computed the best-fit power law fit to f(N,X) (i.e. f(N,X)= KN where K
and « are the parameters of the fit). For each mock sample generated in the MCB
simulation, an unweighted least-squares fit to f (N, X') was computed using the sliding
bin data. The median and 1o percentile errors of a and K of all 10 000 samples least
squares fits are presented in Table[2.1 Comparing the power law fit parameters o and
K between the MS and FS datasets demonstrates that the power law fits between
the two subDLA samples are inconsistent at the 1o level. There is no detectable
difference between the two selection techniques of DLAs, as all DLAs in the XQ-100
sample have observed metal linesﬂ

Comparing the power law indices from each redshift bin, no significant evolution
of a with redshift is detected at ~ 1o significance for both the subDLAs and DLAs (in

3Note that there are slight differences in the median power law fit parameters due to some
subDLAs that do not have observed metal lines being classified as DLAs in the MCB resampling
process.
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Table 2.1 Power law fit parameters to f(N, X)

logN(H 1) Zabs a log(K)
FS absorbers MS absorbers | FS absorbers MS absorbers
20.3,22.0) | [2.0,3.2) | —2.067002F  —2.00759% | 20.39%)55 19.17378
[3.2,4.5) | —1.8670991 19070106 16.3+2:58 17.2438
[19.0,20.3) | [2.0,3.2) | —2.0570352  —1.4570207 19.77533 7.581430
[3.2,4.5) | —1.4470139  —1.107033% 7.6412:01 0.90532%
[19.3,20.3) | [2.0,3.2) | —2.1570368  _1.34+0-190 21.7+5:86 5341723
[3.2,4.5) | —1.17753%8  —0.961033% 2.221411 —1.831442

both F'S and MS samples). For the subDLAs; the direction of the redshift evolution
depends on whether the FS or MS sample is compared. The relative direction of
the redshfit evolution for the MS sample is consistent with previous work suggesting
there is an increased number of subDLAs at higher redshifts (i.e. a steeper «; [Péroux
et al., 2003b; Zafar et al., 2013a). When using the F'S however, more subDLAs are
seen at lower redshifts; a result which could be (partially) explained by a high false-
positive rate due to blending of low redshift Lya with the Lyg forest. Nevertheless,
the redshift evolution of « is not strongly observed for the subDLAs; and is likely
between the two evolutionary paths presented.

Previous analyses comparing the power law indices of DLAs and subDLAs has
indicated a flattening in f(N, X) in the subDLA regime (Péroux et al.,[2005; O’Meara
et al., 2007; |Guimaraes et al., 2009; [Zafar et al., 2013al), which has been attributed
to the loss of Lya self-shielding in low N(H 1) subDLA systems (Zheng & Miralda-
Escudél 2002). |O’Meara et al. (2007) noted that this flattening in f(NV, X) at low
column densities is dominated by logN(H 1)< 19.3 systems; an effect which can be seen
in the power law fits to f(/N, X) when only logN(H 1)> 19.3 absorbers are included.
I attempted to search for this flattening as well by restricting the subDLA sample
only to absorbers with 19.3 <logN(H 1)< 20.3 and recomputing the power law fit
to limited column density range (see Table for fit parameters). The power law
indices between the two logN(H 1) regimes are consistent, thus I do not recover the

significant flattening in f(N, X) observed by |O’Meara et al.| (2007).
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The cosmic density of HI

In addition to f(N,X), Qp for the subDLA sample was also computed. Following
Sanchez-Ramirez et al| (2016)), Qy, is computed in sliding bins of redshift. Rather
than holding the bin width fixed in redshift space, |Sanchez-Ramirez et al.| (2016))
elected to use a fixed redshift path length AX= 2.5, with redshift bin steps of 0.01.
For consistency, I elected to use the same sliding bin setup to reproduce the observed
Qy; for the XQ-100 DLAs. For the derivation of Qy; (Equation , I start with
the same 2, and Zz,q, used in [Sanchez-Ramirez et al. (2016]) for all the XQ-100
and supplementary QSO sightlines. However, due to the incompleteness of subDLA
absorbers below A (Section 7 I increased z,,;,, when necessary to remove all
absorbers whose Ly« fell below A\r .

Similar to Figure 2.5, Figure 2.6 shows the redshift evolution of Qy, for both the
DLAs (blue; the data is nearly identical to the grey curve presented in Figure
and subDLAs (red), using both the FS (top panel) and MS absorbers (bottom panel).
Although there is a slight but significant difference in the magnitude of Qy, curve for
the subDLAs between the two panels (detected at the ~ 1o level), no significant
evolution in Qy,; with redshift is detected. If there is indeed an evolution in f(N, X),
any changes to the column density distribution function with time has a negligible
effect on the evolution of ;. Furthermore, subDLAs only contribute a small (but
still significant; ~ 12-20%) amount to the total Q; probed by quasar absorption
lines from 2 <z,,,< 4.3.

To estimate the relative mass contribution of subDLAs to the H 1 budget, I com-
puted the relative ratio of Qp; for subDLAs to DLS and subDLAs. To reduce the
effects of the vastly different redshift sampling of the DLA and subDLA samples, I
elected to use the median f(NV, X) curves (Figure for the two redshift bins (using
the discrete limit of the integral in Equation rather than taking the ratio of the
curves presented in Figure (although note that an approximate evolution on the
combined DLA and subDLA Q, is given by the black dotted lines in Figure [2.6).
The estimated contribution fractions and their associated errors (estimated using the
1o percentile curves) are tabulated in Table for both redshift bins and absorber
samples. The relative contribution of mass from subDLAs appears to be between
~ 12-22%, which is consistent with estimates in the literature (Péroux et al., 2005}
Guimaraes et al., 2009; Zafar et al., [2013al). Although DLAs probe the bulk of H 1 in
the Universe, subDLAs do provide a non-negligible component of the H 1 budget of
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Figure 2.6 The redshift evolution of Qy, as probed by DLAs (blue) and subDLAs
(red) in the XQ-100 survey. The top panel presents Qy, for the entire list of candidate
absorbers in XQ-100, while the bottom panel shows 2; computed only with absorbers
with confirmed metal lines. For reference, the coloured dashed lines in each panel show
the median (y,; evolutions from the opposite panel, while the black dotted line in each
panel is an estimate of the combined DLA and subDLA median 2y, evolution.
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Table 2.2 Mass contribution fraction of subDLAs to H 1 budget

Zabs ‘ All absorbers ‘ Metal-confirmed
2.0 < Zaps < 3.2 | 0.2270-586 0.1275-081
3.2 < zaps < 4.5 | 0.1615052 0.13700%%

the Universe.

2.3.2 The influence of MgII selection on (y;

The XQ-100 survey provides optical and near infrared coverage of blindly selected,
intervening DLAs, simultaneously covering the Mg 11 doublet at A\ 2796, 2803 A, and
the Ly« transition. As a result of these properties, the XQ-100 DLA sample is an
excellent testbed to investigate any potential sampling bias in the Mg 11 pre-selection
technique used to identify intermediate redshift absorbers (Rao & Turnshek) 2000;
Rao et al., [2006] further denoted as RO0 and R0G6, respectively). Table contains
a summary of the intervening DLAs in XQ-100, including the measured rest-frame
equivalent widths (EWs) for the Mg 11 A A 2796 A and 2803 A lines (W27 and
W20 respectively), as well as the Fe 11 A 2600 A line (W26°0). The N(H 1), redshift,
metallicity ([M/H]), and vof| measurements are taken from [Sdnchez-Ramirez et al.
(2016) and Berg et al.|(2016). Additionally tabulated is the D-index (Ellison, 2006;
Ellison et al., [2009) for each DLA. The D-index is defined as W™ normalized by the
velocity width of the Mg 11 A 2796 A line (AV). For the rest of this Mg 11 analysis,
only the 30 DLAs with Mg 11 EWSs that are not blended (i.e. are not upper limits in
Table are used in the analysis. More details on the metal line absorption profiles
and metallicities of the DLAs will be presented in Chapter [3]

All of XQ-100 DLAs identified at zps< 3.2 have W2™> 0.6 A. For comparison,
in a recent compilation of 369 Mg 11 systems (Rao et al., 2017)), there are 70 Mg 11
absorbers with 0.3 <W2™< 0.6 A, but only one of these is a DLA (S. Rao private
communication). As a result, many works have typically used W2™%> 0.6 A to pre-
select potential DLA systems (R00, R06). Moreover, R06 used the EW of Fe 11 A 2600
A (W2599) to aid in identifying DLAs, and found that their DLA sample is confined
to W26 /W26 < 2 whereas their subDLAs span a larger range of W3 /W2600,

4vg9p measures the velocity width corresponding to 90% of the integrated optical depth using one
low-ion transition (Prochaska & Wolte, [1997]).
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QSO Zem Zabs logN(H 1) W2798 W2B03 W2600 [M/H] (elem) V90 D-index (cut?)
A km s—!
J0003-2603 4.12  3.3900 21.40+£0.10 1.393+0.010 1.147 4+ 0.009 C —1.93+0.12 (ZnlI) 21 5.6 (3.8)
J0006-6208 4.44 3.2030 20.90£0.15 0.553 £0.027 < 0.537 0.383 £ 0.088  —2.31 £ 0.15 (Fell) 43 5.8 (3.8)
J0006-6208 444 3.7750 21.00+0.20 1.196+0.023 0.963+£0.026 0.724 £0.034 —0.94 £ 0.20 (ZnlI) 54 7.0 (3.8)
J0034+1639 4.29 3.7525 20.40+0.15 0.518+0.013 0.510+£0.022 0.369 +£0.015 —1.88 £ 0.16 (Fell) 32 5.4 (3.8)
J0113-2803 431 3.1060 21.204+0.10 4.377+0.047 3.620£0.040 2.326 £0.035 —1.11+0.10 (SilI) 164 8.9 (3.9)
J01244+0044 3.84 2.2610 20.70+0.15 1.673+0.009 1.497+0.009 1.054+0.012 —0.85+0.15 (SilI) 98 7.6 (4.2)
JO132+1341  4.15 3.9360 20.40 £0.15 S R 0.235 £0.035  —2.04 £ 0.15 (SilI) 43 ... (38)
J01344+0400 4.18 3.6920 20.70+0.10 0.455+0.008 0.405+0.007 0.163 £0.015 —2.41 £ 0.16 (FelI) 21 6.0 (3.8)
J01344+0400 4.18 3.7725 20.70+0.10 2.331+0.012 2.110+£0.013 1.527+£0.012 —0.91 £ 0.10 (SilI) 98 5.8 (3.8)
J0234-1806 430 3.6930 20.40+0.15 2.4224+0.054 2.101+£0.065 1.063£0.050 —1.31 £ 0.15 (Fell) 184 5.5 (3.8)
J0255+0048 4.00 3.2555 20.90+0.10 2.620+0.026 2.364 +0.023 1.622 4 0.036 —1.08 + 0.10 (SilI) 208 7.7 (3.8)
J0255+0048 4.00 3.9145 21.50£0.10 S R 0.457 £ 0.052 —1.92 +0.11 (SII) 21 ... (38)
J0307-4945 4.72  3.5910 20.50+0.15 1.426+0.015 1.191+0.012 0.750 £0.008 —1.48 £ 0.15 (Fell) 70 3.9 (3.8)
J0307-4945 4.72  4.4665 20.60£0.10 1.742+£0.020 1.594 £ 0.025 L —1.52 4+ 0.10 (SilI) 219 5.7 (3.8)
J0415-4357 4.07 3.8080 20.50 £ 0.20 < 2.100 > 1.647 0.755 £ 0.043  —0.28 4 0.20 (ZnII) 131 ... (38)
J0424-2209 4.33 29825 21.40+0.15 0.861£0.025 > 0.824 0.336 £0.024 —1.86 £ 0.16 (ZnlII) 32 6.5 (3.9)
J0529-3552 4.17 3.6840 20.40+£0.15 0.375+0.025 0.087 £ 0.060 S —2.38 +0.16 (SilI) 21 4.9 (3.8)
JO74742739  4.13  3.4235 20.90+0.10 1.601+0.021 1.431 +£0.031 1.635+0.020 —1.58 £ 0.10 (Fell) 120 7.7 (3.8)
JO747+2739  4.13  3.9010 20.60 £0.15 C R 0.569 £0.026  —2.03 £ 0.15 (SilI) 153 ... (38)
JO818+0958 3.66 3.3060 21.00+0.10 1.776£0.025 1.306 £ 0.022 L —1.51 4+ 0.10 (SilI) 76 3.9 (3.8)
J0920+0725 3.65 2.2380 20.90£0.15 1.390+0.012 < 1.470 0.864 +0.012  —1.55 £ 0.15 (FelI) 120 7.4 (4.2)
J0955-0130 4.42  4.0245 20.70+£0.15 1.197+0.043  —1.54 +0.15 (Fell) 336 (3.8)
J10204+0922  3.64 25920  21.50 £ 0.10 o o o —1.75 £ 0.11 (Sill) 76 . (4.0)
J1024+1819  3.52 2.2980 21.30+0.10 0.839 £0.012 < 0.873 0.631 £0.009 —1.45+0.10 (SilI) 54 7.6 (4.2)
J1057+1910 4.13  3.3735 20.30+0.10 2.456 £0.095 1.956 £ 0.065 —1.21 +0.14 (Fell) 153 6.8 (3.8)
J1058+1245 4.34 3.4315 20.60£0.10 1.673+£0.020 1.330 £ 0.045 S —1.85 4 0.10 (SilI) 127 7.3 (3.8)
J11084+1209 3.68 3.3965 20.70+0.10 0.325+0.012 0.274+£0.027 0.235+0.010 —2.49 £ 0.17 (Fell) 32 4.3 (3.8)
J1108+1209 3.68 3.5460 20.80£0.15 1.810£0.019 1.806 =% 0.022 R —1.15 £ 0.15 (SII) 70 7.9 (3.8)
J131240841 3.73 2.6600 20.50+0.10 1.237+0.044 0.860+0.032 0.548 £0.035 —1.50 £ 0.10 (FelI) 153 5.4 (4.0)
J1421-0643 3.69 34490 20.30+£0.15 0.9494+0.017 0.786£0.019 0.3204+0.024 —1.40 4 0.16 (Fell) 43 4.5 (3.8)
J151740511 3.56 2.6885 21.40+0.10 0.807+0.021 0.770+£0.023 0.668 £0.007 —2.06 £0.11 (SilI) 43 7.1 (4.0)
J1552+1005 3.72 3.6010 21.10£0.10 0.981+0.019 0.899+£0.021 0.665 £ 0.009 —1.75 £ 0.11 (SII) 21 7.4 (3.8)
J1633+1411  4.37 2.8820 20.30£0.15 0.366 £0.015 0.290 £ 0.019 S —1.78 £ 0.16 (Fell) 15 4.8 (3.9)
J1723+2243 4.53 3.6980 20.50+0.10 3.888+0.017 3.505+0.010 1.915+0.013 —1.03+0.10 (Fell) 374 7.1 (3.8)
J2239-0552 4.56  4.0805 20.60 £0.10 > 1.512 L 0.614 £0.010  —1.95+0.10 (SilI) 131 .. (3.8)
J234440342 4.25 3.2200 21.30+0.10 1.524+0.018 1.189+0.017 1.056 £0.023 —1.70 £ 0.32 (ZnlI) 54 4.5 (3.8)

@The cut is obtained from Table 2 in [Ellison| (2006), and is based on the resolution at the Mg 11 A 2796A line
(assuming R=5300). An absorber with a D-index larger than the cut value would be considered a DLA candidate.
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Figure [2.7 shows how the XQ-100 measurements of W3™° (left panel), the ratio
W26 /W26%0 (middle panel), and D-index (right panel) vary with logN(H 1). Starting
with the left panel of Figure I found that six?| (20% of the sample) of the XQ-100
DLAs with measured W27¢ have W26 < 0.6 A (dashed line). However, all DLAs pass
the W2™>0.3 A cut. The middle panel of Figure [2.7 shows the W27 /W26% ratio
for the XQ-100 and R06 samples, and demonstrates that 30% of the XQ-100 DLAs
with Fe 11 A 2600 A measurements have W37 /W26~ 2.0 (DLAs above dashed
line). Only one DLA (J0034+1639, z.,s= 3.69) does not satisfy both W2™6> 0.6 A
and W26 /W20« 2 restrictions. Lastly, the right panel of Figure shows the
D-index (from [Ellison) 2006]) for the XQ-100 DLAs as a function of logN(H 1). The
minimum D-index cuts required for absorbers to be DLA candidates are derived from
Ellison| (2006} their Table 2), and are tabulated in Table The D-index cuts are
based on the resolution of the X-Shooter spectrum at each Mg 11 line (assuming a
FWHM resolution of R= 5300). I note that the D-index of the XQ-100 DLAs does
recover all the DLAs (i.e. points are above the grey band in the right panel of Figure
. Figure demonstrates that using the Mg 11 selection technique used in R03
and R0O6 would miss a large portion (= 20%) of the XQ-100 DLAs; while the D-index
remains robust at identifying DLAs.

Are the properties of Wa™< 0.6 A DLAs different to the higher EW systems?
The colour bar in Figure indicates the metallicity of each DLA in the XQ-100
sample (Berg et al., 2016). Interestingly, the DLAs whose W2 < 0.6 A all have
low metallicities, below [M/H]< —1.7. The mean metallicity of the XQ-100 DLAs
subsample with W27%> 0.6 A is [M/H]= —1.4240.03%] whereas the entire sample has
a mean metallicity of [M/H]= —1.60 & 0.02. However, the H -weighted metallicity
that is generally used to trace the evolution of DLA metallicity with cosmic time
(e.g. Pettini et al.| [1999; [Rafelski et al. 2012) is negligibly affected, increasing from
[M/H]= —1.4740.03 for the full sample to [M/H]= —1.4340.03 when W2™0< 0.6 A
absorbers are excluded. Thus, although the Mg 11 pre-selection tends to miss metal-
poor systems, the resulting H 1-weighted metallicity appears to be largely unaffected
by the pre-selection.

5Two of these six DLAs with W279< 0.6 A have previously been observed in the literature
(DLAs towards J1108+1209 and J01344-0400), but previous observations have not covered the Mg 11
absorption. I also note that one of the excluded proximate DLAs (J0034+1639 at z,ps= 4.25) does
not satisfy the W376> 0.6 A cut. This DLA is metal-poor ([M/H]= —2.40) and has an equivalent
width W376= 0.344 4 0.013 A.

6 All errors for mean quantities are derived using a bootstrap technique with one million iterations.
The errors on individual measurements were assumed to be Gaussian.
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Figure 2.7 Left Panel: The rest-frame W2 as a function of logN(H 1) for the XQ-100
DLAs (large circles; colours indicate metallicity) and R06 data (black squares). For
reference, the W27 cuts (W2™6> 0.3 A and W27> 0.6 A) are shown as horizontal
lines (dotted and dashed; respectively). Six of the 30 XQ-100 DLAs show W2™6< 0.6
A. Middle Panel: The ratio W27 /W29 as a function of logN(H 1) for the XQ-
100 sample and R06 data. The region below the dashed line at W27 /W2500< 2.0
characterizes the Mg 11-selected DL As in the R06 sample, while the dotted line divides
subDLAs from DLAs. 30% of the XQ-100 DLAs do not exhibit W27 /W200<2,
Right Panel: The D-index (W3™®/AV) as a function of logN(H 1) for the XQ-100
DLA sample. The grey horizontal band represents the range of possible D-index cuts
for the XQ-100 data. All XQ-100 DLAs pass their respective D-index cuts.
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In addition to the metallicity, I checked for other DLA properties dependent on
W2™> 0.6 A selection. Figure shows the distributions of [M/H], vgo (which has
been suggested as a proxy for mass, e.g. Prochaska & Wolfe|, 1997 [Haehnelt et al.,
1998), Zaps, and logN(H 1) for the XQ-100 DLAs for a selection cut of W2™6> 0.6 A.
DLAs passing the equivalent width selection cut are shown as the filled distribution,
whilst DLAs that fail the selection cut are shown by the red line. DLAs with W3™0<
0.6 A tend to show low metallicities, low logN(H 1), and low vgy widths with respect
to DLAs with W2™6> 0.6 A. These properties are consistent with a ‘mass-metallicity’
relationship seen in DLAs (Ledoux et al.| 2006; Jorgenson et al., 2010; Mgller et al.,
2013; Neeleman et al.|,|2013} |Christensen et al., 2014), where narrower metal lines are
typically found in lower metallicity systems. The dependence of W2™® on velocity
width has been previously identified in other works (Nestor et al., [2003; [Ellison, 2006;
Murphy et al., [2007, R06). The D-index defined in [Ellison (2006) potentially corrects
for this bias toward low vgg, as the EW is normalized by the velocity width of the
line. As demonstrated by the right panel of Figure 2.7, the D-index provides a more
complete DLA sample relative to a fixed Mg 11 EW cut by including those absorbers
with low metallicity and vgg.

What are the implications for the cosmological context of DLAs at 2 <zy,s< 4¢
The typical approach to calculating Qp, uses Equation [2.3] If DLAs are missed from a
Mg 11-selected sample, the computed Qg from Equation [2.3|would be underestimated,
as the sum of N(H 1) would exclude the low Mg 11 EW DLAs while > AX; remains
unaffected. For the entire XQ-100 DLA sample, Qy, would be underestimated by
~ 5% if W2< 0.6 A DLAs were excluded.

However, R06 used a different approach to compute Qy;, that combines the number
density of DLAs (nppa; observed along Mg 11 absorber sightlines in R06) and the
average N(H 1) of DLAs ((N(H 1))),

_ Hopmp E(2)
Cperit (14 2)

() z7oLa(2)(N(H 1)), (2.5)

where E(2) = /Qu(1+2)3 + (1 — Qa — Qa)(1 + 2)2 + Q4. With the R06 formal-
ism, the calculation of )y, depends on two measured variables: the frequency of
absorbers and their mean N(H 1). As shown in Fig. , in the XQ-100 sample, DLAs
with W2™< 0.6 A tend to have lower N(H 1) than higher EW absorbers. If the low
EW systems were not included in the XQ-100 sample statistics then (N(H 1)) and

thus Qy; would be overestimated. However, this effect in our sample is minimal: the
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Figure 2.8 XQ-100 DLA distribution of metallicity ([M/H]), Voo, Zabs, and logN(H 1)
(from left to right). Different histograms are shown for DLAs that pass (shaded
grey region) or fail (red line) the equivalent width cut W2™5> 0.6 A. The simple
W29> 0.6 A cut clearly misses low metallicity systems, with small logN(H 1) and
vgo. For reference, the H 1 distribution of the R06 DLAs is shown as the dashed line.
For visual purposes the R06 distribution is scaled down by a factor of ~ 1.8 to match
the number of DLAs in the shaded region.
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mean log({ N(H 1))) of the XQ-100 sample increases minimally from 20.98 £ 0.03 to
21.01 £ 0.03 (~ 7%) upon exclusion of the DLAs with W27 < 0.6 A. Therefore, for
a constant nppa, O would be overestimated by ~ 7% when low EW systems are
excluded.

Comparison with the properties of Mg 11 in DLAS at z.3,s< 1.5. In the latest com-
pilation of 369 z.s~ 1 Mg 11 absorbers (Rao et al., 2017) only 1 out of 70 (1.4ffj§‘7
systems with 0.3 <W2™0< 0.6 A is confirmed to be a DLA (S. Rao, private commu-
nication). In contrast, ~ 773% of 0.3 <W2™< 0.6 A systems are DLA (Lopez et
al. in prep). The DLA incidence for the low W2™ regime is a factor of ~ 5 higher
at z.ps~ 3 than at z,,s~ 1. These incidence rates indicate a potential evolution in
the Mg 11 properties of DLAs as a function of redshift. Whereas DLAs at low z.
are almost uniquely associated with W2™ > 0.6 A, at high redshift a significant
fraction of DLAs (20% in our sample) can have lower values. The known relationship
between W27 and velocity spread (e.g. [Ellison, [2006)), as well as the relatively low
values of measured vgy and low metallicity of the W2™6< 0.6 A DLAs in the XQ-100
sample indicate that low W32™® absorbers may preferentially be probing low mass
galaxies, which are less prevalent at low redshift. This is consistent with the lack
of low metallicity DLAs at low redshift (Rafelski et all 2014; Berg et al., 2015a).
What is currently unknown is whether, despite their rarity, low Mg 11 EW DLAs
at low z,ps show the same distribution of properties (metallicities, voo, N(H 1)) as
high z.,,s DLAs of the same W2™%. Based on our high z,,, results, I caution that
DLAs that have been selected based on a high Mg 11 EW cut have the potential to
be biased against low metallicity systems. Indeed, |Kulkarni et al.| (2007)) have argued
that Mg 11 pre-selection could select against DLAs with [M/H]< —2.5. Nonetheless,
the low frequency of such systems at low redshifts (and their tendency towards lower
N(H 1)) means that Qy; and the H 1-weighted metallicity is unlikely to be significantly
affected.

"The subscript and superscript represent the Poisson 1o confidence limits derived from Tables 1
and 2 in |Gehrels| (1986).

8 note that the DLA incidence rate for W76 0.6 A absorbers in the XQ-100 sample is ~ 1473%
(compared to the ~ 22% seen at z,ps~ 1; R06).
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2.4 Summary

Using the XQ-100 legacy survey of 100 X-Shooter spectra of background QSO, I have
found 325 new candidate subDLA absorbers with 18.8 <logN(H 1)< 20.3, in addition
to the 33 DLA previously identified in Sanchez-Ramirez et al. (2016). Given the
resolution of X-Shooter and the lack of metal line detections for 209 of the candidate
absorbers, it is unclear if these systems are indeed subDLAs or blended LLS.

From the complete sample of subDLAs and DLAs, I investigated the role of using
these quasar absorption line systems to trace the total H 1 content of the Universe at

high redshift. In summary:

1. The column density distributions (f(NV, X)) for subDLAs and DLAs show no
significant evidence (= 1) of evolution across the two redshfit bins (3.2 < z,p,s <
4.5 & 2.0 < zas < 3.2; Figure . The nature of this evolution depends on
the selection criteria used to identify subDLAs; as systems with metal lines are
more numerous at high redshifts while metal-deficient candidate absorbers were
more numerous at low redshifts. It is likely that many of these lower redshift,
metal-deficient candidates are false-positive systems due to blending of the Ly«
of the candidate absorber with Ly forest. Although the identification of metal-
deficient systems could suffer from a high false-positive rate, the two discrepant
results hint at f(N, X) not evolving with redshift.

2. There is little evolution in comoving mass density of neutral gas (€;) probed
by subDLAs from 2.0 < zps < 4.5 (Figure [2.6]). Although DLAs dominate the
H 1 content of the Universe, subDLAs contribute ~12 — 22% of the H 1 mass in
Qp;. This result is consistent with previous measurements (Péroux et al., 2005;
Guimaraes et al} 2009; Zafar et al., [2013a)).

3. The mean N(H 1), and hence Qy;, of DLAs may be over-estimated solely using
the Mg 11 pre-selected systems (W2™> 0.6 A). This is due to both a bias
against low N(H 1) absorbers and a possible over-representation of high N(H 1)
absorbers for the W2™0> 0.6 A DLAs (Figure[2.8). If the cosmic H 1 gas density
is computed based on the summation of N(H 1) in the DLA sample (Equation
, the exclusion of W27 < 0.6 A absorbers leads to a reduction in Qg by
5%. However, since DLAs associated with W27%< 0.6 A absorbers tend to have

lower H 1 column densities, using the mean N(H 1) to compute the cosmic H 1
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gas density (e.g. Equation results in a 7% increase in Qg if W26< 0.6 A

absorbers are excluded, relative to the full DLA sample.

. The XQ-100 DLAs with W2™0< 0.6 A tend to have lower metallicities, narrower
metal lines (i.e. low vgg) and lower N(H 1) compared to DLAs with high Mg 11
EW, suggesting that DLAs at z,,> 2.0 with W27< 0.6 A may preferentially
select lower mass galaxies. There is a factor of ~ 5 more DLAs with W3™%< 0.6
A at high redshifts (Zaps~ 3) compared to lower redshifts (z,,s~ 1), sugges-
tive of an evolution in the Mg 11 properties of DLAs as a function of redshift.
This evolution would be consistent with the deficit of low-metallicity systems

observed at low redshifts.
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Chapter 3

The chemical nature of DLAs

Although hydrogen and helium are the most abundant elements in the Universe,
there is much additional information to be learned studying the gas traced by the
other elements (also known as metals). Even though metals are less abundant than
hydrogen, their associated absorption lines imprinted on top of quasar spectra are
sensitive to the kinematic motions and the nucleosynthetic origin of the gas, which can
potentially inform us of the mass and star formation history of the host galaxy. This
chapter builds upon the properties of the DLAs from the XQ-100 sample (presented in
Chapter [2)) by studying the sample’s associated metal absorption lines for 14 species
(O1, Ci, Mg 1, Mg 11, Ca 11, Si 11, P 11, S 11, Ti 11, Cr 11, Mn 11, Fe 11, Ni 11, Zn 11) to
demonstrate the prospects of using X-Shooter to study absorption lines in the optical
and NIR. The bulk of this chapter has been published in Berg et al.| (2016), with a
portion of the analysis concerning the dust depletion corrections of metal abundances
stemming from my previous work (Berg et al.| 2015a). The dataset presented in
this chapter has benefited from the inclusion of the metal line velocity widths (vgp)

computed by J. X. Prochaska.

3.1 Applications of DLA metal abundances

The chemical evolution of DLASs

DLAs are associated with star-forming galaxies (Nagamine et al., 2004; |Wolfe &
Chen|, 2006) and can be seen out to high redshifts (z.ps~ 5; Rafelski et al., 2014)). As
a result, DLAs are excellent tracers of the production of metals with cosmic time.

This production of metals is typically quantified by the mean cosmic metallicity (or
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H 1-weighted mean metallicity; (Z/Z5)), and is given by the ratio of the metal and
Lanzetta et al.|, |1995b[). As DLAs
dominate the gas-mass density of the Universe (see Section , the computation of
(Z/Zs) simplifies to:

H 1 gas-mass densities of the Universe (%}ﬁ’s,

Qnsetats , Uetats N(H 1),10M/H:
(7)) = —Metals Mtl,@zzl (H1) m 5.1)
Qw1 Qnre > NH1);

where N(H 1); and [M/H]; are the H 1 column density and metallicity of the i‘!
DLA of the sample.

Previous work has shown a shallow but steady increase in (Z/Z) with decreasing
redshift (Lanzetta et al.| [1995b; Pettini et al., |1999; Prochaska et al., [2003a; [Rafelski
et al.,|2014; De Cia et al.| [2017)). Comparisons of the measured (Z/Z) to the expected
metallicity obtained from the observed or simulated star formation rate of DLAs
(Wolfe et al., |2003; Nagamine et al., 2004; Wolfe & Chen| 2006; Rafelski et al., 2016))
show a large discrepancy, with the measured (Z/Z;) in DLAs being up to ~ x10
lower than the expected value (Pettini et al., [1999; Prochaska et all 2003a)). This

discrepant, slow evolution in the metal content of DLAs could come about from: 1) a

decrease in the star formation rate efficiency of DLA gas, likely from a low molecular
gas content at high redshifts (Wolfe & Chen, 2006; Noterdaeme et al., 2015; Rafelski
, ; or 2) differing strengths of feedback processes within the observed and
simulated host galaxies (Wolfe et al. 2003; Nagamine et al., 2004). In subDLAs
however, the metallicity evolution has been shown to be much steeper than DLAs
(Kulkarni et all 2007; |Quiret et all 2016 see Figure [3.1)), and could thus account

for these ‘missing metals’ when subDLAs are combined with the DLAs to compute

(Z]Zs). However, this stronger metallicity evolution observed in sub-DLAs is heavily

dependent on the presence of low redshift, high metallicity subDLAs selected using

Mg 11 absorption, which was shown to potentially be biased in Berg et al| (2017, see

Section [2.3.2)).

A large portion of DLA metal studies has concentrated on more detailed abun-

dance analyses of the host galaxies (e.g. Pettini et al., 1994} Lu et al.,|1998; |Centurion,
ket al. 2000; [Wolfe et al.] 2003; |Cooke et al., 2011} Zafar et al., |2014aj; Berg et al.
. As each element has unique physical properties and nucleosynthetic origins
(Woosley & Weaver, |1995; McWilliam| 1997; [Nomoto et al., 2013)), different abun-
dance ratios have been used to understand the star formation history and dust content
of DLAs (Ledoux et al., [2002; [Prochaska & Wolfe| [2002; [Vladilo et al., 2011)). The
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Figure 3.1 The metallicity evolution with redshift of DLAs (purple circles; Berg et al.|
and subDLAs (green squares; [Quiret et al., [2016). The best-fit evolution
of (Z/Zs) with za,s for DLAs (from Rafelski et al., 2014) and subDLAs (computed
by |Quiret et al., |2016) are denoted by the respective dashed and dotted lines. The
difference in evolution suggests that (Z/Z) evolves much more steeply in subDLAs
than DLAs. However, this strong evolution is dominated by high-metallicity subDLAs
at Zaps < 1.5 where Mg 11 selection effects apply (grey shaded region; see Section [2.3.2)).
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most common ratio to probe enrichment histories is [«/Fe|, which traces the star
formation history due to the time-delayed contributions of Type II and Ia supernovae
(Tinsley, 1979; McWilliam, |1997; Venn et al., 2004; Tolstoy et al., 2009). However
elements such as Fe, Ni, and Cr are heavily depleted onto dust (Savage & Sembach,
, leading to overestimates of the measured gas-phase [a/Fe] in DLAs. These
overestimates in [a/Fe] have led to the use of other undepleted elements that trace Fe
(such as Zn) to better estimate the intrinsic [«/Fe] ratio (Pettini et al.l [1997; [Vladilo),
. In the case of Zn, care must be taken as Zn does not necessarily trace Fe in
all environments and metallicities (Prochaska et al., 2000; |(Chen et al., |2004; |[Nissen|
et al., 2007; Rafelski et al., 2012} Berg et al., [2015a; [Skuladdttir et al., |2017)).
Recently there has been a significant effort to identify the progenitors of the first

stars and galaxies in nearby galaxies and the Milky Way (Cayrel et al. |2004; Beers &/
|Christlieb), 2005} Suda et al., 2008} Spite et al., 2011} [Frebel & Bromm) 2012} [Norris|
et al.; 2013} Frebel & Norris|, 2015)) to constrain Population ITT nucleosynthesis
& Nomoto|, 2002; |Greif et al., 2007; [Heger & Woosley, [2010; (Cooke et al., [2013). In
tandem with the search for metal-poor stars in the Galaxy and its nearby companions
(e.g. [Jacobson et all 2015} [Skuladdttir et all 2015, Starkenburg et all 2017), work
at higher redshifts focused on the identification and measurement of abundances in
the most metal-poor DLAs (MPDLAs; [Fe/H|< —2.5; Penprase et al., 2010; Cooke|
et all 2011} Becker et al., 2012; |Cooke & Madau, 2014; (Cooke et al. 2017). As

the explosion mechanism of the supernovae models is very uncertain, measuring the

chemical abundance patterns in these metal-poor regimes is required to constrain
the models of Population III nucleosynthesis. In particular, the diferent supernovae
explosion energies of these models influences the mass cut of the supernovae, and
thus which elements escape into the ISM (Umeda & Nomoto, [2002; [Nomoto et al.
2013; |Cooke & Madaul, 2014} see Figure |3.2| for the abundance pattern predictions).
To date, abundances in the most MPDLAs tend to reflect first generation stars that

have undergone moderate to low energy core-collapse supernovae (Cooke et al., 2011}
2013}, 2017)), but remain to be tested for a large sample of DLAs with [Fe/H]< —3.

The effects of environment on DLAs

The physical nature of DLAs also influences their gas phase abundances, including the
role of ionizing sources (D’Odorico| 2007 Ellison et al., 2010; |Zafar et al., 2014b) or the
amount of dust (e.g. Pettini et al |[1994; Kulkarni et al., [1997; |Akerman et al. 2005
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Figure 3.2 Predictions from [Cooke & Madau| (2014) of the expected production of
various elements X (quantified in terms of [X/Fe]) from Population III stars. Each
coloured line represents a different supernovae type or explosion energy model. The
left and right panels show the difference in [X/Fe| for two different stellar population
distributions (dN/dM). The metal-poor DLAs observed to date are most similar to
the low-energy supernovae (blue curve). Figure taken with permission from

Madav (2014).

Krogager et al.,[2016). There are many sub-classes of DLAs that provide opportunities

to probe these differing physical environments. Proximate DLAs (PDLAs) are DLAs
defined to be within a velocity separation of Av < 5000 km s™! of the host QSO. Av

is defined as

R? -1
Av = CRZ—_i_l7 (32)
where ¢ is the speed of light and R = % (z1 and zy are the redshifts of two

objects, such as a DLA and background quasar). Proximate DLAs have a higher

number density than intervening systems (Ellison et al., [2002; Russell et al., [2006;

Prochaska et al., |2008b), and often have shown increasing metal abundances with
increasing N(H 1); in particular both [S/H] and [Si/H] are ~ 3x larger in four PDLAs
with logN(H 1)> 21.0 (Ellison et al., 2010, 2011b). Multiple DLAs (MDLAs) along
the same line of sight within 500 < Av < 10000 km s~! of each other have also
shown different metallicity effects, with a low [«/Fe] relative to the typical DLA
(Ellison & Lopez, 2001; [Lopez & Ellison| 2003); an effect attributed to truncated
star formation from environmental effects. However, the analyses of |Lopez & Ellison|
(2003)) and [Ellison et al.| (2010) suffer from low numbers of MDLAs (seven absorbers)
and PDLAs (16 absorbers).
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3.2 Quantifying the metal content of DLAs

The XQ-100 DLA sample used in this chapter was originally based on the sample
identified in |Sanchez-Ramirez et al. (2016, presented in Chapter . I continue to
use this original sample and the corresponding H 1 column densities through-out this
chapter. The XQ-100 X-Shooter spectra presented in Chapter [2| form the bulk of the
dataset, but my analysis also includes my follow-up observations with VLT /UVES
for one sightline (J0034+1639; Section [3.2.2)). Table summarizes the properties
of the XQ-100 DLA sample, along with their redshift{l, logN(H 1) and line-of-sight
velocity separations from the QSO (Avgso).

3.2.1 X-Shooter dataset

Metal Column Densities

Column densities were derived using the Apparent Optical Depth Method (AODM)
presented in Savage & Sembach| (1991)). In brief, this method sums the optical depth
(7; the log of the continuum-normalized flux) of an unsaturated absorption feature
(at wavelength A\ with oscillator strength f; taken from Morton, |2003)), converting

the total optical depth into a column density using

MeC Umaz
N = = ) .
e / rdu (3.3)

Umin

The constants m, and e, are the mass and charge of an electron (respectively). The
integration limits v,,;, and v,,., are selected such that the associated metal absorp-
tion profile is bounded by these velocity limits. I attempted to use the same velocity
limits for all metal lines for a given DLA, however the velocity limits were sometimes
adjusted on a line-by-line basis to exclude regions of contamination outside the metal
absorption feature. If the weaker components of a shallow line are undetected, the ve-
locity limits are purposefully made narrow to only contain associated absorption, and
exclude flux contribution from the continuum. When the column density is derived
using multiple clean lines for the same ion, I adopted the average value (10gNadopt)
and the standard error (with a minimum error of 0.05 dex). For features that ex-
hibited obvious blending or saturation, I measured the AODM column density as a

limit to the true value, adopting the most constraining limit as the final value. For

IFor J0034+1639, the redshifts of the DLAs have been tweaked based on the metal lines in the
UVES spectra presented in Section



Table 3.1 XQ-100 DLA sample

QSO Zem Zabs IOgN(H I) AVQSO (km S_l)
J0003—2603 4.125 3.390 21.40 +£0.10 46040
J0006—6208 4.440 3.203 20.90 £0.15 75670
3.775 21.00 +0.20 38870
J0034+1639 4.292 3.752 20.40+£0.15 32110
4.251 20.60 £ 0.10 2349F M
4.283 21.00 +0.10 522F M
J0113—2803 4.314 3.106 21.20+0.10 75650
J01244-0044 3.837 2.261 20.70 £0.15 112400
J0132+1341 4.152 3.936 20.40 +0.15 12830
J01344+0400 4.185 3.692 20.70 £ 0.10 29850M
3.772 20.70 +£0.10 24800M
J0234—1806 4.305 3.693 20.40+0.15 36570
J02554+0048 4.003 3.256 20.90 £ 0.10 48100
3.914 21.50+0.10 5350
J0307—4945 4.716 3.591 20.50 +£0.15 64680
4.466 20.60 £+ 0.10 13370
J0415—4357 4.073 3.808 20.50 £ 0.20 16070
J0424—2209 4.329 2.982 21.40+0.15 84930
J0529—-3552 4.172 3.684 20.40+0.15 29620
JO7474+2739 4.133 3.424 20.90 +0.10 44270
3.901 20.60+0.15 13860
J0800+1920 3.948 3.946 20.40 +0.10 91F
JO818+-0958 3.656 3.306 21.00+0.10 23380
J08354+0650 4.007 3.955 20.40 £0.10 3099"
J0920+0725 3.646 2.238 20.90 +0.15 103800
J0955—0130 4.418 4.024 20.70 £0.15 22560
J10204+0922 3.640 2.592 21.50+0.10 75120
J1024+1819 3.524 2.298 21.30+0.10 91730
J10574+1910 4.128 3.373 20.30 £0.10 47310
J1058+1245 4.341 3.432 20.60+0.10 55320
J1108+1209 3.679 3.397 20.70 £0.10 18650
3.546 20.80+0.15 8643
J131240841 3.731 2.660 20.50 +0.10 75300
J1421—-0643 3.688 3.449 20.30£0.15 15670
J151740511 3.555 2.688 21.40 £0.10 62340
J155241005 3.722 3.601 21.10+0.10 7781M
3.667 20.70+0.10 3544F M
J1633+1411 4.365 2.882 20.30 +0.15 93750
J172342243 4.531 3.698 20.50 £0.10 48510
J2239—-0552 4.557 4.080 20.60 £ 0.10 26800
J2344+0342 4.248 3.220 21.30+0.10 64340

P _ Proximate DLA
M Multiple DLA
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cases where the absorption feature is severely blended, I do not consider adopting the
measured column density.

The limiting spectral resolution of X-Shooter (R=5100, 8800, and 5300 for the
UVB, VIS, and NIR arms; respectively) implies that there are cases where I could
not determine the presence of unseen contamination or saturation visually. Cases of
hidden contamination or saturation were flagged when multiple lines are measured
for a given species and resulted in significantly inconsistent column densities. Using
multiple Si 11 and Fe 11 lines, I have noted that these cases of hidden saturation tend
to occur when the strongest absorption reaches a residual flux of ~0.3-0.5 (similar
to the ~ 0.25 seen in the UVB arm by Krogager et al., 2016). Lines with absorption
stronger than ~ 0.5 (in units of residual flux) were inspected for inconsistent column
densities with other lines. Unless the derived column density is consistent with weaker
lines, any discrepant column densities were flagged as saturated. I note that all of
the lines with a peak absorption at ~ 0.5 had additional lines to constrain potential
saturation. However, there may still be cases with unresolved saturation or blending
unaccounted for.

When weak lines are not detected and the spectrum is uncontaminated, I measure
30 upper limits based on the ability to detect the strongest absorption feature within
the signal-noise ratio (snr) of the spectrum using

3me.c FWHM

N = 4
me2fA2(1 + zaps)snr (3:4)

where FWHM is the full-width at half-maximum of the strongest absorption feature.
As the components of the absorption profile are likely limited by the resolution of the
instrument (Av ~ 55km s7!) rather than the DLA kinematics (Av ~ 10km s7'; e.g.
Dessauges-Zavadsky et al.| |2004} |Jorgenson et al., 2010; [Tumlinson et al.| |2010; Cooke
& Madau, 2014)), T assume that the FWHM of this strongest absorption feature to
be equal to the resolution limit of X-Shooter in the setup with a slit width of ~ 1”.
The signal-noise ratio for the 30 upper-limits was computed within the bounds of the
AODM limits.

As an example of data quality and coverage, Figure 3.3 shows the velocity profile
for all the observed lines of the DLA in the spectrum of J0003-2603 (Zaps= 3.39). The
vertical dashed lines show the velocity limits used to integrate the spectrum for the
AODM column density determinations. The column densities for all the measured
lines for the DLA towards J0003-2603 are given in Table [3.2] Table displays the
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Figure 3.3 Velocity profile of the XQ-100 spectrum towards J0003-2603 (Zans=3.390).
The vertical dashed lines indicated the AODM velocity bounds. Regions of the spec-
trum that are contaminated by strong, unassociated absorption are flagged as dotted
lines.
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wavelength and oscillator strength of the absorption line (Morton, 2003)), the velocity
integration bounds of the absorption feature used (v, and vy ), the measured
column density logN(X) of the metal line, and whether the derived column density
was included for the final computation of the adopted column density (logNaqopt). The
adopted logN,gopt is given for each species in the last row for the species. Appendix
contains the velocity profiles (Figures B.21)) and abundances (Tables
for the remaining DLAs. If the adopted column density for a given species is

best constrained by an upper and lower limit, the range of possible values is provided

in Tables [B.1HB.21l

Comparison to literature measurements

Of the DLAs studied in XQ-100, 15 DLAs have previously been observed in the
literature sample of Berg et al| (2015a, further referred to as the ‘literature sample’
in this Chapter). The literature sample includes abundance determinations for a
variety of elementsE| using high resolution spectrographs (predominantly VLT /UVES,
Keck/HIRES, and Keck/ESI) for 341 DLAs between zaps~ 0 — 5.

Similar to the comparison of N(H 1) to the literature in [Sanchez-Ramirez et al.
(2016)), Table compares the metal column densities for the 15 DLAs common be-
tween the literature and XQ-100. AN(X) represents the difference in column density
between the value determined in this work and the value in the literature sample
(where a positive difference implies the XQ-100 column density is larger than what is
in the literature). When both the literature and XQ-100 measurements yield a clean
detection, I compared difference in column densities (AN(X)get.) to the combined col-
umn density errors (summed in quadrature). Consistent values of AN(X)ges. should
be of the order of the combined error, although the quoted errors in metal column
densities do not generally account for sources of error other than photon noise (e.g.
continuum fitting) and can be larger. For most of the detections, the XQ-100 and
high resolution literature values are consistent (to within 0.05 dex; the minimum error
of a metal column density). The discrepant cases (the bolded ionic species in Table
are discussed in Appendix . In all cases, the column densities derived in this
work are adopted as they are consistent with the literature values (see Appendix
for justification of discrepant cases).

For cases where both the XQ-100 and literature measurements are upper limits

2The elements are: N, O, Mg, Al, Si, S, Ca, Ti, Cr, Mn, Fe, Co, Ni, and Zn.



Table 3.2 X-Shooter metal column densities for J0003—2603 (2,,s=3.390)
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Ion  Line A f Umin VUmax logN(X) Included  logNagopt
A kms™' km s7!

Mgt 2852 2852.964 1.81E4+00  -140 70 11.85 £ 0.03 Y —

Mgt 11.85 £ 0.05
Mgit 2796 2796.352 6.12E-01 -220 200 > 13.91 Y —
Mgir 2803 2803.531 3.05E-01 -200 170 > 14.04 Y —
Mg1r > 14.04
SiIr 1526 1526.707 1.27E-01 -200 60 > 14.37 Y —

Sirr 1808 1808.013 2.19E-03 -10 70 < 14.98 Y —

Sirr 14.36-14.98
P11 1532 1532.533 7.61E-03 -20 50 < 13.73 Y —

P < 13.73
Carr 3934 3934.777 6.50E-01 -20 50 < 11.81 Y -

Cair 3969 3969.591 3.22E-01 -20 50 < 11.82 N —

Call < 11.81
Tir 1910 1910.750 2.02E-01 -20 50 <1224 Y —

Tim < 12.24
Crir 2056 2056.254 1.05E-01 -40 70 < 13.34 N —

Crir 2062 2062.234 7.80E-02 -30 50 13.07 £ 0.04 Y —

Crir 2066 2066.161 5.15E-02 -20 75 < 13.49 N —

Crir 13.07 + 0.05
Mnix 2594 2594.499 2.71E-01 -60 25 < 12.39 Y —
Mnir 2606 2606.462 1.93E-01 -90 60 < 13.57 N —
Mnir < 12.39
Fer1 1608 1608.451 5.80E-02 -60 70 > 14.35 N —

Fert 1611 1611.200 1.36E-03 -20 50 14.75 £ 0.04 Y —

Ferr 2344 2344.214 1.14E-01 -110 60 > 14.02 N —

Ferr 2374 2374.461 3.13E-02 -100 60 > 14.34 N —

Ferr 14.75 £ 0.05
Nirr 1709 1709.604 3.24E-02 -20 50 13.42 £ 0.04 Y —

Nirr 1751 1751.916 2.77E-02 -40 70 < 13.88 N —

Ni1x 13.42 £ 0.05
Znir 2026 2026.136  4.89E-01 -20 50 12.10 £ 0.05 Y —

Znir 2062 2062.664 2.56E-01 -20 50 < 12.35 N —

Znil 12.10 £ 0.05
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(AN(X)jim.; positive values indicate that the XQ-100 limit is higher than the litera-
ture), 4 of 10 XQ-100 upper limits are more constraining than the literature column
density derived from Keck/ESI data with comparable resolution. For a constant
signal-noise, higher-resolution instruments provide more constraining upper limits
due to their ability to resolve narrower features within the fluctuations of the contin-
uum. For all cases where the literature provides better limits (or detections, as in the
case for Ni 11 and Zn 11 in J23444-0342 at z,ps= 3.22), I adopted the literature values.

Continuum-fitting errors

As a baseline for comparison, the spline continuum-fitting (presented in Section [2.2.1))
was done two times to assess the random errors of the continuum fit. The median
difference in column density for all metal lines in the two iterations is 0.0 dex, with
an interquartile range of 0.02 dex and 67% of column densities being within +0.01
dex. Although the 30 upper limits are not included in this calculation, it is worth
noting that derived column densities for these limits are sensitive to the continuum

placement.

3.2.2 UVES data for J0034+1639

The X-Shooter spectrum of the z,,s= 4.25 DLA (Figure towards J0034+1639
suggests a very low metallicity system ([Fe/H]= —2.82+0.11, fourth lowest [Fe/H] to
date;|Cooke et al. 2015, see Table . To confirm the column densities of this metal-
poor DLA are free of undetected contamination and saturation, as well as attempting
to measure Fe-peak elements such as Ni 11 to pinpoint the underlying supernovae
population (Cooke et al., 2013), I obtained VLT /UVES (Dekker et al., 2000) data
towards the sightline J00344-1639. The observing program (PI: T. Berg; Program
number 094.A-0223A) was organized in 5 observing blocks (OBs) of 48 min each for
a total of 4 hours of on-target integration to obtain a signal-noise of 20-25 pixel™.
I used the dichroic DIC-2 at the standard setting of 437+760 to obtain wavelength
coverage between 6000A-9000A (slit width 0.8”; R ~ 60000). The data were reduced
using the standard UVES data-reduction software in REFLEX, After correcting
for the heliocentric velocity, the five OBs were median combined without weights

using IRAF’s SCOMBINE, whilst the error spectra were combined in quadrature. The

3http://www.eso.org/sci/software/reflex/


http://www.eso.org/sci/software/reflex/

Table 3.3 N(X) comparison between XQ-100 and literature

o8

QSO sightline  z,ps Ton  logN(X)xqioo 10gN(X)yis. AN(X)det. AN(X)jim.  Lit. Instrument(s) Ref.
J0003-2603 3.390 Cru 13.07 £0.05 13.09£0.03 —0.02+0.06 — UVES,HIRES 1,2
- - Fell 14.75 £ 0.05 14.87 £ 0.03 —0.12 4+ 0.06 - UVES,HIRES 1,2
- - Ni 11 13.42 £0.05 13.39£0.03 +40.03 +0.06 - UVES,HIRES 1,2
— — Zn 11 12.10 £ 0.05 12.01 £0.05 +0.09 4+ 0.07 - UVES,HIRES 1,2
J0134+0400 3.692 Si 1t < 14.36 > 14.26 - — ESI,UVES 3,4
- - Fe 11 13.44 £0.05 13.51 £0.07 —0.07 +0.09 - ESI,UVES 3,4
J0134+0400 3.772 Sill 15.30 £ 0.05 15.46 £0.02 —0.16 +0.05 - ESI,UVES 3,5
- - Cr 11 < 12.83 < 13.24 - —0.41 ESI,UVES 3,5
- - Fe 11 14.97 £0.05 > 14.87 - - ESI,UVES 3,5
— — Nill 13.84 £0.05 13.98 £0.03 —0.14 +0.06 — ESI,UVES 3,5
- - Zn 1 12.88 +£ 0.05 < 13.10 - - ESI,UVES 3,5
J02554+0048 3.256 Si 1t 15.33 £0.05 15.32£0.04 +40.01 £ 0.06 - HIRES 2
— — Fe i1 > 14.75 14.76 £ 0.01 - - HIRES 2
- - NilIl < 13.44 13.61 £ 0.07 — - HIRES 2
J02554+0048 3.914 Sinn 15.02 £ 0.05 > 14.19 - - HIRES 2
- - S 1 14.73 £0.05 14.72 £ 0.01 0.01 £0.05 - HIRES 2
- - NilIl 13.50 £ 0.05 13.27+£0.04 +0.23 +0.06 — HIRES 2
J0307-4945 4.466 Si 1 14.59 £ 0.05 14.68 £0.07 —0.09 &+ 0.09 - UVES 6
— — Fe 11 14.11 £ 0.05 14.21 £0.17 —0.104+0.18 — UVES 6
- - Ni 11 < 13.43 < 12.60 — 0.83 UVES 6
J0424-2209 2.982 Cr 11 < 13.01 < 12.90 - +0.11 ESI 3
- - Ni 11 < 13.47 < 13.37 - 0.10 ESI 3
- - Zn 1 < 12.28 < 12.17 — 0.11 ESI 3
JO747+2739 3.424 Fe1r 14.47 £ 0.05 > 14.43 - - ESI 3
- - Ni 11 < 13.46 < 13.27 - 0.19 ESI 3
J074742739 3.901 Si 1 14.08 £ 0.05 14.03 £0.01  40.05 + 0.05 - ESI 3
- - Fe 11 14.03 £ 0.05 < 13.80 — - ESI 3
- - Ni 11 < 13.45 < 13.11 — 0.34 ESI 3
J0955-0130 4.024 Fenr 14.31 £0.05 14.19+£0.08 +0.12 +0.09 — HIRES,ESI 2,7,8
- N < 1341 < 13.44 - ~0.03 HIRES,ESI 278
J1108+1209 3.397 Sill < 13.77 > 13.63 - - ESI 9
- — Fe 11 13.36 £ 0.05 < 13.72 - — ESI 9
J1421-0643 3.449 Cru < 12.84 < 12.71 — 0.13 UVES 5,10
— - Fell 14.05 £+ 0.05 14.14 +£0.02 —0.09 + 0.05 — UVES 5,10
- - Zn 1 < 13.25 < 11.98 - 1.19 UVES 5,10
J1723+4-2243 3.698 Fer1r 14.62 £ 0.05 > 14.57 - - ESI 3
- - Ni 11 < 13.63 < 13.95 — —0.32 ESI 3
J2239-0552 4.080 Fen 14.00 £ 0.05 13.88+£0.12 +40.124+0.13 - HIRES,ESI,UVES  8,11,12
- — Nim < 13.02 <13.17 - —0.15  HIRES,ESLUVES 811,12
J23444-0342 3.220 Cru 13.38 £ 0.05 13.34 £0.10 +0.04 +0.11 — UVES,ESI 3,13
- - Ni 11 < 13.58 13.59 £ 0.11 — - UVES,ESI 3,13
- - Zn 1 < 12.85 12.23 £0.30 - - UVES,ESI 3,13

Bolded species indicate cases of column density discrepancies between XQ-100 and the literature, and are discussed
in Section [B.3
AN(X) is positive when the XQ-100 column density is larger than the literature value.
REFERENCES — (1) [Molaro et al.| (2000). (2)|Prochaska et al|(2001)). (3) |[Prochaska et al.| (2003b). (4) [Petitjean et al.
(2008). (5) |[Noterdaeme et al.| (2008). (6) |Dessauges-Zavadsky et al.| (2001)). (7) |Prochaska & Wolfe| (2000). (8)
Songaila & Cowie| (2002)). (9) |Penprase et al|(2010). (10) |Akerman et al.| (2005)). (11) |Lu et al.| (1996). (12) Henry

& Prochaskal (2007)). (13) Dessauges-Zavadsky et al. (unpublished).
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Figure 3.4 Velocity profiles of the UVES spectrum towards J003441639 (z,ps= 4.25).
Vertical dashed lines represent the velocity limits of the AODM integration.

combined spectrum was then continuum normalized using the cubic spline software
presented in Section [3.2]

Metal column densities for the 3 DLAs along the J0034+1639 sightline were de-
rived using the AODM, as in Section [3.2] As UVES can resolve down to the kine-
matic structure of the DLA clouds (~ 10 km s7!), T used the measured FWHM of the
strongest component of an unsaturated metal line profile as the minimum equivalent
width observable. This FWHM is used in Equation to determine the 30 limits in
the absorber. The signal-noise ratio for the 3¢ upper-limits was computed within the
bounds of the AODM limits. Figure and Table present the velocity profiles
of the absorption lines towards the MPDLA and the corresponding column densities.
The data for the other absorbers are presented in the same format in Appendix [B.2]

In general, I preferentially adopted the UVES column density as the higher reso-
lution provides an accurate determination of the absorption profile and the data have
a similar or higher signal-noise ratio. The one exception where we adopt the XQ-100
value is due to a lack of strong, uncontaminated FelI lines covered in the UVES spec-
trum required to derive an accurate column density. We note that the absorption in
the Ni 11 X 1741 A panel of Figure is likely contaminated as it does not produce a



Table 3.4 UVES metal column densities for J0034+1639 (Z.n,s=4.251)

60

Ion Line A f Umin Umax logN(X) Included  logNagopt
A kms™! kms™!

Cin 1334 1334.532 1.28E-01 -50 50 > 14.24 Y —

Cn > 14.24
O1 1302 1302.168 4.89E-02 -50 50 14.78 + 0.02 Y -

O1 14.78 + 0.05
Sirm 1260 1260.422 1.01E400 -50 50 > 13.68 N -

Siir 1304 1304.370 9.40E-02 -50 40 13.71 £ 0.02 Y -

Siit - 1526 1526.707  1.27E-01 -50 50 13.71 £ 0.01 Y -

SiIr 13.71 £ 0.05
Pir 1532 1532.533 7.61E-03 -80 80 < 13.66 Y -

P11 < 13.66
S 1250 1250.584 5.43E-03 -80 80 < 13.79 N -

St 1253 1253.811  1.09E-02 -80 80 < 13.64 N -

S 1259 1259.519 1.66E-02 -80 80 13.65 + 0.08 Y -

S1 13.65 & 0.08
Fert 1608 1608.451 5.80E-02 -50 50 13.23 + 0.06 Y -

Fert 1611 1611.200 1.36E-03 -80 80 < 14.56 N -

Ferr 13.23 + 0.06
Nirr 1709 1709.604 3.24E-02 -80 80 < 13.33 N -

Nirr 1741 1741.553 4.27E-02 -50 50 < 13.48 N -

Nirr 1751 1751.916 2.77E-02 -50 50 < 13.24 Y -

Ni11 < 13.24
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consistent measurement with the derived column density limits for the Ni 11 A 1709A
and 1751A lines.

3.2.3 XQ-100 sample properties

To briefly highlight the properties of the 41 DLAs observed in the XQ-100 survey,
Figure shows the metallicity (top panel) and metallicity-redshift (bottom panel)
distributions of the XQ-100 sample (red colours) relative to the DLA literature sample
compiled in Berg et al. (2015a, black data). The metallicities ([M/H]; see Table [3.5)
were derived following a similar scheme outlined in Rafelski et al. (2012), where they
choose (in order of decreasing preference) S, Si, Zn, and Fe as the metallicity tracer.
Rafelski et al| (2012) add a +0.3 dex correction to Fe to account for the difference
in observed [a/Fe]. We adopt the |Asplund et al.| (2009)) solar scale for all metallic-
ity calculations. Figure emphasizes that the XQ-100 DLAs are predominantly
between redshifts z.,s=3-4.5, and as a result appear more metal-poor than the liter-
ature (which includes the lower redshift and thus higher metallicity DLAs; Rafelski
et al., 2012)). A Kolmogorov-Smirnov (KS) test rejects the null hypothesis that the
metallicity distributions of the literature and XQ-100 DLA samples are drawn from
the same distribution at 0.3% confidence. However, when both the literature and
X@Q-100 samples are restricted to z,,s=3-4.5, the KS test rejects the null hypothesis
at 90.6% confidence.

Following the analysis techniques described in [Prochaska & Wolfe (1997)), I as-
sessed the kinematic characteristics of the XQ-100 DLA sample. In particular, the
velocity width vgy was calculated. vgy corresponds to 90% of the integrated optical
depth using one low-ion transition per DLA (listed in Table . The absorption line
used for calculating vgy for each DLA was selected according to the spectral signal-
noise ratio, avoiding saturated or weak absorption profiles. The optical depth per
pixel was calculated from the normalized flux values and then smoothed by a boxcar
with width of 22 km s™! as in |Prochaska & Wolfe (1997). From these smoothed op-
tical depth arrays, the velocity width comprising 90% of the integrated optical depth
between the AODM integration bounds was calculated.

Adopting the results of Prochaska et al.| (2008a) who also analyzed a set of echel-
lette observations (R ~ 8,000), I have reduced the raw vgy values to correct for
instrumental broadening. Specifically, I lowered the raw vgg measurements by 30,
17, and 25 km/s for the UVB, VIS, and NIR arms respectively. These corrections
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correspond to ~ 40% of the FWHM of the instrumental line-spread-function for our
X-Shooter configuration. The final, reported vgy values are presented in Table [3.5]

Using the measured z,,s and vgy for the XQ-100 DLAs, we compared the derived
metallicities from the [M/H]-z,ps-vgo relation in Neeleman et al.| (2013)) to our directly-
measured [M/H|. We find good agreement between the two metallicities (mean dif-
ference of 0.02 dex), with a root-mean-squared scatter between the two metallicities
(0.32 dex) that is consistent with the scatter observed in Neeleman et al.| (2013} 0.37
dex).

3.3 Metal abundance analysis

3.3.1 The chemical evolution of DLASs

Cosmological metal evolution

Many of the earlier surveys of DLAs used to measure (Z/Z) were limited by small
sample sizes or to a moderate redshift range (z.,s~ 3). To boost the statistics of pre-
vious surveys, particularly at higher redshifts (z,,s> 4.7), Rafelski et al. (2012, R12)
and (Rafelski et al., 2014, R14) crafted a metallicity-unbiased sample of literature
and newly-observed DLAs for a total of 219 absorbing systems (0 <z,,s< 5). R12
and R14 recovered the steady metallicity evolution previously observed in the liter-
ature (log({(Z/Zs))= (—0.2 4 0.03)z.ps—(0.68 £ 0.09); Pettini et al.; [1999; |Prochaska
et al. [2003a; Jorgenson et al.; 2013)), but the additional R14 observations of DLAs at
Zaps> 4.7 indicated a distinct break in this metallicity evolution, suggesting that the
metallicity of neutral gas rapidly evolved in the first couple of Gyr of the Universe,
or is diluted by large cold flows of pristine gas onto the DLA host galaxies.

The sample of DLAs presented in R12 and R147 is the largest, blind census of
DLAs observed at high enough resolution to obtain accurate metal abundances. The
addition of the 41 DLAs in XQ-100 to the R14 sample grows the number of DLAs
by nearly 20% across all redshift ranges, and ~ 28% when restricted to the redshift
range of XQ-100 (a redshift range in which R12 states has the most influence on the
evolution of (Z/Z)). It is therefore important to assess the impact of including the
XQ-100 DLASs on the evolution of (Z/Z).

4Note that the R12 and R14 datasets include a literature compilation of data used for previous
computations of (Z/Zg), including Pettini et al.| (1999) and Prochaska et al.| (2003a)).



Table 3.5 [M/H] and vgy measurements for the XQ-100 DLA sample

QSO Zabs [M/H] (ion) Transition v
km s

Znll)  Cr 12066 32

J0003—-2603 3.390 —1.93+0.11 )

Fell) Fe1 1608 32
)
)

J0006—6208 3.203 —2.20£0.15
J0006—6208 3.775 —0.94 £0.20 (Znll) Fe 11 1608 54
J0034+4-1639 3.755 —1.89+£0.15 (Fell) Fe1r 2586 32
J0034+1639 4.251 —2.10+£0.13 (SII)  Siir 1526 43
J0034+1639 4.283 —1.59+0.11 (SII) Fe1r 1608 109
J0113—2803 3.106 —1.11£0.10 (SilI)  Si 1 1808 219
J01244-0044 2.261 —0.85+0.15 (Sill)  Si 1 1808 142
)

o~ —

(

(

J0132+1341 3.936 —2.04+0.15 (Sill) Fe1 1608 32
J0134+0400 3.692 —2.41+0.10 (Fell) Fe 11 1608 10
JO13440400 3.772 —0.91+0.10 (SilT)  Si 1 1808 109
J0234—1806 3.693 —1.3140.15 (Fell) Fe112344 203
J0255+0048 3.256 —1.08£0.10 (Sill) Fe 11 1608 208
J02554+0048 3.914 —1.9240.10 (SII) St 1253 21
J0307—4945 3.501 —1.484+0.15 (Fell) Fe11 2586 51
J0307—4945 4.466 —1.52+0.10 (Sil) Si 1 1304 219
J0415—-4357 3.808 —0.28 +£0.20 (ZnlIl) Si1r 1526 131
J0424-2209 2.982 —1.86+0.16 (ZnIl) Fe1 2600 13
J0529—-3552 3.684 —2.38+0.15 (Sill) Si1 1526 21
JO74742739 3.424 —1.584+0.10 (Fell) Fe11 1608 120
JO74742739 3.901 —2.03+0.15 (SilI) Si 1 1526 153
J0800+1920 3.946 —1.87+0.10 (SilI) Si1 1304 43
J0818+0958 3.306 —1.51+0.10 (SilI) Si 1 1808 76
J0835+0650 3.955 —1.8140.10 (Sill) Sim 1304 21
J0920+0725 2.238 —1.5540.15 (Fell) Fe1 2374 983
J0955—0130 4.024 —1.544+0.15 (Fell) Fe 11 2600 336
J102040922 2592 —1.75+0.10 (Sil) Si 1 1808 76
J1024+1819 2.298 —1.45+0.10 (Sill) Sim 1808 54
J1057+1910 3.373 —1.2540.11 (Fell) Fe 11 1608 307
J1058+1245 3.432 —1.85+0.10 (Sill) Mg 112803 127
J1108+1209 3.397 —2.4940.10 (Fell) C 11334 32
J1108+1209 3.546 —1.15+0.15 (SII) Fe1 2374 70
J131240841 2.660 —1.50£0.10 (Fell) Fe112344 153
J1421-0643 3.449 —1.4040.15 (Fell) Fe1r 1608 43
J151740511 2.688 —2.06+0.10 (Sill) Fe 1 1608 43
J1552+1005 3.601 —1.7540.11 (SII) St 1253 21
J1552+1005 3.667 —1.6140.10 (Fell) Si1r 1304 230
J1633+1411 2.882 —1.784+0.15 (Fell) Mg 112803 13
J1723+42243 3.698 —1.03+0.10 (Fell) Fe 112586 374
J2239-0552 4.080 —1.95-+0.10 (Sill) Si 1 1526 131
J234440342 3.220 —1.70+0.32 (ZnIl) Cr 112056 54
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Figure 3.5 Top Panel: The metallicity distribution of the XQ-100 DLAs. The solid
red line outlines the total metallicity distribution of the XQ-100 sample, whereas
the shaded regions within each bin show the distribution of elements used as the
metallicity indicator for the DLAs. The metallicity distribution of the literature
DLA sample (Berg et all 2015a)) is shown by the black dashed line. Bottom Panel:
The distribution of the XQ-100 (red circles) and literature DLAs (black points) in
metallicity-redshift space.
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Following the same bootstrap Monte Carlo resampling technique for computing
Qu presented in Section [2.3.1] I computed (Z/Z) for the combined sample of XQ-100
and R14 DLAs (further denoted as XQ-1004+R14 sample). In summary, for 10,000
Monte Carlo resamplings, a sample of 260 DLAs is drawn from the XQ-100+R14
sample (with replacement; note that this implies a given absorber can be reused in
the same sample). For each sample, both the metallicity and H 1 column densities
of the sample (XQ-100 values are tabulated in Tables and are randomly
perturbed by the measurement error (assuming a Gaussian distribution), effectively
creating a ‘new’ DLA sample. Note that this bootstrap Monte Carlo resampling is
analogous to the bootstrap method presented in R12 and R14.

To compute (Z/Z) as a function of redshift, I used a sliding bin technique anal-
ogous to that presented in Section [2.3.1} However, rather than using a fixed redshift
path as was done in Section , the redshift bin has a minimum width of 0.5 (e.g.
Zabs= 2.0 t0 Zaps= 2.5). If there are less than 25 DLAs contained within the redshift
range (the minimum number of DLAs in a redshift bin in R12), the minimum width is
expanded by 0.01 until either the minimum number of DLAs is contained within the
bin, or the highest redshift DLA is included in the bin. The median (Z/Z;) (using
Equation is then computed within this redshift range, along with the percentiles
of the resulting distribution corresponding to the 1o and 20 confidence intervals. The
starting bin redshift is then shifted by 0.05 (i.e. 10% of the minimum redshift bin
width), and the calculation is then repeated.

The solid blue line of Figure [3.6{shows the resulting median log((Z/Z)) evolution
of the XQ-100+R14 combined DLA sample, with the dark and lighter blue shaded
region representing the 1o and 20 confidence intervals. For reference, the R14 binned
data-points are shown as the large black squares, while the translucent black and
red points denote the individual R14 and XQ-100 DLAs (respectively). Using this
sliding technique to compute (Z/Z) naturally recovers the drop in metallicity at high
redshift previously seen by R14, although I note that the drop begins at a slightly
lower redshift (zaps~ 4.@ than what was found previously in R12 and R14.

To compute the best-fit evolution of (Z/Z) as a function of z,,s and evaluate the
associated errors, I reused the simulated Monte Carlo data to measure the linear evo-
lution for all 10,000 resamplings of the simulation. For each resampled XQ-100+R14

5The redshift of the metallicity drop appears to be robust to a reasonable choice of redshift step
size and width of the sliding bin. However, due to the low number of DLAs beyond z,,5> 4.2,
choosing too large of redshift bin width (> 0.8) will wash out any metallicity drop as the bin will be
dominated by the larger sample of DLAs at z,ps< 4.2.
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dataset, I computed an unweighted linear fit to the evaluated log((Z/Zs)) within each
of the sliding redshift bins. The data used in the fit was truncated by removing all red-
shift bins including z.,s> 4.7, such that the best fit evolution matches the same range
in redshift covered by R14. The best-fit relation was selected as the median slope
and y-intercept of the 10,000 fits, with the 1o errors using the 17" and 83" per-
centiles. This resulting best-fit relation of log((Z/Z.))= —0.18"00132aps—0.7510 112
(blue dashed line in Figure is consistent with the best-fit relation obtained in
R14 (black dotted line), given the ~ 20% increase in the DLA sample size.

Metal-poor DLA towards J0034+1639

Having examined the overall metallicity evolution of DLAs, I now focus on detailed
abundance ratios to shed light on the nucleosynthetic history of DL A galaxies. Within
the XQ-100 sample, I identified a MPDLA candidate towards J0034-+1639 (zups=
4.2507), for which I followed up with higher resolution observations with VLT /UVES
to confirm the derived metal column densities are free from contamination (see Section
for details on observations). The column densities for this MPDLA are presented
in Table 3.4 It is interesting to note that, although the [Fe/H] abundance (—2.82 %
0.11) is the 4™ lowest observed to date in a DLA (Cooke et al., 2015, and references
therein), its metallicity using the [Rafelski et al. (2012) scheme is much higher ([M/H]=
—2.40 £ 0.11; 24 lowest).

Table [3.6| shows the abundances for the metal-poor DLA towards J0034+1639,
compared to the mean abundance derived from the metal-poor DLAs (([X/O]uppra))
from the MPDLA sample in|Cooke et al. (2011)). The abundance ratios (relative to O)
of C, Si, and Fe are consistentm with the typical MPDLA abundance pattern (although
note that [Si/O] is almost 0.2 dex larger than the typical MPDLA measurement),
implying consistency with yields from low-energy supernovae (Heger & Woosley, [2010;
Cooke et al.| 2011). Unfortunately, I was unable to place strong constraints on Ni and
other Fe-peak abundances ([Ni/Fe|]< 1.26), which |Cooke et al. (2013, and references

therein) have demonstrated to be a key discriminator of the supernovae energy.

5Note that most of these measurements use the UVES-derived column densities, but are supple-
mented by the XQ-100 column densities when there is no wavelength coverage.

"The [C/O] ratio is likely consistent with the typical MPDLA values, as the C 11 absorption is
mildly saturated (see Figure .
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Figure 3.6 The evolution of the cosmological metallicity (log({(Z/Zs))) with redshift.
The solid blue line represents the median log((Z/Z)) obtained from the Monte Carlo
bootstrap simulation of the combined sample of XQ-100 (faded red circles) and |[Rafel-
ski et al.| (2014) DLAs (faded grey circles). The darker and lighter shaded regions
denote the 1o and 20 confidence intervals (respectively) of the simulation, while the
best fit metallicity evolution for the combine sample is given by the dashed blue line.
For reference, the Rafelski et al.| (2014) binned datapoints (black squares) and best fit
metallicity evolution (black dotted line; only for systems with z,ps< 4.7) are shown.

Table 3.6 J0034+1639 MPDLA (z,,s= 4.25) abundances

Element [X/H] [X/O] <[X/O]MPDLA> 1
O —2.51+0.12 — —

C > —2.79 > —0.28 —0.28 £0.12
Si —-2.40+0.11 0.11+0.16 —0.08 £ 0.10
Fe —2824+011 -0.31+£0.16 —0.39+£0.12

"Mean MPDLA abundance from |Cooke et al. (2011)).
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[Zn/Fe] and dust depletion

Dust depletion plagues DLA abundance analysis work, making it difficult to disentan-
gle nucleosynthetic patterns from dust depletion effects. In particular, a dust-free Fe
peak tracer is necessary to measure the intrinsic [a/Fe] ratio, an important tracer of
star formation history (Tinsley, 1979; Venn et al., 2004; Tolstoy et al.;2009). In gen-

eral, the quasar absorption line community has either used elements that are relatively

unaffected by depletion (such as S and Zn; e.g. Pettini et al., [1997; |Centurion et al.,
2000; [Vladilo et al., |2011)) or modelled dust depletions based on chemical evolution
assumptions or the uniformity of dust depletion across all galaxies (e.g. , ;
Vladilo et al., [2011; De Cia et al., 2016). For elements X and Y, the dust-corrected

[X/Y] abundance ratio is commonly represented as:

[X/Y]int = [X/Y]obs + Ipx/v] (3.5)

where [X/Y]ine and [X/Y]ops are the respective intrinsic (i.e. dust corrected) and
observed (uncorrected) abundance ratios, and djx,y] is the relative dust depletion
ratio of element X to Y.

One of the most prominent assumptions is that Zn is a dust-free proxy of the Fe
peak (i.e. [Zn/Fe]iy, = 0;[Pettini et all,[1994] [1997; [Vladilo, 2002ab). The assumption

that Zn traces Fe was motivated by early observations of Galactic stellar abundances

showing [Zn/Fe|~ 0 over a range of metallicities (Sneden & Crocker} [1988; |Sneden|
et al., [1991; |Chen et al., [2004; Nissen et al. 2004). However, with the search for
metal-poor stars extending to lower metallicities (e.g. [Prochaska et al., 2000; Nissen|
et all 2007), stellar [Zn/Fe] showed deviations from solar suggesting that Zn does
not necessarily trace Fe; leading some authors to question whether Zn traces Fe in
DLAs (such as [Prochaska & Wolfe, 2000; Nissen & Schuster, 2011; Rafelski et al.,
2012). Recently, both Berg et al| (2015a) and [Skuladdttir et al| (2017) compared
[Zn/Fe| in stars in the Milky Way and local dwarf spheroidal (dSph) galaxies, finding
a large scatter of [Zn/Fe] at —2.0 <[Zn/H|< —0.5. In particular, many (but not all)

Local Group dwarf galaxy stars exhibit subsolar [Zn/Fe] indicating that Zn is not
necessarily a nucleosynthetic tracer of the Fe-peak elements at [Zn/H]> —1.5 (i.e.
[Zn/Fe]ins # 0).

In order to investigate the possibility of intrinsically non-solar [Zn/Fe] ratios, Berg

(2015a)) inferred the dust-corrected values of [Zn/Fe| using a novel method.

Rather than using modelled corrections which require assumptions that all DLAs are
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identical and have similar chemical abundance patterns to the Milky Way (such as
Jenkins, 2009; |Vladilo et al., [2011; De Cia et al, 2016|), Berg et al. (2015a)) assumed
two things:

1) The process of depletion onto dust is the same in all galaxies. Hence, the relative
depletion pattern of any two elements should be the same in each galaxy. This
assumptions was motivated by the |Jenkins (2009) dust depletion correction
method.

2) All a-elements trace each other in a given DLA (e.g. [Si/a]in = 0, for a-elements
Si and «), and that the measured ratio of two a-elements can therefore be used

as a tracer of dust depletion ratio of those two elements;

[Si/a]ims = 0 = [Si/a]obs + [si/al; (3.6)

and thus
[Si/a]obs = _5[Si/a]- (37)

Using the relative depletions seen toward Galactic ISM sightlines (Savage & Sembach,
1996)), I noted in Berg et al.| (2015a) that the relative dust depletion ratio of djz,/re is
very similar to that of djg;/ry (to within 0.1 dex). Thus by measuring [Si/Ti]obs, one
could obtain a proxy of djz,/r for any galaxy or DLA system. However, I caution
that assumption 1) of uniform relative depletion patterns needs to be tested in a large
sample of galaxies (see measurements for the Magellanic clouds; [Tchernyshyov et al.,
2015).

Although the Berg et al. (2015a)) analysis of dust corrected [Zn/Fe| is strongly
suggestive of sub-solar ratios in DLAs, my sample was limited to the 43 systems (of
which only 10 were detections) for which Ti measurements are available. This limita-
tion is driven by the only accessible, yet weak, Ti 11 A 1910 A line in optical spectra
for the majority of the DLA sample. Previous surveys of Mg 11 abundances with high
resolution spectroscopy have been limited to z.ps~2-3 DLAs (e.g. [Prochaska et al.,
2003b; Dessauges-Zavadsky et al., [2006; Prochaska et al., 2007; |Noterdaeme et al.,
2008)). With the additional IR coverage that X-Shooter provides, I have unprece-
dented access to absorption lines of a-elements that are not typically observed in the
optical; particularly in absorbers at redshifts 3—4. These lines include: Mg, Ca, as
well as stronger Ti lines (relative to Ti 11 A 1910A; Ti 11 A 3073A, 3242A, and 3384A).
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With the XQ-100 DLA sample I can further test the intrinsic [Zn/Fe| ratio of
DLAs, by using the new Ti 11 abundances, as well as other a-elements ratios ([Mg/Si]
and [Ca/Si]) as additional dust-depletion proxies. Figure shows the DLA dust-
corrected [Zn/Fe] abundances (coloured circles) as a function of metallicity using
[Si/Ca] (top panel), [Si/Mg] (middle panel), and [Si/Ti] (bottom panel) as tracers
for dzn/me). For reference, the Galactic (grey points) and dSph (grey squares) stellar
trends of [Zn/Fe| are shown in each panel.

The difficulty of using Mg 11 and Ca 11 is that the differential depletions ds;/ng and
disi/ca) are much different than djz, /r in Galactic ISM sightlines (differences of +0.8
and —1.4 dex, respectively; Savage & Sembach, [1996)). The two horizontal dashed
lines in each panel constrain the region where the dust-corrected [Zn/Fe] could be
consistent with solar [Zn/Fe] based on the difference in differential depletions djs;/q)
and dzy/re in the Milky Way. DLA points below the lowest line are consistent with
intrinsically subsolar [Zn/Fe], and DLAs above the higher line likely have supersolar
[Zn/Fe].

Unfortunately, the addition of Ti abundances from the XQ-100 DLA sample (red
circles) does not provide much additional insight on the intrinsic nature of [Zn/Fe] in
DLAs previously identified by Berg et al.| (2015a) (blue circles). One of the XQ-100
DLAs has a dust-corrected [Zn/Fe]~ 0.3 dex. Although supersolar, this one system
is consistent with both Milky Way and dSphs stellar [Zn/Fe] abundances (Berg et al.,
2015a). Although the Ti 11 lines accessible in the NIR are nominally stronger than
those in the optical, the typical detection limits of Ti 11 from the lower resolution
X-Shooter spectra are not as sensitive as the measurements available from UVES or
HIRES. It is worth noting that of the 38 cases where Ti 11 abundances were measured
in the XQ-100 DLAs, 28 abundances were preferentially adopted based on the Ti 11
lines in the NIR arm rather than the Ti 1 A\ 1910A line. Therefore the use of NIR
lines can be a useful tool to obtain more constraining Ti 11 abundances in DLAs.

The additional 5 Ca 11 robust upper limits (to the single detection in the literature)
in the left panel of Figure further support that DLAs span the same range of
[Zn/Fe] as dSphs seen by Berg et al.| (2015a), suggesting that DLAs share a similar
nucleosynthetic history as Galactic dSphs. It is worth noting that Ca 11 (excitation
potential of 11.87eV) is not the dominant ionization state of Ca in DLAs (e.g. Wild
et al.,[2006]), suggesting that the measured N(Ca 11) may require significant ionization

corrections.
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Figure 3.7 Dust-corrected [Zn/Fe] DLA abundances (XQ-100 are in red, literature
DLAs in blue) relative to stellar [Zn/Fe] (grey points are the Milky Way, dark grey
squares are dSphs) from Berg et al| (2015a). Larger, filled DLA circles represent
detections, whereas the unfilled circles are limits. The dust correction is determined
by subtracting the ratio of two a-elements of different relative dust depletions ([Si/Cal]
top panel; [Si/Mg] middle panel; [Si/Ti] bottom panel). The two dashed lines bound
the region where [Zn/Fe] may be consistent with solar, such that measurements below
the line are consistent with subsolar [Zn/Fe|. In addition to [Si/Ti], [Si/Ca] can also
constrain the intrinsic [Zn/Fe| in DLAs. Both of these ratios indicate that DLAs are
consistent with the subsolar values seen in dSphs (Berg et al., 2015a)). This subsolar
[Zn/Fe] is likely nucleosynthetic in origin.



72

3.3.2 Signatures of environment in DLA abundances
Multiple DLAs

Previous work by [Lopez & Ellison (2003) on 3 MDLA systems found a slight deficit
of [a/Fe] relative to the typically observed DLA. They suggested that the low [a/Fe]
is due to environmental effects truncating star formation. With the large increase in
DLA abundance measurements over the past decade, the robustness of these results
can be tested. Following |Lopez & Ellison| (2003)), I identified MDLAs in the XQ-100
and in the Berg et al. (2015a)) literature DLA samples as systems of two or more
absorbers within 500 km s~!< Av < 10,000 km s~! of each other. 6 and 21 MDLAs
from the XQ-100 and the literature samples (respectively) were identified (Table [3.1)).
Using the measured [a/Fe| from literature and XQ-100 DLAs, I tested the potential
enhancement by comparing each MDLA galaxy with a control-matched sample of in-
tervening DLAs from the literature sample. The control matching technique accounts
for the intrinsic evolution of similar DLAs, allowing a comparative test of different
environments.

The control matching was completed for each MDLA by selecting all DLAs within
the pool of literature DLAs with a redshifts and metallicity identical to the MDLA,
within a prescribed tolerance. I imposed that the DLA control pool are not classified
as MDLAs or PDLAs (Avgso < 5000 km s™! from the QSO) to not include any
potential metallicity bias (Ellison et al., 2010). The matching tolerance for metallicity
was set by the error in the MDLA’s metallicity. The matching tolerance for redshift
was adopted based on the known redshift evolution of mean metallicity ([M/H]ox —0.2
Zabs; Pettini et al| |1997; Rafelski et al., 2012, 2014)). The error in metallicity provides
a relative spread in redshifts for a DLA to have undergone a similar metal-enrichment
history. Using the slope of the redshift-metallicity evolution, I calculated the redshift

5[12%1{1, where §[M/H] is the error in the metallicity of

tolerance (0zups) USING 0Zaps=
the MDLA.

To ensure a representative control-matched sample, I required that each MDLA
had at least 5 matched control DLAs. Each of the matched control DLAs must have at
least 5 detections of both Si and Fe to compute a median [« /Fe]. If these criteria were
not met within the initial tolerances, the size of the two matching criteria are repeat-
edly increased in small increments until a sufficient number of control matched DLAs
were obtained. The metallicity bin grew by +0.025 dex increments (15-25% of the
typical error in metallicity), while the redshift criteria grew by +0.125 (~20% of the
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associated error due to metallicity evolution). However, expansions were stopped af-
ter 10 iterations to ensure that the control-matched sample still resembles the MDLA,
effectively matching within ~ 30 of z.ps and [M/H]. These criteria result in controls
samples being identified for all MDLAs, with only 3 MDLAs requiring more than 2
expansions. The median number of matched control DLAs is 14 per MDLA, with
25% of MDLAs having 19 or more (up to 37) control DLAs matched.

The left panel of Figure shows the relative change of [a/Fe| (A[a/Fe]) in
MDLAs compared to their control-matched counterparts, as a function of N(H 1).
Ala/Fe] is computed as the difference in [Si/Fe] between the MDLA absorber and
median [Si/Fe| of the control-matched DLAs, such that a positive Afo/Fe] implies
that the MDLA has a higher [a/Fe] than its control sample. Note that, although
all MDLAs are matched, only 14 of the 27 MDLAs have measured Afa/Fe] due to
lack of Si and Fe column densities. Although Fe is depleted onto dust, the relative
comparison of [a/Fe] of MDLAs and control DLAs at a fixed metallicity should remove
the effects of dust depletion, as the depletion of refractory elements appears to scale
with metallicity in DLAs (e.g. |[Pettini et al [1997; |Ledoux et al 2002; [Prochaska &
Wolfe, 2002; Berg et al., 2015a; |De Cia et al 2016). For reference, the MDLAs from
Lopez & Ellison| (2003) are shown as large squares, and are included in the analysis.
The grey points are the measured Afa/Fe| from repeating the matching procedure
on all control DLAs. The errors on the MDLA points were derived from the spread

in the [a/Fe] of the control sample using the jackknife technique;

O jack = ; \/ %(med(N) — med(N — 1))2 (3.8)

where N is the number of DLAs, med(N) is the median of the entire sample, and
med(N — 1) is the median of the sample with the i®® DLA removed. The colour of the
MDLA points indicates the velocity separation of the MDLAs from their counterpart
(Table [3.1). The median Ale/Fe] (and 0j4e) for the MDLAs and control sample are
0.06 £ 0.01 dex and —0.01 = 0.00F| dex (respectively).

The right panel of Figure[3.8|shows the distribution of Afa/Fe] for both the MDLA
and control samples. The p-value from the Anderson-Darling (AD) test (pap || rejects

the null hypothesis that the two samples are drawn from the same parent sample at

Scrjack is much smaller than 0.01 dex, and is thus quoted to be 0 dex.
91 preferentially used the AD test over a KS test as the AD test is independent of the shape of
the distribution, and is more sensitive to discrepancies in the tails of the distribution.
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~ 31% confidence. This test suggests MDLAs likely do not show any deficit (or
enhancement) in [«/Fe| relative to the typical DLA, underscoring the need for a
more robust comparison of MDLAs to single intervening DLAs in comparison to the
work done in Lopez & Ellison| (2003).

Note that the Berg et al.|(2015a) literature sample includes surveys that have pur-
posefully observed DLAs of specific properties and may have a biased representation
of these properties, such as high or low metallicity. As a test of robustness of these
results, I limited the control-matched samples to DLAs from the relatively unbiased
Rafelski et al. (2012) literature sample, and re-computed Afa/Fe]. Only 6 of the 27
MDLAs were matched, and still showed no deficit in [a/Fe| (pap ~ 0.86).

It is worth pointing out that the upper velocity limit of MDLAs defined in |[Lopez
& Ellison| (2003, 10000 km s~1) is much larger than the typical galaxy cluster velocity
dispersion (values are typically smaller than 2000 km s~*; Ruel et al.; [2014). Reducing
the definition of an MDLA to a separation of 2000 km s~! limits the sample to one
MDLA system, which shows a A[a/Fe] of ~ +0.2dex. Unfortunately more MDLAs
are required to further test if a smaller velocity separation does have an impact on
the MDLA abundances.

Proximate DLAs

The XQ-100 DLA catalogue from Sanchez-Ramirez et al.| (2016)) showed that 5 DLAs
are PDLAs (Avgso < 5000 km s™!). The properties of the complete set of associated
absorbers in XQ-100, not just limited to DLAs, can be found in |Perrotta et al.[ (2016)).
With the addition of 41 PDLAs in the literature sample (Berg et al., 2015a), I tested
the effect of proximity of a DLA to its host QSO for 46 absorbers. Improving upon
the analysis of 16 PDLAs in |Ellison et al.| (2010)), I compared the relative abundance
of a given PDLA to a control-matched sample of intervening DLAs.

The control matching was undertaken in an identical manner as for the MDLAs;,
with the exception that DLAs were matched by logN(H 1) and redshift. In addition,
I required the control sample to have at least 5 measured abundances for each of the
following elements: S, Si, Fe, and anﬂ The tolerance for the logN(H 1) match was set
by the error in the PDLA’s logN(H 1). If required, the logN(H 1) selection tolerance
grew by 40.025 dex increments (15-25% of the typical error). The same criteria for

10The requirement of having 5 abundances for each element is the most restrictive criterion; but
is required to ensure that DLAs are compared to the same control pool for each element. Without
this criterion, all matching is completed within at most 4 expansions.
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Figure 3.8 The relative change in [a/Fe] for MDLAs (A[a/Fe]) as a function of
logN(H 1). The left panel show Aa/Fe] in MDLA sightlines (coloured by their veloc-
ity separation Av) compared to the control-matched sample (small grey points). For
reference, the MDLAs observed in |Lopez & Ellison, (2003)) are shown as large squares.
The colour of the MDLA points represent the velocity separation of the DLAs along
the sightline. The right panel shows the distribution of A[a/Fe] for the MDLA (red)
and control (grey) samples. The p-value from the Anderson-Darling test for the two
MDLA samples relative to the control sample is displayed; suggesting that the MDLA
and control DLAs are likely drawn from the same parent sample.
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redshift used for the MDLAs was imposed for the PDLAs as well. This matching
procedure resulted in successful matches for all 46 PDLAs, with 25 PDLAs being
matched within 3 expansions, and 6 PDLAs requiring 9 expansions. Each PDLA
had at least 12 control matches. The median number of matched controls is 35.5 per
PDLA, with 25% of PDLAs having 52 or more controls matches.

The main science result from the control-matching analysis for PDLAs is presented
in Figure I defined A[X/H] as the difference in the PDLA abundance [X/H]
relative to the median abundance of control-matched sample; such that a negative
A[X/H] would imply that the PDLA has a lower [X/H] than the control-matched
sample. The left-most panels of Figure 3.9 show A[X/H] as a function of logN(H 1)
for elements (in order from top to bottom rows) S, Si, Fe, and Zn. The error bars
represent 040, Of the control-matched sample. The colour of the points indicate the
velocity separation (Avqso; km s7') from the host QSO. PDLAs from [Ellison et al.
(2010) are shown as large squares, and are included in the analysis. For comparison
to the DLAs in the control pool, the smaller grey points are the A[X/H| obtained
from repeating the control match on all control DLAs. The left panels of Figure [3.9
visually hint at a possible deficit of [X/H] for PDLAs with logN(H 1)< 21.0, and an
enhanced [X/H] at logN(H 1)2 21.0 (the enhancement was first identified for [S/H]
and [Si/H] in [Ellison et al., 2010).

To quantitatively test the possibility of a correlation between A[X/H] and logN(H 1)
in PDLASs, I performed the Pearson-r test. However, the test did not show any signif-
icant correlation of A[X/H] with logN(H 1) (r =0.33, 0.18, 0.08, 0.00 for S, Si, Fe, and
Zn; respectively). Despite the lack of correlation, the AD statistic will additionally
constrain whether the PDLAs are drawn from a different distribution of A[X/H] com-
pared to the intervening control DLAs. The AD test was performed in three regimes:
all logN(H 1), logN(H 1)< 21.0 , and logN(H 1)> 21.0. The distributions of A[X/H]
(along with the associated pap) for each regime is displayed in the second, third, and
fourth column of Figure (respectively). The pap measurements suggest that PD-
LAs are likely drawn from a different distribution than the control DLAs for [S/H]
(null hypothesis rejected at ~ 6% confidence) and [Fe/H] (~ 32% confidence) for
logN(H 1)< 21.0, as well as [S/H| (~ 14% confidence) and [Si/H] (~ 26% confidence)
for logN(H 1)> 21.0.

As with the MDLAs, I attempted to assess the potential biases of using the Berg
et al.| (2015a) literature DLAs by only adopting control DLAs from the Rafelski et al.
(2012) sample. Unfortunately only two PDLAs were matched at logN(H 1)> 21.0,
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Figure 3.9 First column: The relative change in the PDLA abundances compared
to a sample of DLAs matched in redshift and logN(H 1) (A[X/H]) as a function of
logN(H 1). Each row is A[X/H] for S, Si, Fe, and Zn (top to bottom). The notation
is the same as Figure [3.8, with the colour coding of the PDLA points now referring
to Avggo. In all panels, the data from Ellison et al. (2010) is highlighted as large
squares for comparison. Second column: The fractional distribution of A[X/H] for
each element in PDLAs (red line) and the control sample (grey shaded region). Third
column: The fractional distribution of A[X/H] for each element, restricting both sam-
ples to DLAs with only logN(H 1)< 21.0. Fourth column: The fractional distribution
of A[X/H] for each element, restricting both samples to DLAs with logN(H 1)> 21.0.
All PDLA distributions are compared to the control-sample distribution using the
Anderson-Darling test, showing the p-value (pap) that the two distributions are drawn
from the same parent sample.
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and are unable to test how robust the results are. Similarly for logN(H 1)< 21.0, only
7 PDLAs had measured A[S/H], 6 of which had A[S/H]< 0. Again, by matching
the controls in logN(H 1) should remove any effects caused by H 1 selection of control
sample DLAs, whilst taking the median value of the control sample should remove any
outlaying DLAs. A larger unbiased sample of DLAs is required to further evaluate
the robustness of our results.

To test whether the A[X/H] offsets seen in PDLAs could occur by chance in a
sample of this modest size, I ran a Monte Carlo simulation with 10,000 iterations,
drawing a random sample of control DLAE of the same size as the PDLAs sample for
each element and logN(H 1) cut. At each iteration, I computed the median A[X/H]
for each logN(H 1) criteria. The distribution of medians is shown in Figure m
To understand the likelihood of observing any potential A[X/H] offset by chance, T
calculated the frequency of observing a median A[X/H] that is identical or further
offset from zero than the median A[X/H] observed for the PDLAs. Table|3.7| provides
the median A[X/H] of the PDLA sample, and summarizes the frequencies of this
simulation for all four element{™} The deficit of [S/H] and [Fe/H] for logN(H 1)<
21.0 was seen 3.2% and 5.4% of the time (respectively), suggesting it is unlikely the
deficit in the observations is observed by random chance. The excess of [S/H] at
logN(H 1)> 21.0 is also unlikely to be caused by random chance, since none of the
iterations demonstrated a similar median of A[S/H]. The excess of [Si/H] is seen
slightly frequently 9.7% of the time. Therefore there is observational evidence that
PDLASs exhibit different abundances than intervening DLAs as previously suggested
by [Ellison et al.| (2010)).

I now consider the possible source of distinct abundances between PDLAs and
intervening systems. The deficit of S and Fe in PDLA abundances at low logN(H 1)
might arise from ionization effects as the hard ionizing spectrum of the quasar is
more likely to penetrate the self-shielding effect of DLAs at low logN(H 1). A nat-
ural assumption might be that PDLAs closer to the QSO (Avgso < 1500 km s™*
Ellison et al., 2010) may be more influenced by the higher radiation field. The mean
and scatter in A[S/H] and A[Si/H] for logN(H 1)< 21.0 is the same across all Av,
suggesting that the velocity separation of a PDLA has little effect.

" The randomly generated sample in each iteration does not contain the same DLA more than
once; however the same DLA can appear in the samples of other iterations.

12To estimate the uncertainty on the simulation, I recomputed the frequencies of observing a
A[X/H], taking into account the o4 of the PDLA A[X/H] to make the offset weaker. These
recomputed frequencies are provided in parentheses in Table
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Figure 3.10 The frequency (of 10 000 iterations) of observing a median A[X/H] in a
randomly-selected control sample of the same size as the PDLA sample. Each row is
for the elements S, Si, Fe, and Zn (top to bottom; respectively), while each column is
the logN(H 1) cut on the sample (all N(H 1), logN(H 1)< 21.0, and logN(H 1)> 21.0;
left to right, respectively). The red band indicates the median A[X/H] of the PDLA
sample, whose half-width is given by 04 of the PDLA A[X/H]. The probability (p)
of observing a median A[X/H] of the same magnitude (or further offset from 0) as
the PDLA median A[X/H] is displayed.

Table 3.7 Frequencies of obtaining median PDLA A[X/H] from control DLA resam-

pling.

ATTN(H 1)

logN(H 1)< 21.0

logN(H 1)> 21.0

X Median A[X/H]  Freq. (%) Median A[X/H]  Freq. (%) Median A[X/H]  Freq. (%)
[S/H] 0221005 04 (05!  —026L0.12 3.3 (5.8) 0.47 £ 0.14 00(62y
[Si/H  —0.02£0.00 528 (53.0)'  —0.03+0.06 43.9 (62.4)"  0.54+0.24 3 (23.1)!
[Fe/H] —0.10£0.09  10.9 (43.6)!  —0.18£0.07 4.8 (14.0)! 0.08 & 0.06 32 5 (47.6)1
Zo/H 0074014 119 (384)! 0124010 258 (39.6)) 0234027  19.8 (58.5)!

'Frequency including PDLA 040 in median A[X/H].
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Table 3.8 Literature PDLA ionization corrections

logN(H 1)= 20.35T logN(H 1)= 20.75T logN (T 1)= 20.82
X/H | U=-420 U=-225 U=-17 |U=-48" U=-225 U=-175|U=-40" U=-201
(dex) (dex) (dex) (dex) (dex) (dex) (dex) (dex)
[Si/H] —0.04 —0.09 —0.16 —0.01 —0.03 —0.07 —0.02 —0.09
[S/H] +0.15 —0.20 —0.15 +0.09 —0.07 —0.09 +0.03 +0.26
[Fe/H] —0.04 —0.02 —0.02 —0.01 —0.01 —0.01 —0.01 —0.05
[Zn/H] +0.32 —0.35 —0.73 +0.16 —0.17 —0.44 +0.15 +0.58

IVladilo et al.|(2001).
2Rix et al.| (2007).
SSoft, stellar-type ionization spectrum.
HHard, QSO-like ionization spectrum.

It is worth noting that the uncertainty in QSO’s systemic z, can be large (de-
pending on which emission lines are used, e.g. |Gaskell, [1982; Tytler & Fan| 1992),
leading to a scatter in Avggo determinations from tens to a couple of hundred km
s71 (for QSOs identified with the Sloan Digital Sky Survey; see [Ellison et al., 2010
Hewett & Wild, [2010; |Paris et al., 2011). In addition, the error in z,,s for the DLAs
will also contribute to the precision of the Avggo measurements. For the XQ-100
sample, the scatter in z,ps derived from H 1 absorption (Table and the metal lines
is £47 km s~!. However, the lack of a strong correlation between A[X/H] and Av
suggests that higher precision measurements Avggo are not required.

To further explore the possibility of ionization effects at logN(H 1)< 21.0, the
observed A[X/H] were compared to abundance discrepancies observed in QSO-like
radiation models from the literature. Both |Vladilo et al.| (2001) and Rix et al.| (2007)
modelled the effect of radiation fields (for a variety of ionization strengths U) on
abundances in DLAs; with their ionization abundance corrections shown in Table
@ (where positive corrections imply the observed abundances are underestimated
relative to the true value). As a reference, the soft stellar-like ionizing spectrum
(denoted by S in Table from |Vladilo et al. (2001)) is also included. For a hard,
QSO-like ionizing field (flagged by  in Table ; Vladilo et al| (2001)) found that
[Fe/H] is over-predicted by a factor of 0.01-0.04 dex; whereas I found that [Fe/H]
is underestimated in PDLAs. The corrections for the single PDLA modelled by Rix
et al.| (2007) are qualitatively similar. Both sets of models suggest that the deficit of
[Fe/H] in PDLAs cannot be explained by ionization; and I rule out ionization as a
possible explanation. However, the deficit for [S/H] could be explained by ionization
corrections for logN(H 1)< 21.0; but not for the excess seen at logN(H 1)> 21.0
(Ellison et al., 2010).

A suggestion in Ellison et al.| (2010)) is that PDLAs are typically probing more
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massive galaxies (relative to intervening systems). To test this explanation for the
observed metallicity effect, I checked whether the vgy parameter (a proxy for mass in
DLAs; [Prochaska & Wolfe, [1997; [Ledoux et al., 2006} [Mgller et al., 2013; Neeleman
et al., [2013)) is substantially larger in PDLAs than in the control sample. In addition
to the vgy measurements of the XQ-100 sample (Table 3.5)), I also adopted the 139 voo
measurements from HIRES data for DLAs in the literature (Neeleman et al [2013;
Berg et al., [2015b) for the control-matched sample.

Figure [3.11] shows the difference in vgy for a PDLA relative to its control matched
sample (Avgg; a positive value implying the PDLA has a large vgy than the matched
controls). Again, the smaller grey points show the scatter within the control sample.
There is no significant discrepancy between the vgg in PDLAs relative to the control,

suggesting no dependence on mass; assuming vgg is a good proxy for mass.

3.4 Summary

I have computed the column densities for a variety of metals in the 41 DLAs in
the XQ-100 sample. This unbiased sample of DLAs provides coverage of the redshift
range Zps= 3—4, an important redshift range for computing (Z/Z) but only contains
a modest sampling of DLAs in the literature. After increasing the sample of metal-
unbiased DLAs of Rafelski et al. (2014) by ~ 20%, we find a steady decrease in
(Z]Zs) with increasing redshift consistent with previous studies.

The additional coverage from the NIR arm of X-Shooter provides coverage of
rarely detected lines at z,,s= 3 — 4 in abundance studies such as Mg 11, Ca 11, and
strong Ti 11 lines. With the addition of dust-depleted a-elements, I was able to test
the dust-corrected [Zn/Fe] to see if [Zn/Fe| is solar in DLAs. I have shown in Section
that [Zn/Fe] is not necessarily solar in DLAs, and that [Zn/Fe| shows the same
range of values as seen in the dSphs of the Local Group (in agreement with Berg
et al., [2015a; Skuladottir et al., 2017).

In combination with a sample of DLAs drawn from the literature, I have provided
a statistical analysis of proximate DLAs (within Avgso < 5000 km s~ of the host
QSO) and multiple DLAs (two or more DLAs separated by 500 < Av < 10000 km
s71) by comparing to a control-matched sample of individual, intervening absorbers.
I do not find any suppression in [«/Fe] in multiple DLAs, suggesting that there is
no evidence for truncated star formation between nearby DLAs based on their [«/Fe]

abundance. Relative to a control sample of DLAs, I note a mildly elevated [S/H]
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Figure 3.11 Left Panel: The difference in vgy between a given PDLA and control-
matched sample (Avgg), as a function of logN(H 1). The notation is the same as Figure
3.9l Right Panel: distributions of Avgy for the PDLA sample (red line) compared
to the control sample (grey bars). The Anderson-Darling p-value is shown for the
comparison of the two distributions.
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and [Si/H]| for high logN(H 1)> 21.0 proximate DLAs (Anderson Darling test rejects
the null hypothesis at 14% and 26% confidence; respectively), as previously seen
by |Ellison et al.| (2010); however I also detected a deficit in [S/H] and [Fe/H] (null
hypothesis rejected at 6% and 32% confidence, respectively) for proximate DLAs
with logN(H 1)< 21.0. These abundance discrepancies appear to be independent of
velocity separation of the host QSO and the mass proxy vgy. It is possible to explain
the deficit of [S/H] at low logN(H 1) through ionization corrections, but not the deficit
of [Fe/H].

I have also presented UVES observations of 3 DLAs towards J0034+1639 in order
to investigate a metal-poor DLA candidate at z,ps~ 4.25 with a [Fe/H]= —2.82+0.11.
This metal-poor DLA is consistent with abundances in the typical metal-poor DLA
(Cooke et al., 2011)). Metal-poor DLAs such as the one towards J003441639 prime
targets for easily detecting Ni and other discriminating elements in future follow-up

observations with 30-m class telescopes.
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Chapter 4

The circumgalactic medium of

Active Galactic Nucleil hosts

To form new stars over cosmic time, galaxies need vast supplies of gas to feed their
growth. As suggested by the slow evolution of Qy; with cosmic time in comparison
with the evolution of the cosmic star formation density (see Chapter [2} Figure [2.1)),
there appears to be a constant replenishment of gas from the intergalactic medium.
The interface between the intergalactic medium and galaxies’ interstellar medium,
known as the circum-galactic medium, is host to a large reservoir of gas that is thought
to be responsible for maintaining fuel for star formation. When astrophysical pro-
cesses shut off star formation in galaxies, a question arises of how these processes
impact the replenishment of gas and thus the circum-galactic medium?

One of the suggested processes for shutting off star formation in a galaxy is the
rapid, active growth of the super-massive black hole (AGN) that resides in the centre
of large galaxies. AGN are thought to disrupt star formation processes by heating
and removing gas from the galaxy. This chapter presents a systematic analysis of the
effects of active galactic nuclei on the circum-galactic medium of galaxies hosting Type
IT Seyfert AGN (which I will simply refer to as AGN in this chapter). The simulations
presented in Section were created and processed by Ben Oppenheimer and Ryan
Horton, although I guided the design of the simulated experiment and what data
products were needed. The material presented in this chapter is published in Berg
et al.| (2018). Throughout the chapter, I assumed a flat ACDM Universe with Hy =
67.8 km s™! Mpc™! and Qj; = 0.308 (Planck Collaboration et al., 2015)).
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4.1 Properties of the circum-galactic medium

The circum-galactic medium (CGM) is the interface between cold flows from the
intergalactic medium onto a galaxy, and hosts hot halo gas and material ejected
from galaxies (for reviews, see [Putman et al., 2012; Tumlinson et al., 2017). With
various processes in galaxy evolution consuming (e.g. star formation) and removing
(e.g. winds) gas, the CGM is shaped by the processes internal to the galaxy. Early
progress in the study of the CGM came from connecting absorption lines in QSO
spectra with galaxies imaged in the foreground, tracing the extent and properties
of the CGM gas as a function of the host galaxy’s properties (e.g. [Bergeron, [1986;
Bowen et all [1995; Lanzetta et al.l [1995aj; |Adelberger et al., 2005; |Chen et al. [2010;
Steidel et al., 2010; |[Bordoloi et al., [2011}; Prochaska et al., 2011} [Turner et al., 2014]).
Building on these foundations, our understanding of the CGM has been significantly
improved through surveys with the Hubble Space Telescope’s (HST) Cosmic Origins
Spectrograph (COS; |Green et all 2012). The first of several surveys of the CGM
surrounding low redshift galaxies was the COS-Halos survey (Tumlinson et al., 2013))
which targetted the CGM around 44 ~L* galaxies, demonstrating that the properties
of the CGM differ depending on whether the central galaxy is passive or star-forming
(defined using a specific star formation ratdl] cut of sSFR= 10~''yr~!; [Tumlinson
et al., 2011; Werk et al.| 2013; Borthakur et al.;, 2016). The COS-Halos team found
a distinct lack of O VI around passive galaxies, while H 1 was found at the same
strength around all galaxies (Tumlinson et al., 2011 [Thom et al.,[2012). Additionally,
connections have been made between the CGM and properties of the host galaxy,
including: increased H 1 content of the CGM with larger ISM gas masses (COS-GASS;
Borthakur et al., 2015), the presence of extended gas reservoirs around galaxies of
all stellar mass (COS-Dwarfs; Bordoloi et al., 2014b)), and enhanced metal content
around starbursting hosts (COS-Burst; Borthakur et al., 2013} [Heckman et al., [2017)).

Active galactic nuclei and their impact on the CGM

An important stage in the evolution of galaxies is when their central supermassive
black holes are actively accreting material. These AGN may be responsible for the
removal of gas from star forming reservoirs within galaxies via winds and outflows
(Veilleux et al., 2005; Tremonti et al.l [2007; Sturm et al., 2011; Woo et al., |2017)), and

IThe specific star formation rate is defined as the ratio of the active star-formation rate to the
total mass of stars within the galaxy.
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has been associated with the evolution of galaxies off the star-forming main sequence
to passive galaxies (Springel et al., 2005a; Schawinski et al., [2007; Fabian, |2012; Bluck
et al., 2014, 2016). In addition, radio-mode feedback and radiation from the AGN
keeps the CGM hot, buoyant, and consistently ionized (McNamara & Nulsen, 2007}
Bower et al.| |2017; Hani et al.| [2017)), as well as preventing gas from returning to the
host galaxy. Such processes have been proposed to be responsible for O vi bimodality
seen in the CGM by COS-Halos without an active AGN (Oppenheimer et al., [2017)).

Observationally linking the environmental and feedback effects of AGN hosts with
their CGM has primarily been done through the use of projected QSO-QSO pairs
at higher redshifts. This technique has the added benefit of looking at the role
of a stronger and weaker QSO radiation fields located in the respective transverse
(background QSO) and line-of-sight (foreground QSO; i.e. along the outflow) CGM
(Bowen et al., [2006; Farina et al., 2013} |Johnson et al., 2015)). Cool gas traced by H 1
and Mg 11 is anisotropically distributed about the QSO, with larger column densities
of H 1 preferentially found along the transverse direction (Hennawi et al.| 2006} |[Farina
et al., 2013); suggesting that radiation from the QSO does not affect the transverse
medium (Hennawi & Prochaskay, 2007; [Prochaska et al., 2014; |[Farina et al.;|2014)). An
excess of cool gas (relative to the intergalactic medium) has been found all the way out
to one Mpc, with a stronger enhancement at smaller impact parameters (Prochaska
et al.; 2013). When the QSO-QSO pairs are split by the bolometric luminosity of the
QSO host, the Mg 11 covering fractionﬂ is larger for high-luminosity QSOs (covering
fraction of ~ 60% for luminosities of Ly, > 45.5 erg s~!) compared to low luminosity
QSOs (=~ 20%, Lpe < 45.5 erg s™1; Johnson et al.,[2015)). All of these observations of
excess cool gas around luminous QSOs is suggestive of either a viewing angle effect
with the ionizing radiation exciting cool gas along the line of sight to the QSO, or
an environmental effect of haloes hosting massive QSOs such as debris from galaxy
interactions fuelling QSO activity (Prochaska et al.| 2013; Farina et al.,|2014; Johnson
et al., 2015)).

Most of the work described above has focused on high luminosity quasars. How-
ever, there has been little focus on how the less luminous but more common Seyfert-
like AGN shape their surrounding CGM. In the only observational study of the CGM
surrounding Seyfert galaxies, Kacprzak et al. (2015) found a low (10%) Mg 11 A 2796

2The covering fraction refers to the incidence of detecting gas (above a column density or equiv-
alent width threshold) over the surface area of the sky. For quasar absorption line studies, this is
typically measured as the fraction of sightlines that have detected gas above the given threshold.
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A covering fraction around 14 AGN (between 100 and 200 kpc) in the transverse
direction relative to field and QSO host galaxies, but a reservoir of cool gas still ex-
ists along the line of sight to the AGN. They suggest that AGN-driven outflows are
destroying the cool gas in the transverse direction (i.e. along the outflow), suggesting
that the difference between their observations of the CGM of AGN-dominated galax-
ies with previous observations of QSOs (e.g. Prochaska et al., 2013)) is caused by the
viewing angle of the AGN.

Predictions from zoom-in simulations of galaxies taken from the EAGLE cosmo-
logical simulation (Schaye et al., 2015]) suggest that radiative feedback from the AGN
should ionize the gas out to a distance of two virial radii (Oppenheimer & Schaye,
2013; Segers et al., 2017)). After implementing non-equilibrium ionization into their
models, Oppenheimer & Schaye| (2013) have predicted that AGN prozimity fossil
zones exist around galaxies that host (or have hosted) bright AGN, where the metals
remain in an over ionized state for several megayears (depending on the luminosity
duty cycle and lifetime of the AGN; Segers et al., 2017; |Oppenheimer et al [2018).
However, the detailed CGM properties in simulations can be quite sensitive to the
size of the CGM clouds, implementation of feedback, and different recipes between
codes (Stinson et al., [2012; Gutcke et al., [2017; Nelson et al., 2017)).

4.2 The COS-AGN survey

Although the impact of AGN on the CGM has been quantified over a large range of
AGN luminosities (Prochaska et al.| 2013; Kacprzak et al.,|2015; Johnson et al., 2015),
the respective studies have been limited to only using neutral gas tracers (i.e. H 1 and
Mg 11). To expand upon this previous work and provided a systematic comparison of
AGN and non-AGN host haloes, the COS-AGN survey observed 20 QSO sightlines
through the CGM of foreground AGN-hosts to search for the predicted effects of AGN
feedback on the CGM (Oppenheimer & Schaye, 2013; |Segers et al., 2017)).

4.2.1 Sample selection and properties

The COS-AGN QSO sightlines were selected by cross-matching coordinates of Sloan
Digital Sky Survey (SDSS; |Abazajian et al., 2009) galaxies hosting AGN with the
locations of UV-bright QSOs (17 < mpyy < 18.9) identified in the Galaxy Evolution
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Figure 4.1 The BPT diagram of all SDSS galaxies with spectroscopic observations
(blue shaded region; only showing SDSS galaxies with > 50 detections of diagnostic
emission lines). The solid circles show the COS-AGN galaxies, and are coloured based
on their AGN luminosity. The dashed pink and green lines denote the
(2001, K01) and [Kauffmann et al| (2003, K03) cuts typically used to select AGN and
composite galaxies. LINERS classified using the Kewley et al. (2006b) emission line
metrics (see Table are denoted with a white dot on top of the datapoint.
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Figure 4.2 SDSS postage stamp images of the entire COS-AGN sample. Each image
is 50 arcsec x 50 arcsec. The QSO name and AGN host galaxy redshift are provided
in each panel. For reference, the arrow in the bottom right of each panel gives the
relative direction of the background QSO from the centre of the galaxy.
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Explorer (GALEX) catalogud?’| (Martin et al. [2005). AGN were selected using the
emission line ratios [N 11/Ha] and [O 111/H/3] measured in the SDSY| following the line
ratio diagnostics provided in [Kewley et al.| (2001)). I required that all four emission
lines be detected at > 50, and that the background QSO sightline must probe within
300 kpc of the AGN host galaxy. Using these criteria, I identified ten AGN-QSO
pairs (along nine QSO sightlines) that had been previously observed with HST whose
data are located in the Hubble Spectroscopic Legacy Archive (HSLA; data release
lE]). In addition, ten more QSO sightlines were selected to probe the inner 175
kpc of the CGM surrounding AGN, which were observed with HST/COS in Cycle-
22 (PI: S. Ellison). These combined 19 sightlines probing 20 AGN host galaxies
make up the COS-AGN sample. Descriptions of the observations are presented in
Section [£.2.2] Figure shows the so-called BPT diagram (Baldwin et al., [1981)
of the COS-AGN host galaxies (coloured circles) compared to SDSS galaxies (blue
shaded region), whilst Figure shows the SDSS thumbnail images of each AGN
host. Of the 20 COS-AGN host galaxies, four are classified as low-ionization nuclear
emission-line regions (LINERS) based on the diagnostics presented in Kewley et al.
(2006b, equations 1-15) that encompass both the classic BPT diagram (Figure
and line ratios that include [O 11] A\ 3726A & 3729A, and [S 11] A\ 6717A & 6731A.
Although the LINER category was originally envisaged to identify low luminosity
AGN (Heckman, 1980; Ho et al., [1997), alternative ionization mechanisms can also
produce extended LINER-like emission (Yan & Blanton, 2012; Belfiore et al., 2016).
I therefore kept these sightlines in the COS-AGN sample as they may be bona fide
AGN, but are flagged through-out the analysis to assess the effects of including or
removing LINERs from the sample.

The properties of the COS-AGN galaxies are given in Table 1.1l I adopted the
SDSS spectroscopic redshifts as the systemic redshifts of the galaxy (zg). Stellar
masses were taken from Mendel et al.| (2014), which are based on spectral energy
distribution fits to the SDSS ¢ and r-band photometry of a single Sérsic fit to the
galaxy, and assume a [Chabrier| (2003)) initial mass function. The most commonly
adopted SFRs for SDSS galaxies are those provided in the MPA/JHU catalogues
(Brinchmann et al., 2004; [Salim et al., 2007)). These SFRs are nominally based on fits

to emission lines for star forming galaxies. However, it is well known that the standard

3http://galex.stsci.edu/
4Emission line fluxes were taken from http://www.mpa-garching.mpg.de/SDSS/.
Shttps://archive.stsci.edu/hst /spectral legacy/
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Figure 4.3 Top left: sSFR vs M, for the COS-AGN sample (green circles) compared to
star-forming (blue diamonds) and passive (red squares) galaxies from the literature.
Bottom left: Impact parameter (pimp) vs galaxy redshift (zz.) for the COS-AGN
and literature sample. Bottom right: the strength of Ly« ionizing radition of the
AGN relative to the UV background (fagn/fumo1) as a function of the bolometric
luminosity of the AGN (L) for the COS-AGN sample.



92

SFR conversions (e.g. [Kennicutt, [1998) will be incorrect when AGN contribute to
emission line fluxes. Therefore, for galaxies with an AGN, the MPA/JHU catalog
presents a SFR based on the correlation between the 4000 A break and sSFR in
star forming galaxies. However, SFRs derived from the 4000 A break have large
uncertainties, and it has been recently shown that the far-IR can be used to obtain
more accurate values (Rosario et al., 2016). I therefore used the infrared luminosity
(Lir) of the SDSS galaxies predicted by an artificial neural network (Ellison et al.,
2016a)) to calculate log(sSFR) using the conversion log(sSFR/yr~!)= logLig —43.951—
log(M,/Mg). All of the COS-AGN galaxies have a predicted Lig confidence of ~ 0.1
dex, passing the adopted quality control cut in Ellison et al.| (2016a). The bolometric
luminosity of the AGN (Ly,) is calculated based on the AGN’s [O 111] line luminosity
following Kauffmann & Heckman (2009), where the bolometric luminosity of the AGN
is 600x the [O 1] line luminosity. The projected proper impact parameter of the
QSO sightline (pimp) is calculated at the systemic redshift of the AGN host galaxy.
Lastly, the AGN type from the [Kewley et al. (2006b) classification is also tabulated.

To provide a systematic comparison between the properties of the CGM of galax-
ies with and without an AGN, I have compiled a non-AGN literature sample of EWs
from all galaxies observed in the COS-Halos (Tumlinson et al., [2013; [Werk et al.,
2013, [2014), COS-Dwarfs (Bordoloi et al., [2014b)), and COS-GASS (Borthakur et al.,
2015, 2016|) surveys. Figure compares the properties of the non-AGN literature
sample to the COS-AGN galaxies (green data) in terms of sSFR as a function of M,
(top left), and pimp VS zgu (bottom left). The non-AGN literature sample is sepa-
rated into star-forming (blue diamonds) and passive galaxies (red squares) using a
log(sSFR/yr~')= —11 cut. I note that the measured SFR values in this literature
sample have been derived using different methods for COS-Halos (Werk et al., [2012)),
COS-GASS (Borthakur et al.; 2013), and COS-Dwarfs (Bordoloi et al., 2014b). How-
ever, small differences (up to a few tenths of dex) will not affect the analyses presented
in this chapter as sSFR is only used to classify galaxies as star-forming or passive.
To demonstrate the properties of the AGN in the COS-AGN sample, the bottom
right panel of Figure |4.3| shows the distributions of Ly, and the strength of the H 1
ionizing flux from the AGN (Sazonov et al., [2004) relative to the UV background
(Haardt & Madau, 2001)@ at the pimp of each sightline (fagn/fumor). The distri-

bution of faan/fumor shows the UV background is the dominant source of ionizing

6T adopted the Haardt & Madaul (2001) UV background to be consistent with what I use in our
zoom-in simulations (see Section [4.4.1).
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Figure 4.4 The map of QSO sightlines that probe the CGM of AGN-dominated (green
circles), star-forming (red squares), and passive galaxies (blue diamonds). All the
sightlines are shown relative to the central galaxy being probed (black star). The
larger and smaller circles respectively represent sightlines observed in our Cycle 22
program, and previously observed in the HSLA. The passive and star-forming galaxies
are from the COS-Halos, COS-Dwarfs, and COS-GASS surveys. The angular position
of the points are based on the position angle of the galaxy relative to the background

QSO.
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radiation for most of these sightlines except for the sightline towards J0948+45800
(faen/ famor= 1.56). In addition, Figure shows the distribution of QSO sightlines
observed for the COS-AGN sample (our Cycle-22 observations are the larger green
circles; archival sightlines are the smaller circles) about the central galaxy (black
star).

In order to identify additional absorbers that could potentially contribute to the
CGM of the AGN hosts, I searched for possible spectroscopic companions in the SDSS
for each of the 20 COS-AGN hosts using the catalogue of galaxy companions compiled
by [Patton et al.| (2016). The catalogue from Patton et al. (2016) finds the nearest
spectroscopic companion in the SDSS DR7 with a stellar mass greater than 10% of
the galaxy in question. In order to flag the possibility of contaminating absorption, I
further required that the background QSO be within 300 kpc of the companion, and
within £1000 km s~! of the AGN host such that any contribution from the CGM gas
of the companion would be found in the absorption search window. Five of the COS-
AGN galaxies have companions that match these requirements (see Table , and
are situated between 193 <pin, < 274 kpc from the targetted QSO. I have repeated all
of the analysis presented here with and without these five systems, and find that my
results do not change qualitatively; I therefore kept these systems with companions
in my sample and visually flag their data in relevant figures. I note that 13 of the
remaining 15 sightlines still contain a lower mass companion (M,< 10% of the AGN
host mass) within #1000 km s~ of the AGN host and 300 kpc projected separation
from the background QSO. However, given the low mass of these 13 systems I suspect

that the CGM will be dominated by the AGN host.
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4.2.2 Cycle 22 Observations

Observations for the ten newly targeted sightlines were completed with HST/COS
during Cycle-22 (program ID 13774; PI S. Ellison). To probe a range of ionization
species, I required wavelength coverage to probe the prominent lines of H1 X 1215 A,
Sim A 1260 A, C1v A 1548 A, Si1v X 1393 A, and N v X\ 1238 A. This required
observations using both the G130M and G160M gratings on COS. I note that the
G130M data used for three of these ten sightlines were previously obtained by the
COS-GASS program (Borthakur et al., 2015), and were not re-observed in our pro-
gram. For each individual sightline, the central wavelengths were selected to ensure
coverage of these lines, and all four FP-POS offsets were used to minimize gaps in the
wavelength coverage and reduce the fixed pattern noise. Exposure times were selected
to obtain a similar signal-noise ratio of &~ 10 to the COS-Halos survey across the en-
tire wavelength range (Tumlinson et al.; 2013). To ensure homogeneity in signal-noise
ratio amongst the archival HSLA sample and our Cycle-22 observations, I required
a signal-noise ratio = 4 near absorption lines of interest for the archival sightlines.
It is important to note that the HSLA sightlines do not have the same wavelength
coverage as the Cycle-22 sample. A summary of the observational details of all 19
COS-AGN sightlines is provided in Table

4.2.3 Data reduction and equivalent width measurements

To provide a systematic comparison to the EWs measured in COS-Halos and COS-
GASS, I used the same data reduction technique as COS-Halos (Tumlinson et al.
2013). In brief, the final cALCOS (version 3.1) extracted 1D spectra (x1d files) are
taken from the HST archive[], and are coadded and rebinned to contain ~ 6 pixels
per resolution element. The QSO continuum is fitted locally (1500 pixels) around
each absorption feature using fifth-order Legendre polynomials.

Following the COS-Halos methodology, all absorption located within £500 km
s~1 of the systemic redshift of the galaxy is assumed to be associated with the CGM
of the galaxy. Within the £500 km s~! window, the wavelength integration limits
(Amin and Ap,q,) of the equivalent width derivation are chosen on a line by line basis
to avoid any regions of contamination, whilst limiting the amount of clean continuum

within the integration bounds. The measured EW is given by

"https://archive.stsci.edu/hst/


https://archive.stsci.edu/hst/
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Table 4.2 Summary of QSO observations

QSO ID R.A. Dec. Grating Central wavelength(s) Exposure time signal-noise ratio® Program ID?
[°] [°] [A] [s] [pixel ']
COS-AGN Cycle-22 sightlines
J0116+1429 19.096  14.495 G130M 1309 5239 57 13774
G160M 1577 11338 10 13774
J0851+4243 132.817 42.725  G130M 1318 5408 6-12 13774
G160M 1611 11696 7-12 13774
J0852+0313 133.247  3.222 G130M 1291,1327 2232 3-12 12603
G160M 1600 8135 6-15 13774
J0948+5800 147.167 58.011  G130M 1291 8834 5-10 13774
G160M 1589 18676 4-11 13774
J11274+2654 171.902 26.914  G130M 1291 2255 5-18 12603
G160M 1577 8193 8-15 13774
J114243016 175.551  30.270  G130M 1291,1327 4790 4-14 12603
G160M 1577 11466 8-14 13774
J1536+1412 234.187 14.208 G130M 1291 4251 4-9 13774
G160M 1600 6232 59 13774
J1607+1334 241.791 13.572  G130M 1318 4265 4-7 13774
G160M 1577 6218 3-7 13774
J2133-0712 323.491 —-7.205 G130M 1309 8245 79 13774
G160M 1577 11322 4-9 13774
J2322—-0053 350.750 —0.900 G130M 1291 5242 7 13774
G160M 1600 11326 4-10 13774
COS-AGN HSLA sightlines
J0042—-1037 10.593 —10.629 G130M 1291 2448 57 11598
G160M 1600,1623 2781 9 11598
J0843+4117 130.956 41.295 G130M 1291,1309 4359 2-9 12248
G160M 1577,1623 7010 4-9 12248
J0853+4349 133.393 43.817 G130M 1222 14809 5-10 13398
J1117+2634 169.476  26.571  G160M 1577,1600 4783 4-16 12248
J1155+42922 178.970 29.377  G130M 1300,1327 10916 3-9 12603
J1214+0825 183.627  8.419 G130M 1300 4813 6-8 11698
J1404+3353 211.118 33.895  G130M 1309,1327 7706 4-7 12603
J1419+0606 214.956  6.115 G130M 1291 11028 57 13473
G160M 1600 8735 3-6 13473
J1454+3046 223.601 30.783  G130M 1291,1327 7712 3-8 12603

¢ — Range of continuum signal-noise ratio measured at the wavelengths of Lya and metal
species listed in Section

b — HST MAST archive program ID. Notable program IDs include: Cycle 22 COS-AGN
(13774), COS-Halos (11598), COS-Dwarfs (12248), and COS-GASS (12603).
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Amaz
EW:/ 1— F d, (4.1)
)\min

where F'is the continuum-normalized flux.

To determine if the absorption within this £500 km s™! window is indeed asso-
ciated with the CGM of the host galaxy, I confirmed that there was neither con-
tamination from the Galaxy’s ISM nor from intervening absorbers at other redshifts
more than 1000 km s~! from the AGN. In cases where multiple lines are covered for a
given species, contamination was also flagged by comparing the strengths of the lines
relative to the ratio of oscillator strengths (f), as well as requiring similar velocity
profiles.

For five of the COS-AGN sightlines, I was uncertain if the absorption detected
at the expected location of Lya or Si 111 is associated with the CGM of the COS-
AGN host galaxy as there are no other absorption lines to confirm its velocity or
structure. I have conservatively not adopted the corresponding EW measurements in
my analysis for these lines, but note (when relevant) how the results change if these
EW measurements are adopted. Appendix [C| presents the measured EWs for these
line and the justification for why these cases are not included.

When no absorption is detected without signs of blending, 30 EW upper limits
on these undetected lines are derived using the error spectrum within a £50 km s=*
interval of clean continuum near the systemic redshift of the AGN-dominated galaxy.
The EW for lines that are visually detected but were < 30 above the noise were
automatically set to the 30 noise threshold and flagged as upper limits. All EW
upper limits adopted from the literature are converted to 3o values for consistency.

The derived EWs and velocity profiles are given in Appendix [C} An example is
given for the sightline towards J085240313 (the sightline with the strongest metal
lines); Table gives the EW and the associated data quality flags for each absorption
line shown in Figure 4.5l The data quality flags represent a sum of whether or not
the line is adopted (+1), blended (+2), undetected (+4), or saturated (+8).

4.2.4 Control matching

To provide a fair comparison between the CGM properties of AGN and non-AGN host
galaxies, [ implement a control-matching scheme that matches galaxies from the liter-
ature sample (COS-Halos, COS-GASS and COS-Dwarf galaxies) to each COS-AGN
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Figure 4.5 Velocity profiles for the sightline towards J08524-0313 (z4=0.129). The
vertical dotted lines show the integration limits for determining the EW for adopted
lines only. The red line shows the associated error spectrum.



Table 4.3 Measured EWs for J08524-0313 (z=0.129)

Ton A f Vpmin VUmax EW flag*
[A] [km s7!] [km s7!] [mA]
Hi1 1025.722 7.912E-02 -250 300 752 £ 91 9
H1 1215.670 4.164E-01 -275 300 1356 £56 9
Cu  1036.337 1.231E-01 -155 230 < 366 11
Cu  1334.532 1.278E-01 -315 215 C 2
Civ  1548.195 1.908E-01 -200 190 657 £ 66 1
C1v  1550.770  9.522E-02 -210 190 474+ 71 1
N1 1083.990 1.031E-01 -30 215 200 4+ 41 1
N v 1238.821 1.570E-01 -130 195 260 + 56 1
Nv 1242804 7.823E-02 0 100 C 2
O1 1302.168 4.887E-02 -250 150 < 264 3
O vi 1031.926 1.329E-01 -200 240 < 451 11
O vi 1037.617 6.609E-02 -135 235 273 £ 80 1
Sin  1190.416 2.502E-01 -50 200 234+ 30 1
Sim  1193.290 4.991E-01 -145 200 378 £ 40 9
Sin  1260.422 1.007E+00 -130 200 458 + 18 1
Sitn 1206.500 1.660E4-00 -225 215 804 £ 52 9
Sitv 1393.755  5.280E-01 -155 230 235+ 19 1
Sitv  1402.770 2.620E-01 -125 150 115+ 28 1
Ferr 1144.938 1.060E-01 50 200 87 + 39 1

*The data quality flags represent a sum of whether or not the line is:
adopted (41), blended (+2), undetected (44), or saturated (+38).

100
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galaxy. By adopting the literature sample as a pool for the control galaxies, I assume
that these galaxies are representative of galaxies that do not host AGN. As the EW of
a given species in the CGM has tentatively been shown to scale with a combination of
pimp and the host’s M, (Chen et al., [2010; Werk et al., [2014; Borthakur et al., [2016), I
used M, and pinp as the control matching parameters, thus simultaneously removing
the effects from these observed scaling relations in the EW analysis.

The combination of the large range in M, and piy,p of both the literature and
COS-AGN galaxies (see Figure makes selecting a large but representative control
sample difficult. Ideally the control-matching criteria should maximize the number of
matches for each COS-AGN sightline, whilst removing any potential EW differences
resulting from small but significant changes in M, and piy, (see trends observed in
Chen et al.,[2010; Werk et al., 2014} Borthakur et al., 2016)). However, these previously
derived EW relations are empirically determined for an individual species, and cannot
easily be generalized to all species into a simple control matching methodology.

The adopted control matching scheme in this work uses a fixed maximum tolerated
offset in both M, and pi,, between a given control sightline and the AGN sightline
(Alog(M,/Mg) and Alog(Rimp/kpc); where AX = Xoontro — Xagy for the matched
parameter X). Figure 4.6/ shows Alog(M,/Mg) and Alog(Rimp/kpc) for all potential
AGN-control pairs. These two offsets are combined into a single matching parameter
r?, which is given by the sum of the squares of Alog(M, /M) and Alog(Rimp/kpc),
ie.

r? = Alog(M, /Mg)* 4+ Alog(Rimp/kpe)?, (4.2)

such that r provides a single factor of how far off each control match is from the AGN
value. Adopting a tolerance of 0.2 dex in each Alog(M,/Mg) and Alog(Rimp/kpc)
(and thus a tolerance in r = 0.28 dex) provides matching within a factor of two
of the COS-AGN sightline’s pin, and M,. Given that the COS-AGN sample tends
to probe higher pi,, and log(M,/My) relative to the literature sample (e.g. see
Figure [4.6]), I computed the skewness for both Alog(M,/Mg) and Alog(Rimp/kpc)
(independently) to confirm that the adopted tolerances do not lead to a biased control
sample. The skewness tests reveal that the selected r tolerance is similar to a Gaussian
distribution at > 95% confidence, suggesting that the initial tolerance does not select
a significantly skewed sample. Thus I adopted a cut of r = 0.28 as my control

matching tolerance, which selects at least five different control sightlines for over 80%
of the COS-AGN sample.
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Figure 4.6 The offsets Alog(M,/Mg) and Alog(Rimp/kpc) computed for all possible
control-AGN matches (small circles). For reference, the larger purple circles represent
the best control match (in terms of the matching parameter r) for each COS-AGN
galaxy. The thick red circle denotes the adopted tolerance of r = 0.28 dex.

I point out that this broad tolerance allows for any of the literature galaxies to be
matched to multiple COS-AGN galaxies. As one COS-AGN absorber does not have
a single control match within the adopted tolerance range (J0042-1037; z=0.036,
log(M,/Mg)=9.5, and pimp= 299 kpc, see purple point outside red circle in Figure
; I do not include this sightline in the analysis. I note that the adopted tolerance
in 7 is similar to the one required to match the scatter of the Mg II-piy, relation
computed by |Chen et al.| (2010]).

In addition to M, and pinp, the comparison sample could potentially benefit from
controlling additional parameters. For example, the sSFR appears to play a key role
in the EW distribution of O vi1 (Tumlinson et al., 2011; Werk et al.| 2014)), however an

alternative suggestion for the paucity of metals around passive galaxies is related to
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the halo mass rather than the sSFR of a galaxy (Oppenheimer et al., 2016). Figure
demonstrates that many of the COS-AGN galaxies have a sSFR that is intermediate
to the star-forming and passive galaxies (these lower SFR for Seyfert AGN relative
to star-forming galaxies have previously been seen in the SDSS; |[Ellison et al., [2016b;
Leslie et al., 2016). The lack of overlap between the COS-AGN sSFR distribution and
that of the control pool prevents a matching within meaningful tolerances of sSFR.
However, we can simply distinguish between star-forming and passive galaxies in the
control sample based on the log(sSFR. / yr~')= —11.0 cut adopted by COS-Halos, and
draw comparisons between AGN and star-forming or passive galaxies independently.
Later, I will implement this sSFR cut into the analysis.

Environment may also influence the CGM of galaxies (Bordoloi et al., [2011} [Stocke
et al., 2014; Burchett et al.;[2016). Environment can be quantified using a metric such
as 5, a measure of the surface density of galaxies (X5) within the distance to the 5%

nearest neighbour (ds) relative to the average surface density across the sky at that

redshift, i.e.
Z5 al (d5 sk >2
(5 = 9 — 1SRy , 43

° EB,Sky d5,gal ( )

where Y5 ;. and dj 4o are measured for the host galaxy (within +1000 km s~! of
the host’s redshift) and X5 o, and ds s, are the average values measured across the
sky at the host’s redshift. Since I do not have a robust measurement of environment
consistently quantified across the control and COS-AGN samples, I am unable to
control for environment. However, I have compared the distribution of d5; measured
in the SDSS (Baldry et al., 2006) for all AGN galaxies to the distribution for star-
forming galaxies with matching stellar mass and redshift distributions and find that
the resulting 05 distributions between these two galaxy populations are similar to
within a couple of per cent at all values of M, (see Figure [4.7). The consistent
distributions suggests that, on average, the star-forming and the SDSS AGN galaxies
occupy similar environments, thus I do not need to match for environment in the

control sample.
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Figure 4.7 The normalized distributions of 5 computed for all star-forming (blue)
and AGN host (green) galaxies in the SDSS over the same redshift and mass range
as the COS-AGN sample.
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4.3 Results

4.3.1 Kinematics

To study the kinematics of the CGM gas, I was limited to using the saturated Ly«
absorption as many of the typically unsaturated metal lines are frequently undetected
in the COS-AGN sample (the covering fractions of metal lines will be further discussed
in the following section). I first assessed whether or not the CGM gas is bound to
the host galaxy by comparing the relative velocity of the Ly absorption (viye) to
the systemic velocity of the galaxy (vga). As the dark matter halo mass (Mpya) is
required to assess the escape velocity of the galaxy halo, I used the M,-Myy,), relation

provided by Moster et al.| (2010) to calculate the halo mass of each galaxy, namely

—1
M* M* M alo - M alo !
(), |Ci) < Ghi) | e
MHalo MHalo 0 Ml Ml

where M, = 1018407 ( M, ) = 0.0282, 8 = 1.057, and v = 0.556 (i.e. the best

MHyalo 0

fit parameters from table 1 in [Moster et al. [2010). The escape velocity of the halo
(calculated from piyp, of the QSO sightline) is found using

0.5
~ GM
2/ GMparo(< p) Ha1°<<p)dp] : (4.5)
p

VEsc = 5
; p
imp

assuming the halo mass is distributed following a |[Navarro et al.| (1997) dark matter
profile with a concentration parameter of 15.

The top panel of Figure 4.8] compares the kinematic extent of the Lya profile
to the escape velocity of the halo for both the COS-AGN (thick bars) and control
samples (thin lines). The horizontal lines denote the escape velocity of the halo, such
that any gas located beyond these lines is likely not bound to the host galaxy. The
colour coding of the vertical bars in the top panel of Figure represents the optical
depth of the velocity profile of the Ly« line, such that dark colours show the strongest
components of the line. The bulk of the gas in the COS-AGN is within the escape
velocity of hosts’ haloes, and is likely bound to the host galaxy. I note that the gas
probed by the control sightlines also appears bound (grayscale lines; |Werk et al.,
2013; Borthakur et al.| 2016)

The only AGN host that shows gas likely moving at speeds greater than the escape
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velocity is J11174-2634 (absorber at z= 0.029; see Figure . I note that in this
system the 500 km s™! absorption search window for Ly« contains two absorption
features: Galactic S 11 A 1250 A absorption at &~ —100 km s~ !, and the unidentified
absorption assumed to be Lya between 250 km s~ and 400 km s™! (see Appendix
[C). Without additional detected metal lines to attempt to confirm the absorption
at 250-400 km s~!, it is possible the proposed absorption towards J1117+2634 at
z= 0.029 is not from gas actually associated with the AGN host.

To compare the bulk motion of the CGM surrounding AGN hosts to their control
match sample, I computed the flux-weighted velocity centroid of the Lya absorption
profiles (vcam) to look for any kinematic differences between the AGN and non-AGN
populations. The bottom panel of Figure [4.8] shows the distributions of kinematic
offset between the CGM gas and the systemic redshift of the host (|vcam — vcall)
for the COS-AGN (green shaded region) and control samples (black line). The inset
panel shows the distribution of the same |vcgym — vgal| data, but normalized by vgs..
Note that the majority of the COS-AGN sightlines probe gas within 100 km s~ of
their host galaxy that is likely bound to the host galaxies. A KS test rejects the null
hypothesis that the two distributions of |vcgm — vgal| are similar at 75% confidence
(61% for the vgg.-normalized distribution of the inset panel), suggesting there is likely
no difference in the bulk motions of the AGN gas compared to their control-matched
counterparts. Therefore the kinematics of the gas traced by Lya around AGN hosts
suggests the material is likely bound and has bulk motion properties similar to the

CGM surrounding non-AGN hosts in the control sample.

4.3.2 EW analysis

Since many of the detected absorption lines are potentially saturated, my analysis is
limited to using EWSs, rather than column densities. In this sub-section, I present a
number of complementary analyses to investigate both the strength and frequency of
absorption features in the COS-AGN sample, relative to the matched control sight-

lines.

Covering Fractions

Covering fractions are determined as the number of CGM sightlines that have a
detection of a given species greater than some EW threshold (EWy,,) relative to

the total number of sightlines in a given sample with the adopted EW measurements
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Figure 4.8 The top panel shows the velocity span of the Ly« profiles (within £500 km
s~! of the host galaxy) from COS-AGN and the control sample as a function of halo
mass (Mpao). The COS-AGN sightlines are denoted by the thicker coloured lines,
while the control sample are shown as thin grey lines. The velocity is normalized
by the escape velocity from the halo at the observed pin,. The horizontal dashed
lines denotes the relative velocity for which gas at a distance of piy,, from the galaxy
becomes unbound. As the precise location of the gas along the line of sight is not
known, the grey band shows where gas becomes unbounded within a +p;., region
along the sightline from the perpendicular. Each line is colour-coded by the optical
depth of the Ly« profile to indicate the velocity of all the observed components. For
visualization, all galaxies of the same halo mass are offset horizontally by a small
amount. The bottom panel displays the distribution of the velocity centroid offsets
of the Lya absorption profile relative to the systemic velocity of the galaxy for the
COS-AGN (green bars) and control (black line) samples. The inset panel shows the
distribution of |vegm — vgal| data normalized by the escape velocity of the halo. As
in the top panel, the shaded region denotes the approximate value where the gas
may become unbound from the host galaxy. A KS test suggests there is no difference
between the AGN and control sample distributions.
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Table 4.4 Covering Fractions
Ton A EW inrsh Covering Fraction
[A] [mA] AGN  SF controls P controls
Hi 1215 124 094 9% 1.00 559 0.75 7030
200 0.88 T912 0.86 *0i4 0.69 02
Sim 1260 197  0.06 T3¢ 0.18 797 0.25 703
150 0.12 ¥l .27 £021 (.25 +098
Simr 1206 234 023 7037 027 0% 0.8 0%
100+ 0.31 102 055 1035 0.36 102
Sitv 1393 218  0.07 T30 0.08 7507 0.40 05
100 0.13 1018 0.33 £5%  0.40 +05
Civ 1548 272 0.15 7% C o
Nv 1238 151  0.07 7308 0.00 505 0.00 703
* COS-Halos EW threshold.

presented in Section . Similar to |Werk et al.| (2013)), the EWyy,,q, are selected
based on the lowest signal-noise ratio near the species of interest such that all 3o
non-detections from COS-AGN are below this threshold. As the signal-noise ratio
of some of the spectra is lower than for COS-Halos, the EWy,,, are different than
those used in |Werk et al.| (2013). Table lists the covering fractions calculated for
the entire COS-AGN and control-matched sample (split by sSFR into star-forming
[SF] and passive [P] controls; blue diamonds and red squares respectively in Figure
using my EW,q, as well as the threshold adopted by COS-Halos for reference
(note that when using the COS-Halos thresholds, upper limits above the threshold
are removed from the covering fraction calculations). I elected to use my EW g, for
consistency with my data quality. Due to the low number of sightlines, I used the 1o
binomial confidence intervals in the Poisson regime (tabulated in (Gehrels| 1986) for
the covering fraction errors. These covering fractions using the EWy,.s, are plotted
in the top panel of Figure for a variety of species, spanning a range of ionization
states.

The bottom six panels of Figure present the covering fractions in bins of pimp
(split by the median pyy, of the COS-AGN sample; 164 kpc). The covering fractions
of the COS-AGN sample are the green circles. For reference, the covering fractions
of the literature galaxies that were matched to the COS-AGN galaxies are shown as
blue diamonds (for star-forming controls) and red squares (passive controls).

The error bars on all of the data points overlap, indicating no significant difference
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between the AGN sightlines and the controls for any of the species. Nonetheless, I note
three tentative differences. The first is that the H 1 covering fraction of the COS-AGN
sightlines (9415,%) is most similar to the covering fraction of the star-forming control
galaxies (10019, %), and higher that the control-matched passive galaxies (75755%).
Secondly, the covering fraction for Si 111 A 1206 A is 29733% for the COS-AGN sample
at high impact parameters, which is larger than the covering fraction of the control
samples at the same distance (0%; 164 <pimp< 300 kpc). Lastly, the inner 164
kpc bin shows no detections of Si 11 and Si 1v in the COS-AGN sample while the
control sample has non-zero covering fractions at those impact parameters (=~ 25%,
and 10-40%; respectively).

Although the covering fraction of N v in the COS-AGN sample is 77(°% for the
entire range of pinp, the sightline towards J085240313 (see Figure represents
the only detection of N v in COS-AGN (1/20) and the controlled matched galax-
ies from COS-Halos (0/16 sightlines) and COS-GASS (0/30; S. Borthakur, private
communication). I note however that COS-Halos detected N v in four of their 44
sightlines.

The 9475,% covering fraction measured for Lya in the COS-AGN galaxies may
initially appear to be in tension with the conclusions of [Kacprzak et al. (2015), who
used Mg II as a neutral gas tracer and found much smaller 10% covering fraction
(EW> 300mA) between 100 and 200 kpc of the AGN. The Mg 11 EW threshold
adopted by Kacprzak et al. (2015) is typical of that used to select strong H 1 absorbers
at low redshifts (log(N(H 1)/cm™2)> 18.5; Rao et al., [2006)). Translating this Mg 11
EW threshold into a corresponding Lyar EW theshold for these column densities of
gas yields a much higher than the threshold used in this work (EW = 1300 mA —
assuming a minimum broadening parameter of 5 km s™! — compared to EW > 124
mA for COS-AGN). Using this larger threshold, only one of the COS-AGN sightlines
has an EW > 1300 mA, giving a consistent result with the observations from Kacprzak
et al.| (2015).

Relative EW analysis

Figure d.10]shows the raw EW values for a variety of ionic species as a function of piup.
The COS-AGN points are colour-coded by their Ly, . The control-matched sample is
shown as black points, while the grey points are the remaining un-matched literature
sightlines. The bold COS-AGN points are CGM sightlines that have spectroscopic
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Figure 4.9 Covering fractions (with 1o errors) of gas within +500 km s™! of the
host galaxy for a variety of species measured in COS-AGN and control-matched sam-
ples. Top panel: The global covering fractions measured across all impact parameters
from Table are shown for the COS-AGN galaxies (green circles), and the control-
matched passive (red squares) and star-forming (blue diamonds) galaxies. Bottom
panels: The covering fractions of an individual species as a function of impact pa-
rameter (pimp), split into two bins by the median piy,, of the COS-AGN sample (164
kpc). The EW thresholds (EW 1) used to determine the covering fraction for each
species (including the measurements presented in the top panel) are given above the
corresponding species panel in the bottom two rows. The horizontal error bars rep-
resent the entire range of pin, probed by each sample within the respective bin. The
three points are offset from the centre of each bin by a small amount for clarity. No
points are shown for a species that do not have spectral coverage of the corresponding
absorption line.
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companions (see Section . The top left panel demonstrates that the Lya EWs
for the COS-AGN follow the general trend of decreasing EW as a function of piy,, seen
in previous low redshift studies (Chen et al| [2010; Werk et al.| [2014; Borthakur et al.|
2016). For metal species, the lack of detections in both the COS-AGN and control
sample makes a comparative analysis difficult. For the remainder of this section, I
will focus only on the Lya EWs.

In order to quantify any difference between the COS-AGN and control samples, I
calculated Alog(EW/ mA), which is defined as Alog(EW/ mA) = log[EW agn/median(EW controis )|,
such that a positive Alog(EW /mA) would imply that the CGM surrounding the AGN
has a larger EW than the median of its control-matched galaxies. The left panel of
Figure shows Alog(EW) for Ly« as a function of piy,, for the COS-AGN galaxies.
For reference, the grey band represents the interquartile range of Alog(EW) for the
entire literature sample matched to itself. The right panel shows the distributions of
Alog(EW) for the COS-AGN (orange) and literature (grey) galaxies, with medians
of the distributions indicated by the arrows.

To include the non-detections of the controls in the analysis, I calculated the
median EW of the controls twice: once including limits as if they were detections,
and once setting the non-detected EWs to 0 mA. These median EWs span the range
of true median EW if the absorption lines were actually detected. For this calculation,
I only include non-detections when the upper limits are more sensitive (i.e. smaller)
than the largest detected EW as these limits are constraining enough to affect the
median value. The corresponding Alog(EW) range is shown on Figure as the
thick grey errorbars. The 1o jackknife errors on Alog(EW) are typically smaller than
the size of the points.

The median Alog(EW) of the COS-AGN sample is enhanced by +0.10 £ 0.13 dex
relative to the controls. Repeating this control-matching experiment for the literature
sample yields a median Alog(EW) of 0.00£0.28. Note that the errors on these median
Alog(EW) represent the median absolute deviation of the distribution. A KS test
rejects the null hypothesis that the distributions of Alog(EW) for the COS-AGN and
control samples are same at 20% confidence. When the LINER galaxies are removed
from the COS-AGN sample, the median Alog(EW) changes to +0.10+0.15, and the
KS test yields a rejection of the null hypothesis at 14% confidence.

To check if there is any effect from splitting the control sample into star-forming
and passive galaxies, I measured the Alog(EW) for all star-forming galaxies in the

non-AGN literature sample to their control-matched passive counterparts. The me-
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Figure 4.10 The rest-frame equivalent widths (within £500 km s~ of the host galaxy)
as a function of impact parameter. The coloured circles (EW detections) and triangles
(EW upper limits) represent the COS-AGN sample, and are colour coded by the
bolometric luminosity of the AGN (L ). The median error bar on the COS-AGN
EW measurements is given by the black error bar in the top right region of each
panel. The black squares show the EW values of the control-matched galaxies, while
the grey squares denote the rest of the literature comparison sample. Data outlined
with a thick black line represent COS-AGN systems with nearby galaxies. COS-AGN
galaxies flagged as LINERs are indicated by small white dots on top of the respective
data points.
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dian Alog(EW) obtained for star-forming galaxies relative to the matched passive
controls is +0.03 4 0.26, while a KS-test reveals the null hypothesis of the Alog(EW)
distributions for the star-forming and passive galaxies are the same is rejected at 38%
confidence. Therefore there is no significant difference in the offset of the AGN hosts

from the controls that would be caused by the star formation rate.

Stacked Spectra

The results in the previous sub-section indicate a possible (but not significant) dif-
ference in the Lya absorption properties of the COS-AGN sample, and possibly in
some of the metal species as well. However, that analysis is limited by the modest
signal-noise ratio of the data, the small sample size and lack of detections of metal
species. Therefore, in this section I consolidated the data by stacking all of the COS-
AGN spectra and comparing it to a stack of the control sample. In brief, all spectra
are shifted to the rest-frame (using the redshift of the strongest component of the H 1
absorption profile) and rebinned to a linear dispersion of 0.064 A pixel ™! (similar to
the resolution of the COS-AGN spectra). These rebinned spectra are mean combined
without any weighting. I note that either using the systemic redshifts of the galaxies
or using different weighting schemes does not significantly change the results.

Table gives the measured EWs of the various absorption lines of interest from
the final stacked COS-AGN spectrum. I required that the absorption line be detected
at > 30, otherwise the EW is set to a 30 upper limit. The stacked EW errors are
calculated using a standard jackknife approach by removing each COS-AGN sightline
from the stacked spectrum and recalculating the EW. The numbers in brackets in each
column give the EW offsets from removing the ‘strongest’ (jack, min) and ‘weakest’
(jack, max) absorber sightline from the stack in a jackknife fashion (i.e. these are the
maximal variations in the EW from the jackknife), as well as the number of sightlines
that contributed to the stack (Ngpe.). The four columns on the right are the measured
EWs when the stacking process is only applied to COS-AGN sightlines split into two
bins of log(Lpe1) and pimp at the median value of the COS-AGN sample (log(Lyo/erg
s71)=42.9 and pinp= 164 kpc; respectively).

A similar procedure was completed for all the spectra in the literature sample
that were used in the control sample. Each control sightline in the stacked spectrum
was weighted by the number of times the sightline was matched to a unique AGN

host (such that the most frequently matched control sightline was given a higher
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Figure 4.11 The difference in the Lya equivalent width of the COS-AGN sightlines
relative to their control matched counterparts (Alog(EW/mA)) as a function of im-
pact parameter (pinp). The EW measure material within +500 km s~ of the host
galaxy. The points are colour-coded by the bolometric luminosity of the AGN (Lyg).
The errorbars denote how the maximal shift on including control matched EW upper
limits in the calculation of Alog(EW/mA). For reference, the horizontal grey band
represents the interquartile range of AEW of the literature sample control matched
with itself. The normalized distributions of AEW for both the COS-AGN and control
galaxies are shown in the right panel, with the median of each histogram given by an
arrow. Data outlined by a thick black line are COS-AGN sightlines flagged as having
nearby galaxies. COS-AGN galaxies flagged as LINERs are indicated by small white
dots on top of the respective data points.
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Ion Line Stacked EW (jacZ’qu; Nspee) [mA]
Jack,min
[A] All sight-lines log(Lyor/erg s71)<42.9  log(Lpe1/erg s~1)>42.9 Pimp <164 kpc Pimp>164 kpc

Hi 1215 739+25 (T5g; 14) 937453 (T116; 7) 539438 (T79: 7) 799441 (T73:7) 680466 (Ti06; 7)
Cu 1036 <80 (2) <80 (2) - . <80 (2)
Cu 1334 <37 (11) <53 (6) <50 (5) <54 (5) <51 (6)
Crv 1548  194+13 (F29; 11) 236438 (151: 5) <194 (6) 185417 (F22:6) 205439 (132, 5)

40> 89 38 96
Crwv 1550 13149 (T15; 13) 132421 (+§é, 6) <167 (7) <132 (7) 159424 (+§§, 6)
Nv 1238 <32 (13) <42 (6) <47 (7) <47 (7) <43 (6)
Nv 1242 <38 (10) <46 (5) <60 (5) <51 (6) <54 (4)
O1 1302 <31 (12) <45 (5) <42 (7) <47 (6) <39 (6)
Ovl 1037 <379 (1) <379 (1) - - <379 (1)
Sill 1190 <29 (10) <36 (5) <46 (5) <61 (3) <32 (7)
Sin 1190 <32 (9) <44 (4) <46 (5) <61 (3) <37 (6)
Sim 1260 8848 (Ti3; 15) 94428 (T33: 6) 84410 (T15; 9) <101 (6) 103+18 (T31; 9)
Sim 1206 152416 (7555 12) 211437 (T33; 8) <120 (4) <98 (6) 238440 (T32,; 6)
Sitv 1393 <44 (11) <69 (4) <57 (7) <59 (6) <66 (5)
Ferr 1144 <29 (12) <34 (7) <52 (5) <49 (5) <35 (7)
Ferr 1608 <102 (8) <94 (2) <134 (6) <129 (5) <168 (3)

Table 4.6 Measured EW of stacked control spectra

Ion Line Stacked EW (?Ziﬁxfi, Nspee) [mA]

[A] All sight-lines log(sSFR/yr 1)< —11  log(sSFR/yr—1)> —11 Pimp<164 kpc Pimp>164 kpc
Hi 1215 577+12 (T35; 43) 485430 (T32; 19) 649+21 <+gg, 24) 781420 (T20; 25) 239415 (T39; 18)
Cu 1334 3643 (T5,;43) <29 (19) 4645 (15; 24) 62+5 (112; 25) <31 (18)
Sim 1190 <22 (15) <39 (5) <26 (10) <22 (15) .
Sim 1260 5644 (T7,; 33) 85+10 (T3%; 16) <42 (17) 103+6 (75,; 23) <55 (10)
Sim 1206 98+4 (T35; 39) 7749 (T1g; 21) 12648 (T35 18) 15647 (T15; 25) <47 (14)
Sirv 1393 <35 (37) <44 (17) <55 (20) 58+5 (T13; 23) <65 (14)
Sitv 1402 <27 (37) <34 (17) <41 (20) <33 (21) <44 (16)
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weighting). Although there is very little difference in the measured EW without such
a weighting, I elected to use this weighting scheme such that the derived jackknife
errors represent the true range in EWs when a given sightline is excluded. The EWs
measured from the stacked spectrum of the control galaxies is given in Table [4.6] I
repeated the stacked EW calculations of splitting the controls by the median pimp
of the COS-AGN sample and log(sSFR/yr~!')= —11 (i.e. whether the controls are
star-forming or passive; see Table . Note that the COS-GASS results (Borthakur
et al., 2015, [2016) focus on a smaller subset of species (H 1, C 11, Si 11, Si 111, and
Si 1v), thus I was only able to provide a stacked spectrum for these species. T point
out that the Si 1v EW of the control stacked spectrum is poorly constrained due to
an uncertain continuum in some of the literature sample spectra.

[ repeated a similar differential EW analysis as above, where I calculated dlog(EW)=
log(EWagn) — log(EWcontrol) using the EWs derived from the respective stacked
spectra (Tables and . The top panel of Figure provides a comparison
of EW between all the AGN sightlines and all controls (black points). The errorbars
represent the combination of the maximal jackknife errors, providing the entire range
of possible dlog(EW) from removing a single sightline from each sample. The stack-
ing confirms the results from Figure [4.11} where the COS-AGN sightlines have an
enhanced Lya relative to the controls, with an enhancement of dlog(EW)~z 0.17 dex.
However, there is a negligible difference in dlog(EW) for the metal species detected
at all impact parameters. Removing the absorption surrounding the LINER galaxies
does not change the qualitative picture presented in Figure the measured JEW
from the LINER-free stacks shift < 0.08 dex (in either direction) for all species.

The additional red and blue points in the top panel of Figure 4.12| show the values
of §log(EW) calculated only when including only sightlines with piy,, smaller or larger
than the median value of the COS-AGN sample (164 kpc; respectively). Splitting
the stacking into the ‘inner’ and ‘outer’ CGM around AGN hosts uncovers that the
enhancement seen in the Lya dlog(EW) is driven by the the COS-AGN sightlines that
probe pimp> 164 kpe (0log(EW)= +0.45 £ 0.05 dex; using standard jackknife EW
errors). This enhancement in the outer CGM gas is also seen by the detections of the
cool gas tracers Si II (6log(EW)> 0.27 dex) and Si 111 (dlog(EW)> 0.75 dex) in COS-
AGN;, even after removing the strongest metal absorber (towards QSO J0852+0313;
see Figure , whilst these species are not detected in the stacked spectrum of the
control galaxies. I remind the reader that this enhancement was suggested in the
covering fraction analysis of Si 111 (Figure 4.9)). For the inner CGM, the stacked
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Figure 4.12 dlog(EW) measured from the stacked spectra for a variety of detected
species. Top panel: The dlog(EW) is shown for the COS-AGN sightlines relative to:
all controls (black circles), AGN and controls for small (pi,,< 164 kpc; red circles)
and large (pimp> 164 kpc; blue circles) impact parameters. Errorbars on all points
represent the possible range in dlog(EW) spanned by the maximal jackknife errors
(i.e. 22222% ). Upper and lower limits are plotted when an absorption line is detected
in either the COS-AGN or control stack (respectively), but not the other. I note that
the lower errorbar on the > 164 kpc Slog(EW) for Si 111 A 1206 A line represents how
shallow the lower limit becomes upon including the jackknife errors. The bottom ten
panels show the absorption profiles of the stacked spectra (the COS-AGN spectrum
in the middle row; the control spectrum in the bottom row) for each element. The
colour coding of which sightlines are included is the same as in the top panel. The
absorption lines are offset vertically by 0.5 in relative flux for clarity.
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spectrum hints that there is a deficit of metal species around AGN galaxies relative
to the control sample. The combination of the excess Lya EW and tentative Si 11
and Si 111 EW enhancements at high piy, is suggestive that these EW enhancement
are tracing the cool gas phase of the CGM, rather than just the H 1 gas kinematics. I
note that the inner CGM distribution has a slightly higher median M, than the outer
CGM bin (log(M,/My) of 10.8 dex relative to 10.5 dex), and the inner and outer
CGM bins contain approximately the same ratio of passive and star-forming galaxies.
I remind the reader that this discrepancy in the median M, of each bins is on the

order of the size of the control matching tolerance.

4.4 Discussion

In the previous section, I demonstrated that based on an analysis of the individual
spectra, the CGM around AGN hosts is not much different than the control-matched
non-AGN hosts. However, statistically significant differences are found in the analysis
of the stacked spectrum; the COS-AGN systems have a higher EW of Lya (and
potentially Si 11 and Si 111 as well) relative to their non-AGN host counterparts at
high impact parameters (pip > 164 kpc; Slog(EW/mA)= +0.45 + 0.05 dex). The
kinematics of the gas traced by the absorption show the gas is likely bound to the
halo, whilst no strong kinematic offsets relative to their host are present. I now
consider whether these observations are a result of the AGN directly influencing the
CGM of the host galaxy, or an effect of the environments (either internal or external

to the host galaxy) in which AGN are typically found.

4.4.1 Are we seeing the effects of AGN feedback?
Mock COS-AGN simulation

The radiation field of the AGN may be expected to have a profound effect on the
ionization structure of the CGM, by enhancing the ionizing radiation field to which
the surrounding gas is subjected, and in the case of metals even long after the AGN
has turned off (Oppenheimer & Schaye, 2013} Segers et al., 2017; Oppenheimer et al.|
2018)). To quantify the expected effects of turning on and off the AGN ionizing
radiation spectrum on the CGM of a COS-AGN galaxy, were created a mock COS-
AGN survey using previously run cosmological zoom-in hydrodynamical simulations

with an additional AGN ionizing source following previous work on non-equilibrium
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ionization effects (Oppenheimer & Schaye, [2013; (Oppenheimer et all [2016). The
purpose of these simulations is to isolate the effect of adding a constant AGN ionizing
radiation source versus a control sample without AGN ionizing radiation to study
the effect of the changed ionization structure of the CGM. This exploration is not
meant to model or consider the effect of AGN feedback mechanically transforming
the CGM via superwinds as the inclusion of the AGN radiation is not tied to the
accretion onto the central super massive black hole. The AGN radiation is added
to these simulations at the position of the central super massive black hole and only
alters the ionization states of the CGM.

For our simulation suite we selected three representative galaxy haloes from |Op-
penheimer et al.| (2016) that were chosen from the EAGLE volume (Crain et al., 2015}
Schaye et al.,|2015). These three halos are representative of the properties of the COS-
AGN sample at z = 0.075 [log(M,/Mg)= 10.3, 10.9, 11.0, log(sSFR / yr~!)= —10.3,
—10.7, —11.0, residing in haloes log(Mayy/Mp)= 12.1, 12.8, 13.3; respectively]. The
haloes were run by B. Oppenheimer and R. Horton at EAGLE HiRes resolution (gas
particle mass of 2.3 x 10°> My, dark matter particle mass of 1.2 x 10° M), and soft-
ening length of 350 proper pc) using the Recal feedback prescription (Schaye et al.)
2015)) and are zooms Gal001, Grp003, and Grp008 listed in Table 1 of (Oppenheimer
et al.| (2016) from the initial conditions (z = 127).

To include the effects of the AGN ionizing spectrum on the CGM at different lu-
minosities, we inserted an additional AGN ionizing source (with an ionizing spectrum
from [Sazonov et al., [2004) placed at the centre of the galaxy, instantaneously affect-
ing the radiation field from z = 0.1 onwards and reaches equilibrium at z = 0.075.
I note that this AGN radiation model has no dynamical effect on the gas accretion
or outflows from the AGN, and is not tied to the accretion of material onto the cen-
tral super-massive black hole. A range of AGN luminosities was used to match the
COS-AGN luminosities (log(Lagy/erg s™1)=42-44 dex, in increments of 0.5 dex), and
a control run with no AGN radiation was included for creating the control sample.
The time-dependent ionization from the AGN in addition to the [Haardt & Madau
(2001)F] ultra-violet background is followed using the Richings et al| (2014) ionization
network.

A mock COS-AGN sample was then generated from this simulation suite to match

8The [Haardt & Madau| (2001) background is adopted as it better reproduces the statistics of the
Ly« forest in the EAGLE volumes and other simulations (Rahmati et al., |2015; [Kollmeier et al.,
2014]).
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the properties of the COS-AGN sample. For each observed galaxy in COS-AGN, a
simulated galaxy was selected by matching the stellar mass (with a log(M,/Mg)=
+0.5 dex tolerance), star formation rate (log(sSFR / yr~')= 40.5 dex tolerance),
and AGN luminosity (log(Lagn/erg s™!)= +0.25 dex) of the simulated haloes to
each COS-AGN galaxy. If multiple matches were identified, a random simulated halo
was selected such that a mock sample contains the same number of galaxies as the
actual COS-AGN sample (20 galaxies). A mock spectrum was generated for each
galaxy using the SPECWI1ZARD package (Theuns et al., [1998; Schaye et al., |2003) by
placing a randomly oriented quasar sightline through the CGM at the corresponding
impact parameter of the matched COS-AGN galaxy sightline. A control sample
was generated in a similar fashion, but all AGN ionizing sources in the simulated

galaxies were set to Lpg= 0 erg s—*

. The above procedure was repeated 200 times
(including choosing another random halo if multiple haloes were matched), in order to
produce 200 mock survey samples for both the AGN and control samples. These 200
realizations of the COS-AGN survey were needed to reproduce the range in measured
EW variations for the metal species between the mock samples, and are used to
quantify the expected spread in EWs from different orientations and from halo to
halo variations. Further details on how these mock spectra were generated will be

presented in a forthcoming paper (Horton et al., in prep.).

Stacked mock COS-AGN spectra

We assessed the relative impact of the AGN ionizing radiation on the measured sim-
ulated EWs by repeating the stacking procedure above, but with the simulated data.
R. Horton computed the relative EW ratio dlog(EW) in the same way that I did for
the observations. Note that this relative EW analysis removes any systematic differ-
ences between the observed and simulated EWs caused by assumptions in the physics
models (e.g. feedback) or ability to resolve small clouds in the simulations (Schaye
et al.l 2007; |Stinson et al., 2012} Crighton et al.l 2015; |Gutcke et al.l 2017; |[Nelson
et all [2017). A quantitative comparison between the simulated and observed EWs
will be presented in Horton et al. (in prep.), although we note that the simulations
produce a systematically weaker H 1 EW compared with the observations, while metal
lines show better agreement with the observed data (see Oppenheimer et al. 2016,
2017).

The simulated stacked sightline spectra were created from the mocks by center-
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Figure 4.13 The top panel shows the measured JEW using a stacked spectrum from
the zoom-in simulations of AGN hosts, split into bins of i, (all pimp, < 164 kpc and
> 164 kpc; black, red and blue points, respectively). The respective open symbols
show the JEW measured in the observations (i.e. identical points presented in the
top panel of Figure . Errorbars were calculated using the jackknife approach
identical to that used for the observations. The bottom panels show the simulated
stacked velocity profiles for each species for the AGN (middle row) and non-AGN
control run (bottom row). The dashed lines represent the continuum levels of the
absorption profiles. The Lya are staggered by 0.5 in relative flux for clarity. The
relative flux scale has been enlarged by a factor of four for the metal line profiles
(indicated by a x4 in the bottom right of each panel), with the dashed continuum
lines separated by a relative flux of 0.125. For the outer CGM, the simulations predict
little change in the EW of H 1 and Si 111 due to the ionizing radiation from the AGN,
which is in stark contrast to the COS-AGN observations similarly presented in Figure

4. 120
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ing the velocity profile on the redshift of the simulated galaxy, rebinning the mock
spectra to 15 km s7!, and mean stacking these rebinned spectra. Three simulated
stacked spectra were created for the same three bins of impact parameters that were
previously used for the observed data: all pimp, pimp< 164 kpc, and pimp> 164 kpc.
Jackknife errors on the measured EWs were computed by removing all 200 mock
spectra associated with the matched COS-AGN sightline which contributed the most
and least to the derived EW. This approach for calculating the simulated jackknife
error is identical to that used for the observations. Using the same analysis as was
used for the COS-AGN sightlines, Figure presents the dlog(EW) analysis for
these simulated stacked spectra (solid points in the top panel) to quantify the effect
of including AGN radiation on the CGM relative to the control simulations. The
inclusion of an AGN ionizing spectrum results in a negligible change in the EW of
Lya as a function of impact parameter. At high impact parameters (pymp> 164 kpc),
the simulated results are in contrast to the observations (open points on Figure
where the COS-AGN sample shows a significant enhancement in the Lyar EW relative
to the control sample, as well as a potential enhancement for Si 11 and Si 111. 1 do
note that for the inner impact parameter bin, the results from the simulation are
consistent with the lack of metal species detected in the COS-AGN stacked spectrum
(pimp< 164 kpc; Figure [4.12)).

Compounded by the fact that the H 1 ionizing radiation from a [Sazonov et al.
(2004) AGN at the observed piyp of the COS-AGN sample is weaker (< 25% ) than
the ionizing radiation from the UV background (Haardt & Madau, 2001) at most of
the impact parameters probed by COS-AGN (see the bottom right panel of Figure
, the results from these simulations indicate that it is unlikely that photoionizing
radiation from the AGN is responsible for the observed difference in EWs between the
COS-AGN and the control samples. I note that at the impact parameters of COS-
AGN, the light travel time of radiation from the AGN (~ 5 x 10° yr) is comparable to
the AGN’s lifetime (< 10° yr; |Schirber et al., 2004; Gongalves et al., [2008; Furlanetto
& Lidz, 2011} |Keel et al., 2012), implying that photoionization events caused by
an AGN likely require previous AGN cycle(s) to have ionized the CGM gas, and
have remained in the predicted long-lived fossil zone around the AGN (Oppenheimer
& Schaye, 2013} Segers et al., 2017) provided an AGN has been active within the
last several Myrs. Unfortunately, our simulations predict that low ionization species
cannot distinguish the presence of fossil zones in COS-AGN due to the low intensity

of the photo-ionizing radiation.
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Despite being unable to probe the effects of the lower ionization species, ions
such as C v, N v, and O VI are better indicators of these proximity zone fossil. I
highlight that in the simulated COS-AGN haloes, C 1v and N v are still sensitive to
the ionizing radiation of the harder AGN ionizing spectrum relative to the |Haardt &
Madaul (2001) UV background (see figure 3 in [Segers et al., 2017), as demonstrated
by the enhanced EWs for these ionization species out to 300 kpc. However, to observe
such an excess with N v A 1238 A would require spectra with signal-noise ratio of
~ 30 to detect an absorption line of the predicted strength displayed in Figure [4.13]
The excess EW of C 1v X 1548 A would be an excellent test of the effects of the AGN
ionizing field as I have already detected absorption in the stacked COS-AGN spectra
(Table . Such a test would required observing the C v A 1548 A covering fraction
in the CGM of non-AGN galaxies from the control-matched sample.

AGN-driven winds and outflows

An alternative form of feedback is AGN-driven winds or outflows (Concas et al., 2017;
Fiore et al., 2017; Woo et al., 2017). As the typical lifetime of an AGN (< 10° yr) is
much smaller than the expected travel time of winds out to the impact parameters
probed by COS-AGN (~ 10% yr, assuming a constant, maximum velocity of 1000
km s7!; e.g. Tremonti et al., 2007 [Veilleux et al., 2013; Ishibashi & Fabian, 2015)),
any signatures of winds or outflowing material would likely trace material expelled
from a previous cycles of AGN activity or star-formation in the host galaxy (e.g.
Nedelchev et al., 2017; Kauffmann et al., 2017; Woo et al., 2017). The typically
observed signatures of outflowing winds from a galaxy manifest as kinematic offsets
of ionized emission or absorption lines from the host galaxy (e.g. Bordoloi et al.
2014a; |[Rubin et al.| [2014; Woo et al., [2016; Heckman et al. |2017; Perna et al.| [2017)),
but as demonstrated in Figure [4.8] the Lya gas that I am probing in the COS-AGN
sightlines does not have any strong bulk motion away from the host galaxy relative to
the control matched sample. If such winds or outflows were driven by previous AGN
or star-forming activity, the lack of kinematic offsets from the host galaxy suggests
that these winds have dissipated over time, and should have deposited metals into the
CGM (e.g.|Muzahid et al.| 2015} [Turner et al.,|2015). The low metal covering fraction
at low impact parameter (< 164 kpc; Figure suggests an absence of outflowing
material polluting the CGM with metals, rejecting the notion that any recent (within
160 Myr) AGN-driven winds have enhanced the CGM. I note that the Lyae EW at
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these column densities is more sensitive to the kinematics of the gas than to the
amount of gas. Although I have rejected the possibility that AGN-driven winds are
responsible for my results, it is possible that the gas is more turbulent in the CGM of
AGN hosts compared to their control matches. To estimate the effects of turbulence,
I would require observations of unsaturated low ionization metal absorption lines to
verify if the EW enhancements are from enhanced column densities or kinematic
broadening.

Given that AGN-driven winds can affect the absorption line profile by up to
~ +1000 km s~!, the adopted search window of £500 km s~! (Section could
potentially miss gas present in a wind. I searched for the Lya profiles within +1000
km s7! and found two systems (J1214+0825 and J2133—0712) with minimal absorp-
tion outside the original window not associated with other absorption systems or the
Galaxy. These two additional absorption components do not show any associated
metal line absorption. As these missed components are small and narrow, the calcu-
lated flux-weighted velocity centroids presented in Figure would still be contained
within the already identified absorption component. However, I remind the reader
that the adopted search window of +500 km s~! is adopted to be consistent with
methods used in the literature and control samples.

Rather than AGN feedback, it is possible that the observed effects are from a
different process co-eval or prior to the onset of AGN accretion. Several works have
pointed out that AGN activity coincide with a recent starburst; with the AGN having
significant accretion events at least ~ 200 Myr after the starburst has occurred (Wild
et al., 2007; |Davies et al., 2007; Wild et al., 2010; |Yesuf et al., 2014) giving the
neutral material time to propagate out to the impact parameters probed by COS-
AGN (Heckman et al.| [2017). With a sample of QSO sightlines probing the CGM
around 17 low-redshift starburst and post-starburst galaxies, |Heckman et al.| (2017)
have observed a similar signature of enhanced EWs of Lyc, Si 111, and C 1v (the latter
of which is not measured in the control sample) relative to a control-matched sample
(matched in stellar mass and impact parameter). In the range of impact parameters
and stellar masses probed by COS-AGN, the strength of the enhanced EW signature
is consistent with the values probed by |Heckman et al.|(2017). However, the results of
Heckman et al. (2017)) show strong offsets in the kinematics of the gas from the host
galaxy (= 100 km s™!; see figure 5 from Heckman et al.; 2017), whereas the COS-
AGN sightlines do not (bottom panel of Figure . Assuming the AGN activity

was triggered by the starburst, a minimum delay time of 200 Myr could allow for
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any starburst-driven winds to dissipate and kinematic offsets to no longer be present
at the impact parameters of the COS-AGN sample. Although this starburst picture
provides a possible explanation of my observations, I caution that starbursts are not
the only astrophysical event linked to AGN accretion activity. For example, mergers
that trigger the AGN (Ellison et al. 2011al 2013; [Satyapal et al., 2014; Silverman
et al., [2014; Goulding et al., 2017)) could potentially affect the surrounding CGM gas.
Past and future work focussing on the CGM of galaxy mergers can further test this
result (Johnson et all 2014; Hani et al., 2017, Bordoloi et al. in prep.).

4.4.2 Are we seeing the effects from environment or other

galaxy properties?

If the AGN (or host galaxy) is not responsible for the observed differences in the
CGM, an alternative is that the circumgalactic environment in which an AGN host
is found is different. Results from Quasars probing Quasars (Prochaska et al.| [2013),
Farina et al.| (2014), and |Johnson et al. (2015)) have all suggested that the excess of
cool gas seen in the CGM out to 1 Mpc around z =~ 1 quasars is a result of residing
in group environments. Although the excess of cool gas around quasars goes in the
same direction as the 0.1 dex enhancement found in the outer CGM of z ~ 0.1 COS-
AGN galaxies (though I do not see an excess in the Ly EW in the inner CGM of
AGN hosts, as seen for QSOs), the dark matter haloes of the AGN in the sample
are typically an order of magnitude smaller than group dark matter haloes that host
quasars. As stated in Section [£.2.4] the 5 parameter provides an estimate of the
environment. Given that differences in the distributions of d5 between AGN and star-
forming galaxies in the SDSS vary on the order of a percent for a given stellar mass,
it is likely that the enhanced EW of cool gas is not due to the contribution from a
difference in the galaxy environment.

Given that I found an excess in the H 1 content of the outer CGM around AGN
hosts, the results from Borthakur et al. (2013) which find a connection between the
ISM and CGM gas properties would imply that the ISM would also host a large
reservoir of H 1 gas. Such an enhancement in the ISM gas mass (relative to non-
AGN galaxies) has been previously seen in AGN hosts (e.g. |Vito et al., [2014)), where
an excess of ~ 0.2 dex in gas mass is seen for AGN hosts similar to those probed
in the sample. If such large gas reservoirs do exist in the ISM of AGN hosts, the
AGN could be fuelled by the excess cool gas in the ISM, which in turn is fed by the
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cool CGM gas surrounding the AGN host. I note that other works such as Fabello
et al.| (2011)) have found that the ISM of optically-selected AGN hosts contain the
same H I gas mass as their star-forming counterparts. However, ~50% of the Fabello
et al.| (2011)) AGN sample are so-called ‘composite’ AGN (galaxies whose emission
lines contain contributions from both star formation and AGN activity), which are
not representative of the AGN hosts selected in the COS-AGN sample.

A further test of this accretion picture would be to look for any orientation effects.
If the COS-AGN sightlines are probing the gas reservoirs that are fuelling the AGN, we
are likely to find the accreting gas along the major axis of the galaxy (e.g. [Kacprzak
et al, 2012; [Nielsen et al., 2015} [Ho et al. [2017)). Unfortunately, I do not have
the ability to measure robust inclinations for many of the COS-AGN galaxies from
SDSS imaging (see Figure , and have too small of a sample size to produce a
significant statistic. In addition, the Ho et al. (2017) sample are at much closer impact
parameters (< 50 kpc) whereas Borthakur et al.| (2015) showed that at higher impact
parameters (such as those probed by COS-AGN) there is no evidence of orientation
effects for galaxies in COS-GASS. However, I do note that for the 4-5 sightlines that
are probing along the edge of the disc relative to the 2-3 that are perpendicular to
the disc, there is no significant difference in the median Alog(EW). A larger sample
would be required to test this explicitly.

4.5 Summary

Using a sample of 19 quasar sightlines through the CGM of 20 Type II Seyfert AGN
and LINERs, I have demonstrated that there are mild differences in the rest-frame
equivalent widths of cool CGM gas around AGN hosts relative to their non-AGN
counterparts. After matching AGN and non-AGN galaxies by their stellar mass and

impact parameter, I found:

1. The covering fraction of Ly« gas for the AGN is 9475,%, which is comparable to
the star-forming control galaxies (10079, %) and consistent with passive galaxies
(75723%). The covering fractions of metal species (C 11, Si 11, Si 111, C 1V, Si 1V,

and N V) are consistent with the control-matched galaxies (Figure .

2. An insignificant increase in the Lya EW for AGN relative to control-matched
galaxies on a sightline by sightline basis. The measured median EW offset
between these two population is +0.10 £ 0.13 dex (Figure [4.11]).
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3. After stacking the spectra, the observed EW enhancement of low ionization
species for AGN is seen only at high impact parameters (pymp> 164 kpc; the
median impact parameter of COS-AGN) for both Ly« (dlog(EW)= +0.45 +
0.05) and cool metal line tracers (Si 11 A 1260 A [slog(EW)> 0.27 dex] and Si 111
A 1206 A [slog(EW)> 0.75 dex]; Figure . These results are inconsistent
with the expected effects from AGN feedback seen in our zoom-in simulations at
high impact parameters (Figure . At lower impact parameters (pimp< 164

kpc), my results are consistent with the simulations.

4. The Ly« line kinematics for the COS-AGN sightlines does not differ significantly
from what is observed around the control-matched sample, suggesting there is
no strong bulk motion in the CGM due to the presence of an AGN (Figure .
As all but one system show gas within the escape velocity of the host halo, the
probed material is likely bound to the AGN host.

These results suggest that the circumgalactic environments that host AGN show
little difference than their non-AGN hosts on a sightline-by-sightline basis, likely at-
tributed to my small sample size. I only detected a significant difference in the amount
of cool gas in the stacked spectrum at high impact parameters (pimp> 164 kpc), which
I used to interpret the results. Given the lack of signatures (in both EW and kinematic
diagnostics) of recent AGN feedback on the CGM from winds and ionizing radiation,
I speculate that possible causes for these stacked spectrum results could be from the
accretion of cool gas to feed the AGN, or a remnant effect from previous evolutionary

activity of the host galaxy (such as starbursts) prior to the AGN accretion phase.
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Chapter 5

The current and future roles of

quasar absorption lines

The diverse study of gas probed by quasar sightlines is a powerful tool to provide
orthogonal investigations of galaxy evolution over a large portion of cosmic time. In
this thesis, I have presented a subset of the applications of quasar absorption line

systems to understand the evolution of gaseous reservoirs. In brief, I have:

e Assessed the impact of selecting H 1 absorbing systems with commonly-used

metal line tracers on quantifying the density of H 1 gas in the Universe (Chapter
3.

e Developed a novel method for correcting the dust depletion present in gas-
phase abundance measurements (Chapter . These corrections are made on
an absorber-by-absorber basis, and make use of Ti 11 typically observed in the
NIR.

e Studied the chemical nature of various subclasses of DLAs to understand the

role they potentially play in chemical evolution studies (Chapter [3)).

e Quantified the nature of CGM gas surrounding AGN host galaxies in comparison
with their non-AGN counterparts (Chapter .

As discussed in more detail in the following subsections, the results of this thesis
offer a stepping stone to further assess the gas reservoirs of galaxies as probed by

quasar absorption lines.
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The contribution of subDLAs to gas reservoirs

As demonstrated in Chapter [2, subDLAs account for a small, but significant, portion
of neutral gas in the Universe (~ 10 — 20%; Figure ; making it important to
construct unbiased samples of subDLAs over a large range of redshifts to accurately
measure both their contribution to the H 1 budget of the Universe, and their role in
chemical evolution (see Figure [3.1)).

Of particular interest are the 209 candidate subDLA absorbers in the XQ-100
catalogue with no strong metal lines. Although these systems are likely to be blends
of lower column density absorption lines, it is possible that a fraction of these sys-
tems could be bona fide galaxy-class absorbers that probe metal-poor environments
(see the signal-noise constraints on metallicity in Figure[2.4). However, I have demon-
strated that requiring metal lines (such as Mg 11, see Figure to identify or confirm
absorbers can impact the nature of the evolution of H 1 systems (Figures and .
To confirm these systems in an unbiased fashion, new higher resolution spectroscopic
observations are needed, in addition to already existing archival data for some sight-
lines (e.g. Zafar et al., [2013blfa)), to better constrain the H I profiles and determine if
these are real absorbers.

Furthermore, there has been little work on studying the detailed chemical abun-
dances of the lower H 1 column density LLS and subDLAs, in particular their global
metallicity evolution (Cooper et al., 2015; Lehner et al., 2016} Quiret et al., [2016;
Wotta et al., [2016). Many of these previous studies have selected absorbers to be
peculiar in their metal content, or have been derived from archival data which suffers
from a complex selection function; complicating the interpretation of their chemical
content in a cosmological context (with respect to DLAs, i.e. Figures and ;
Quiret et al. |2016). Deriving the metal abundances for the identified subDLAs in
the absorber-blind XQ-100 survey, as well as extending this analysis to other LLS, will
provide an unbiased census of the metallicity evolution, particularly in the redshift
regime 3.5 <z.,s< 4.5 where metals abundances have not been studied to date.

Of particular interest in the understanding of chemical evolution is the nature of
the first stars. Quasar absorption line studies have only focused on DLAs (Section
, Cooke et al., 2015), but metal-poor environments have also been identified in
a handful of lower H 1 column density systems (e.g. Morrison et al., 2016} Crighton
et al., |2016). An increasing carbon-oxygen ratio ([C/O]) with decreasing metallicity
is a proposed identifying signature of the first stars (Jacobson et al., 2015). As this
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signature is only seen in DLA populations (Cooke et al., |2015) and not with most
LLS (Lehner et al., 2016|), it is proposed that LLS are preferentially tracing this
carbon-enriched ejecta from first generation stars in dwarf galaxies (Lehner et al.
2016)). The higher redshift XQ-100 sample is expected to have three times as many
LLS as|Lehner et al.| (2016) for just as many quasars, providing an unbiased census of
[C/O] distribution as a function of redshift. Such an analysis would be timely as the
proposed [C/O] signature of first stars is currently under investigation in the Milky
Way’s stellar halo (Starkenburg et al., 2017)). Therefore, studying the distribution
individual elements within subDLAs and LLSs will informs us how this gas is cycled

in galaxies at early times, as well as place constraints on chemical evolution.

An intrinsic method to applying dust corrections

Understanding the chemical nature of DLAs is complicated by either the significant
amount of dust depletion of well studied elements (such as Fe and potentially Si), or
the unknown nucleosynthetic origin of volatile elements (e.g. Zn). I have proposed a
novel method to measure the intrinsic dust-depletion on an absorber-by-absorber basis
by comparing the abundance of two a-elements, providing a correction independent of
nucleosynthetic effects. Using this method, I have shown that [Zn/Fe|, the commonly
used tracer of dust depletion in DLAs as it is solar in the Milky Way (Pettini et al.,
1997; De Cia et al., 2017)), might not necessarily be solar in DLAs; a feature similar
to dwarf galaxies (Figure see also |Berg et al., [2015a; Skuladottir et al., 2017)).
High resolution, near infra-red spectrographs are ideal to assess dust depletion as
the strongest lines for refractory a-elements tend to be at observed-frame infra-red
wavelengths for z,,s~ 2 — 4 absorbers. However, many of the constraints on subsolar
[Zn/Fe] in DLAs come from non-detections of Ti, which only provide an upper limit on
the amount of dust depletion. Obtaining deeper, higher signal-to-noise observations
for a handful of these systems to detect Ti 1T in the most constraining systems would
confirm whether [Zn/Fe] should not be used as a dust depletion tracer, as well as
understand the types of galactic systems DLAs are probing in parallel to imaging

techniques.

The origin of excess HI gas surrounding AGN hosts

The COS-AGN survey have demonstrated an apparent excess of cool gas surrounding
AGN hosts (relative to their non-AGN counterparts; Figure 4.12)). The origin of this



131

excess is unclear, as there appears to be no signature of bulk motion from winds,
or strong ionization expected from AGN radiation (Figure . I have speculated
this may be tied to previous starburst or merger events, but it could also be the
result of having a limited sample of both AGN and non-AGN galaxies to work with.
As shown in Figure the enhancement of C 1v at low impact parameters would
confirm whether the AGN ionizing radiation has any effect on the CGM. Follow-up
measurements of C 1v around the non-AGN control galaxies are imperative to ad-
dress the nature of the high-ionization gas phase while the Hubble Space Telescope,
our only access to high resolution UV spectroscopy, is still in operation. These ob-
servations would confirm or deny the role of AGN photoionization on the CGM. In
addition, these C 1v measurements in the COS-Halos and COS-GASS galaxies (which
are rapidly becoming the gold standard datasets of CGM work) would provide an ex-
cellent comparison set to future high redshift studies, as C 1v would likely be the
absorption line of choice due to its strength and is typically not found in the Ly«
forest.

Given the unknown lifetime of the Hubble Space Telescope and no immediate
successor UV telescope, further expanding these samples of AGN host galaxies re-
quires pushing to higher redshifts where: high star-formation rates and AGN are
more common, bright background quasars are frequently found, and identical ob-
servations can be made with ground-based optical telescopes. Identifying suitable
galaxy-quasar pairs for such observations has not yet been achieved at high redshift,
as quasars typically outshine galaxies along their line of sight and the samples of
previously observed foreground galaxies is sparse. However high-redshift AGN or
highly star-forming galaxies are bright in the rest-frame infra-red (observed-frame
sub-millimeter; Chapman et al. [2005), a wavelength regime where the contrast of the
background quasar is much reduced, making the identification of foreground galaxies
easier. Instruments like X-Shooter can provide simultaneous coverage of the neces-
sary absorption lines (H 1, Si 111, and C 1v) to further understand how the presence of
high star-formation rates or AGN have on the CGM. Current and future surveys of
galaxy fields at higher redshifts with Atacama Large Millimeter Array (Hodge et al.

2013) will be monumental to finding more SMG-quasar pairs.
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The role of upcoming facilities

The future of this field relies on the advent of the thirty-metre class telescopes (e.g
Thirty Meter Telescope, Extremely Large Telescope, or Giant Magellan Telescope)
with high resolution spectroscopy capabilities to provide higher signal-noise spectra in
shorter exposures to build up statistical samples of high redshift absorbers. The Sloan
Digital Sky Survey revolutionized the study of H 1 gas available in DLAs (Prochaska
et al., |2005; Noterdaeme et al., 2012)), but did not have the resolution to explore
lower column density systems or the associated detailed chemical makeup. Upcoming
surveys using dedicated higher resolution spectroscopy (relative to Sloan Digital Sky
Survey, such as the Mauna Kea Spectroscopic Explorer; MSE) will improve upon the
statistics of lower H 1 column density absorbers and their associated metal abundance
profiles with high resolution spectroscopy of ~ 5000 quasars. With the limited lifetime
of the Hubble Space Telescope and its UV capabilities, there will unfortunately be
a large set-back in what can be studied in the local Universe; likely leaving COS-
Halos (Tumlinson et al., 2013), COS-GASS (Borthakur et al., 2015), and COS-Dwarfs
(Bordoloi et al., |2014b)) surveys as the legacy datasets of the CGM of lower redshift
galaxies. Analogous studies now must be pushed to the high redshift Universe, where
identification of the absorbing galaxy is tricky to confirm (e.g. Prochaska et al., [2011))
until the next generation of space-based UV telescopes (e.g. the Large UV Optical
InfraRed telescope; LUVOIR) are available. Beyond quasar absorption lines, H 1 can
still be detected through 21 c¢m emission and absorption. New radio facilities such
as the Square Kilometer Array and all of its many H 1 surveys will provide a low to
intermediate redshift survey of the presence of H 1 in and around all types of galaxies,

providing yet another complementary picture of the gas surrounding galaxies.
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Appendix A

XQ-100 absorber catalogue

This appendix contains the XQ-100 H 1 absorber catalogue presented in Chapter 2]
Table contains all the H 1 column densities and redshifts of the absorbers, while
Figures - show the Ly« velocity profiles, and the best-fitting Voit profiles

for each of these absorbers.



Table A.1: XQ-100 H 1 absorbers
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QSO Zabs logN(H1) Metal? QSO Zabs logN(H1) Metal?
J0003-2603 2.78140 19.00+0.20 N J0003-2603  3.05490 20.00+£0.15 Y
J0003-2603 3.16080 19.10+0.15 Y J0003-2603  3.39020 21.45+0.05 Y
J0003-2603  3.43470 18.9040.10 N J0006-6208  3.16890 18.9040.20 N
J0006-6208  3.18430 18.90+0.15 N J0006-6208  3.20250 20.80+0.20 Y
J0006-6208  3.45890 19.30+0.20 N J0006-6208  3.77300 20.90+0.15 Y
J0006-6208  3.79683 19.70+0.15 Y J0030-5129  3.35400 18.80+0.20 Y
J0034+1639 2.99540 19.00+0.15 N J0034+1639 3.02170 19.3040.15 N
J003441639 3.12750 18.9040.20 N J0034+41639 3.22750 19.8040.15 N
J003441639 3.47970 18.8040.20 Y J0034+4-1639 3.75350 20.2540.15 Y
J0034+1639 3.82470 19.0040.20 N J0034+1639 4.22715 19.60+0.20 Y
J00344+1639 4.25163 21.1040.20 Y J0034+41639 4.28360 21.2040.10 Y
J0042-1020  2.68090 19.00+0.20 N J0042-1020 2.68290 19.00+£0.20 N
J0042-1020 2.75482 20.10+0.15 Y J0048-2442  3.75800 19.50+£0.25 Y
J0056-2808  2.72863 19.50+0.15 Y J0100-2708  3.24270 19.80+0.10 Y
JO113-2803  3.07400 19.20+0.20 N J0113-2803 3.10550 21.10+0.10 Y
JO113-2803  3.39726 19.00+£0.15 N JO113-2803  3.89000 19.30+0.20 Y
JO11741552 3.17670 18.9040.25 N JO117+1552 4.13166 18.8040.10 N
J01214+0347 2.87250 19.3040.20 N J0121+0347 2.95176 18.90+0.15 N
J01214+0347 2.97700 19.40%0.15 Y J01214-0347 3.36000 19.0040.20 Y
J01214-0347 3.79347 18.80+0.15 N J0124+0044 2.83320 18.90+0.20 Y
J01244-0044 2.98750 19.0040.15 Y J0124+4-0044 3.07770 20.2040.15 Y
J0124+0044 3.39200 18.80%0.15 Y J0124+0044 3.55000 18.9040.15 Y
J013241341 3.05980 19.20+0.20 N J0132+1341 3.08204 19.20+0.25 N
JO132+1341 3.09983 18.8040.20 Y J0132+1341 3.28489 18.9040.20 N
JO132+1341 3.93640 20.2040.20 Y J0134+0400 2.94367 18.8040.20 N
J01344-0400 3.08042 18.90+0.20 N J0134+0400 3.23010 18.90+0.20 Y
J0134+0400 3.69159 20.60+0.15 Y J013440400 3.75850 18.8040.20 N
J0134+0400 3.77345 20.5540.20 Y J0134+0400 3.94917 18.8040.20 N
J01344+0400 3.95341 19.1040.20 N J01344-0400 3.99630 20.1040.15 Y
J0134+0400 4.02108 19.10+0.15 N J013440400 4.11270 18.8040.20 Y
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J0137-4224  3.07313 19.10+0.20 Y J0137-4224  3.10030 19.70+0.20 Y
J0137-4224  3.39627 18.90+0.20 N JO0137-4224  3.54628 18.80+0.25 N
J0137-4224  3.66516 19.10+£0.20 Y J0153-0011  2.99368 19.00+£0.25 N
J0153-0011  3.01484 19.20+0.20 N JO153-0011  3.03616 19.3040.20 N
J0153-0011  3.38570 19.20+0.15 N J0153-0011  3.87670 19.30+0.20 N
J0153-0011  4.12822 18.80+0.20 N JO211+1107 3.11780 18.9040.20 N
J021141107 3.14080 20.2040.20 Y J021141107 3.50080 19.9040.20 Y
JO211+1107 3.87986 18.9040.20 Y J0214-0517 2.76992 19.00+0.20 N
J0214-0517  2.95904 18.90+0.15 N J0214-0517 3.08439 18.90+0.15 N
J0214-0517  3.08966 18.90+£0.15 Y J0214-0517  3.22189 19.10+0.20 N
J0214-0517  3.72110 20.60+0.20 Y J0234-1806  3.00500 19.70+0.25 N
J0234-1806  3.25732 18.80+0.20 N J0234-1806  3.34870 19.05+0.20 N
J0234-1806  3.36450 19.00+£0.20 N J0234-1806  3.69403 20.45+0.20 Y
J0234-1806  4.22700 19.40+0.20 Y J0244-0134 2.85146 18.80+0.20 N
J0244-0134 2.91910 18.90+0.20 N J0244-0134 2.93176 19.15+0.20 N
J0244-0134  3.92982 18.90+0.20 N J0244-0134 3.96680 19.10+0.15 Y
J0247-0556  3.03668 19.1040.20 N J0247-0556  3.10946 19.20+0.20 N
J0247-0556  3.11344 19.00+0.20 N J0247-0556  3.33643 19.00+0.20 N
J0247-0556  3.99141 18.85+0.20 N J0247-0556  4.13958 19.50+0.20 Y
J0248+41802 3.16955 18.9040.20 N J0248+1802 3.32810 19.1040.20 N
J0248+1802 3.70260 19.00+0.20 N J0248+41802 3.93685 18.8040.20 N
J0248+41802 4.03307 18.8040.20 N J0248+4-1802 4.12920 19.0040.15 Y
J02554-0048 2.79119 18.9040.20 N J02554-0048 2.87008 19.0040.20 N
J025540048 3.25453 20.7040.15 Y J02554+0048 3.45038 19.6040.15 Y
J0255+0048 3.91400 21.5040.20 Y J0307-4945  3.35450 20.10+£0.20 Y
J0307-4945  3.49416 19.00+£0.20 N J0307-4945  3.59170 20.40+£0.25 Y
J0307-4945  3.60826 19.7040.25 N J0307-4945  3.71772 18.8040.20 N
J0307-4945  4.36390 19.00+0.20 N J0307-4945  4.46840 20.60+0.10 Y
J0307-4945  4.58726  19.00+0.20 Y J0311-1722  3.73420 20.20+0.20 Y
JO311-1722 3.85420 18.80+0.20 Y JO0311-1722 3.97845 18.90+0.20 N
J0403-1703  3.20617 19.10+0.15 Y J0403-1703  3.54373 18.80+0.20 N
J0403-1703  4.10146 19.00+0.20 N J0415-4357 2.81455 18.80+0.20 N
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J0415-4357  2.84749 19.80+0.20 N J0415-4357  2.93399 18.90+0.20 N
J0415-4357  3.02721 19.30+0.20 N J0415-4357  3.05382 18.80+0.20 N
J0415-4357  3.29662 18.90+0.20 N J0415-4357  3.80850 20.40+0.20 Y
J0415-4357  4.03473 20.0540.30 Y J0424-2209  3.04835 18.8040.20 N
J0424-2209 3.14142 18.80+0.20 N J0424-2209 3.15974 19.50+0.20 N
J0424-2209 3.24419 18.80+0.20 N J0424-2209 3.36663 18.80+0.20 N
J0424-2209 3.60541 19.50+0.20 N J0424-2209 3.64458 18.80+0.20 N
J0424-2209 3.93433 19.00+0.20 N J0424-2209 4.17561 19.20+0.15 Y
J0525-3343  3.07538 18.80+0.20 N J0525-3343  3.09793 18.80+0.20 N
J0525-3343  3.13246 18.9040.20 N J0525-3343  3.20174 18.80+0.15 N
J0529-3526  3.06433 19.40+0.20 N J0529-3526  3.19297 19.30+0.20 N
J0529-3526 3.31146 18.80+0.20 N J0529-3526  3.57170 20.10+£0.15 Y
J0529-3526  3.76200 19.35+0.20 N J0529-3526  3.89440 18.80+0.20 N
J0529-3552 2.97530 18.90+0.20 N J0529-3552  3.01493 18.90+0.20 N
J0529-3552  3.68360 20.10+0.20 Y J0529-3552  3.70972 19.50+0.20 N
J0529-3552 3.99650 19.00+0.20 Y J0529-3552  4.06530 19.50+0.15 Y
J0714-6455 3.10313 19.4540.20 N J0714-6455  3.21970 19.1040.20 N
JO714-6455 3.26472 18.80+0.15 N J0714-6455 3.31292 18.80+0.20 N
JO714-6455 3.74562 19.20+0.20 Y JO714-6455 3.75020 19.10+£0.10 Y
J0714-6455 4.38971 18.8040.20 Y JO747+2739 2.91793 19.40+0.20 Y
JO747+2739 2.99956 19.00+0.20 N JO7474+2739 3.42400 20.8040.15 Y
JO74742739 3.90134 20.5040.20 Y JO755+1345 3.09850 19.0040.20 Y
JO80041920 2.75564 18.8040.20 N JO800+1920 2.95673 18.9040.20 N
JO8004+1920 3.42900 20.0040.20 Y JO800+1920 3.56152 19.1040.20 Y
JO800+1920 3.73076 19.0540.20 Y JO81840958 2.56424 18.8040.20 N
JO81840958 3.02811 18.8540.20 Y JO818+4-0958 3.30631 20.9040.20 Y
JO818+0958 3.45449 19.0040.20 Y J0833+0959 2.80570 18.90+0.20 N
JO8354-0650 2.77229 19.3040.20 N JO8354-0650 2.77647 18.9040.20 N
J083540650 2.79340 18.9040.20 N JO835+0650 2.87150 19.1040.20 N
J0835+0650 2.96430 19.2040.20 N J0835+0650 2.97858 18.90+0.20 N
J08354+0650 3.19004 19.0040.20 Y J08354+-0650 3.51317 19.0040.20 Y
J0835+0650 3.60160 19.8040.20 Y JO835+0650 3.95570 20.3540.20 Y
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J0839+0318 3.43922 18.8040.20 N J0839+0318 4.09690 19.6040.20 Y
J0920+0725 3.05873 19.1040.20 Y J0920+0725 3.54962 19.0040.20 Y
J09374+0828 2.71534 18.9040.20 Y J093740828 3.12919 19.7040.30 Y
J0955-0130 3.16128 18.80+0.20 N J0955-0130  3.20670 19.3040.15 N
J0955-0130  3.23765 19.20+0.20 N J0955-0130  3.47570 20.00+0.20 Y
J0955-0130  3.91050 18.80+0.20 N J0955-0130 3.95186 19.20+0.20 N
J0955-0130  3.98709 19.0040.20 N J0955-0130  4.02250 20.6540.20 Y
J0955-0130 4.17243 18.80+0.20 Y J0955-0130 4.23885 18.80+0.20 N
J0959+4+1312 2.92544 18.9040.20 N J0959+4+1312 3.14507 19.1040.20 N
J0959+1312 3.91230 20.0040.10 Y J10134+0650 2.78778 18.80+0.20 N
J10134-0650 3.01137 19.2040.20 N J1013+0650 3.48930 19.2040.20 Y
J1018+0548 2.50832 19.0040.20 N J1018+0548 2.83192 18.8040.20 Y
J101840548 3.38470 19.6530.20 Y J102040922 2.59127 21.4040.20 Y
J1020+0922 2.74873 20.104+0.20 Y J10204-0922 3.47980 18.8040.20 N
J1024+1819 2.53488 19.0040.20 N J1024+41819 2.69809 19.1040.20 Y
J1024+1819 3.18451 18.9040.20 N J1024+1819 3.40393 18.8040.20 Y
J10324-0927 3.80480 20.00+0.15 Y J1034+1102 3.34668 18.90+0.20 N
J1036-0343  3.46553 19.00+0.20 N J1036-0343 3.67068 19.10+0.20 N
J1036-0343 4.15340 19.20+0.20 Y J1036-0343 4.17470 19.80+0.20 Y
J1037+0704 3.28155 19.0040.20 Y J10374+0704 3.77820 19.00+0.20 N
J1037+0704 3.89280 18.90+0.20 Y J10374+2135 2.93761 18.8040.20 N
J1054+0215 3.97758 19.0040.20 Y J105741910 3.22329 19.1040.20 N
J1057+1910 3.37340 20.20%0.15 Y J10574+1910 3.79985 19.1040.20 Y
J1057+1910 4.00818 19.3040.20 Y J1058+41245 3.20690 18.8040.20 Y
J105841245 3.22850 19.2040.20 N J1058+1245 3.43160 20.5040.20 Y
J1058+1245 3.59987 18.9040.20 N J1103+1004 2.48702 19.3040.20 N
J1103+1004 3.13101 19.1040.20 Y J1103+1004 3.53240 18.9040.20 N
J1108+1209 2.53374 19.2040.20 N J1108+4-1209 2.63670 18.8040.20 Y
J1108+1209 2.65507 19.3040.20 N J1108+1209 2.66164 18.9040.20 N
J110841209 2.73522 18.80+0.20 Y J1108+1209 3.39594 20.70+0.15 Y
J1108+1209 3.48574 18.8040.20 Y J110841209 3.54530 20.9040.15 Y
J1111-0804 2.70126 19.60+0.20 N J1111-0804 2.98005 19.20+0.20 N
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J1111-0804 3.48180 19.95+0.15 Y J1111-0804  3.60690 20.40+0.15 Y
J1111-0804  3.75820 18.80+0.20 Y J1117+1311  2.73896 18.9040.20 N
J1126-0124 2.61480 19.00+0.20 N J1126-0124  3.68281 18.90+0.20 N
J1202-0054 2.66046 19.60+0.15 Y J1202-0054  2.76953 19.0040.15 Y
J1202-0054 3.15122 19.00+0.20 Y J1248+1304 2.62589 19.0040.20 N
J124841304 3.40724 19.30%0.15 Y J1249-0159  2.48080 19.00+£0.15 N
J1249-0159  2.49471 18.80+0.20 N J1249-0159 3.52476 18.80+0.20 N
J1249-0159  3.52963 18.90+0.15 N J13044-0239 2.75477 18.9040.15 N
J13044-0239 3.21063 19.3040.20 Y J1304+0239 3.33631 18.8040.20 N
J131240841 2.65950 20.5040.20 Y J1320-0523  2.83411 19.10+0.20 Y
J1323+1405 2.92550 19.8040.20 Y J1330-2522 2.77513 18.90+0.20 N
J1330-2522 2.90758 18.90+0.20 N J1330-2522  3.08060 19.80+0.20 Y
J133240052 2.38831 18.80%0.20 N J13324-0052 3.08365 19.4040.20 Y
J13324-0052 3.42120 19.2040.20 Y J13364+0243 2.69140 19.4040.20 N
J1352+1303 3.16676 18.9040.20 Y J14014-0244 3.34057 18.9040.20 N
J1416+1811 2.59808 18.9040.20 N J1416+1811 2.66330 19.6540.20 Y
J1421-0643 2.55859 18.8040.20 N J1421-0643  3.16020 19.30+0.20 N
J1421-0643 3.44802 20.35+0.15 Y J1503+0419 2.49915 19.1040.20 N
J151740511 2.42657 18.9040.20 N J151740511 2.43960 19.1040.20 N
J151740511 2.45773 18.9040.20 N J15174+0511 2.61383 18.8040.20 N
J1517+0511 2.68838 21.35+0.15 Y J1524+4-2123 2.54540 19.3040.20 Y
J15244-2123 2.63417 19.6040.15 Y J15244-2123 2.73116 19.4040.15 Y
J15424+0955 2.76560 19.0040.20 N J15424-0955 3.33235 19.2040.30 Y
J15424-0955 3.61287 19.0040.25 N J15424-0955 3.90500 18.9040.20 N
J155241005 2.64396 19.0040.20 N J1552+1005 2.97674 18.8040.20 N
J1552+1005 3.07712 18.80%0.20 Y J15524+1005 3.44240 19.0040.20 Y
J15524-1005 3.60030 21.10+0.20 Y J155241005 3.66550 21.00+0.20 Y
J1621-0042 3.10423 19.80+0.15 Y J1633+1411 3.34678 19.1040.20 Y
J16334+1411 4.15083 18.9040.20 N J1658-0739  2.70650 19.30+0.20 N
J1658-0739  2.95470 19.2040.20 N J1658-0739  3.54728 19.3040.20 Y
J1658-0739  3.68892 19.00+0.15 N J1658-0739  3.69580 19.10+0.15 Y
J1723+2243  3.19667 19.2040.20 N J1723+2243 3.42745 18.9040.20 N
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J1723+2243  3.69800 20.50+0.15 Y J172342243 3.97228 18.8040.15 N
J1723+2243 3.98250 19.00+0.15 N J1723+2243 4.08350 18.80+0.15 N
J172342243 4.15470 19.0040.20 N J172342243 4.23341 19.0040.20 N
J1723+2243  4.24700 18.80+0.15 N J1723+2243 4.35246 19.0040.20 N
J2215-1611  2.77623 19.00+0.20 N J2215-1611 2.85521 18.80+0.20 N
J2215-1611  2.93093 19.20+0.20 N J2215-1611  2.96694 19.00+0.20 Y
J2215-1611  3.00628 19.00+0.20 N J2215-1611  3.22585 19.40+0.20 N
J2215-1611  3.30557 19.00+0.20 Y J2215-1611  3.46525 19.00+0.15 Y
J2215-1611  3.48904 18.90+0.20 Y J2215-1611  3.49991 18.80+0.20 N
J2215-1611 3.66150 20.20+0.15 Y J2215-1611  3.70080 19.30+£0.15 Y
J2216-6714 3.11219 18.90+0.20 N J2216-6714  3.15509 19.10+0.20 N
J2216-6714 3.21393 18.90+0.15 N J2216-6714  3.36940 19.90+0.15 Y
J2216-6714  3.68304 18.80+0.20 N J2216-6714  3.73025 18.80+0.20 Y
J2216-6714  4.30920 19.30+0.15 N J2239-0552 3.18862 18.90+0.15 N
J2239-0552  3.82975 19.00+0.20 N J2239-0552  4.08130 20.60+0.10 Y
J2239-0552  4.19986 18.90+0.15 Y J2251-1227  2.98253 19.50+0.30 N
J2251-1227  3.23384 18.90+0.20 N J2251-1227  3.45717 19.70+0.20 Y
J2251-1227  3.98793 19.60+0.15 Y J2344+0342 3.21980 21.2040.20 Y
J2344+0342 3.88400 19.80+0.15 Y J2349-3712  2.92570 18.90+0.15 N
J2349-3712  3.58203 19.2040.20 N J2349-3712  3.69250 20.20=+0.10 Y
J2349-3712  3.80387 18.90+0.15 N J2349-3712 3.96340 18.80+0.15 Y
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Figure A.1 The velocity profiles (black data) for the Ly absorption lines of subDLAs and DLAs
identified in the XQ-100 spectra. The text at the top of each panel denotes the host QSO, z,1s, and
logN(H 1) of the absorber displayed. The best-fitting Voigt profile is shown in red, with the shaded
red region denoting the error on the fit. The model H 1 fitted spectra for the entire sightline is shown
in cyan. Nearby absorption lines at different redshifts are labelled with vertical text. To maintain
the same scale over the diverse range of column densities probed, the velocity axis is arbitrarily
scaled such that the Voigt profile reaches a relative flux of 0.97 on the edges of each panel.
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Figure A.2 The velocity profiles for the Lya absorption lines of subDLAs and DLAs
identified in the XQ-100 spectra. The notation is the same as Figure
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Figure A.3 The velocity profiles for the Lya absorption lines of subDLAs and DLAs
identified in the XQ-100 spectra. The notation is the same as Figure
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Figure A.4 The velocity profiles for the Lya absorption lines of subDLAs and DLAs
identified in the XQ-100 spectra. The notation is the same as Figure
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Figure A.6 The velocity profiles for the Lya absorption lines of subDLAs and DLAs
identified in the XQ-100 spectra. The notation is the same as Figure
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Figure A.7 The velocity profiles for the Lya absorption lines of subDLAs and DLAs
identified in the XQ-100 spectra. The notation is the same as Figure
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Figure A.8 The velocity profiles for the Lya absorption lines of subDLAs and DLAs
identified in the XQ-100 spectra. The notation is the same as Figure



170

Joo37+08 8(z 3.129)
19.70-+0 _

. T e |
0955 0130 0 zZ3.161) 095570130 (224-173) 4“\11 1810548 (z=2.508)
_____________ =18.80:0.20_ _ N=19.0010.20
m\ ' ' 1( |
0955-0130 (2=3.207) " 101810548 ( T3.832)
=}9.30+0.15 __ __ _ : . ,_|[[N=18.80+0.20 _ _ _ _ _
= | i
s LY. . AW S ay T 4
2 4?95 0150 (2=3.238) 959+1512 (=2.925)  J[1018%0548 (z-3.385)
s 19.20+0. = 20 ) IN=19.65:0.20 . . _
o

W L]

” 1“ 1 ” ,
il .*_;’JJ J
1020+0922 (z=2.749) |

0959+1312 (z 3. 912)
=20.10+0.20

—20 00+0

Relative velocity (km s71)

Figure A.9 The velocity profiles for the Lya absorption lines of subDLAs and DLAs
identified in the XQ-100 spectra. The notation is the same as Figure
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Figure A.10 The velocity profiles for the Lya absorption lines of subDLAs and DLAs
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Figure A.11 The velocity profiles for the Lya absorption lines of subDLAs and DLAs

identified in the XQ-100 spectra. The notation is the s

ame as Figure
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Figure A.12 The velocity profiles for the Lya absorption lines of subDLAs and DLAs
identified in the XQ-100 spectra. The notation is the same as Figure
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Figure A.13 The velocity profiles for the Lya absorption lines of subDLAs and DLAs
identified in the XQ-100 spectra. The notation is the same as Figure
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Figure A.14 The velocity profiles for the Lya absorption lines of subDLAs and DLAs
identified in the XQ-100 spectra. The notation is the same as Figure
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Figure A.15 The velocity profiles for the Lya absorption lines of subDLAs and DLAs
identified in the XQ-100 spectra. The notation is the same as Figure
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Appendix B

Metal line velocity profiles and

column density tables of the
XQ-100 DLA sample

This appendix contains the measured column densities of metal species for the XQ-
100 DLA sample (see Chapter [3). Section presents the data derived using the
X-Shooter spectra, while Section presents the UVES spectra from the single
sightline J0034-1639. Lastly, Section discusses the discrepancies between the

metal column densities from XQ-100 and those previously measured in the literature.

B.1 XQ-100 sample



Table B.1 X-Shooter metal column densities for JO006—6208 (Zaps=3.203)
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Ion  Line A f Umin Umax logN(X) Included  logNagopt
A kms™ kms

Mgr 2852 2852.964 1.81E400 -60 60 < 12.39 Y —
Mgt < 12.39
Mgir 2796 2796.352 6.12E-01 -90 70 13.33 £0.00 Y —
Mgt 2803 2803.531 3.05E-01 -90 70 < 13.63 N —
Mg1r 13.33 & 0.05
Camr 3934 3934.777 6.50E-01 -40 40 < 12.38 Y -
Cair 3969 3969.591 3.22E-01 -60 60 < 12.14 N —
Call < 12.38
Tin 1910 1910.750 2.02E-01 -40 40 < 13.02 Y -
Tir < 13.02
Cri1 2056 2056.254 1.05E-01 -50 50 < 13.08 Y —
Crii 2062 2062.234 7.80E-02 -50 50 < 13.45 N —
Cri1 2066 2066.161 5.15E-02 -50 50 < 13.61 N -
Crix < 13.08
Ferr 1608 1608.451 5.80E-02 -60 60 13.85 £ 0.03 Y —
Ferr 1611 1611.200 1.36E-03 -60 60 < 14.99 N —
Ferr 2586 2586.650 6.91E-02 -70 80 13.74 + 0.00 Y —
Ferr 2600 2600.173 2.39E-01 -70 80 > 13.67 Y —
Fen 13.74 + 0.05
Nirm 1709 1709.604 3.24E-02 -20 80 < 13.86 Y —
Nirm 1741 1741.553 4.27E-02 -60 60 < 13.61 Y -
Nim 1751 1751.916 2.77E-02 -60 60 < 13.77 Y —
Ni1x < 13.61
Znii 2026 2026.136  4.89E-01 -50 50 < 12.40 Y —
Znii < 12,40
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Figure B.1 Velocity profile of the XQ100 spectrum towards J0006-6208 (Zans=3.203).
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Table B.2 X-Shooter metal column densities for JO006—6208 (Zaps=3.775)
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Ion  Line A f Umin Umax logN(X) Included  logNagopt
A km s™! km s™!

Mgt 2796 2796.352 6.12E-01 -40 180 > 14.01 N —
Mgir 2803 2803.531 3.05E-01 -60 200 > 14.01 Y —
Mg1r > 14.01
Sirm 1260 1260.422  1.01E400 -20 180 > 13.95 N —

Sirr 1526 1526.707  1.27E-01 0 200 > 14.47 Y —

Siir - 1808  1808.013  2.19E-03 0 160 < 15.16 Y —

SiIr 14.46-15.16
P11 1532 1532.533 7.61E-03 0 180 < 14.49 Y —

P < 14.49
Tirm 1910 1910.750 2.02E-01 0 160 < 12.75 N —

Tim 3242 3242.929 2.32E-01 0 160 < 12.75 N -

Titm 3384 3384.740 3.58E-01 0 160 < 12.30 Y —

Tir < 12.30
Crii 2056 2056.254 1.05E-01 -20 180 < 15.31 Y -

Crix < 15.31
Mnir 2594 2594.499 2.71E-01 0 140 12.51 £ 0.00 Y -
Mnir 2606 2606.462 1.93E-01 0 110 > 12.25 N -
MnI1 12.51 £ 0.05
Ferr 1608 1608.451 5.80E-02 0 160 > 14.39 Y —

Ferr 1611 1611.200 1.36E-03 15 160 < 15.12 Y —

Ferr 2586 2586.650 6.91E-02 0 180 > 14.26 Y —

Ferr 2600 2600.173 2.39E-01 -30 150 > 13.96 N —

Feir 14.40-15.12
Nirr 1741 1741.553 4.27E-02 0 160 < 13.54 Y —

NiIr < 13.54
Znir 2026 2026.136 4.89E-01 0 160 < 12.69 Y —

Znil < 12.69




Table B.3 X-Shooter metal column densities for J003441639 (Zaps=3.755)
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Ion  Line A f Umin Umax logN(X) Included  logNagopt
A kms™' km s™!

Mgit 2796 2796.352 6.12E-01  -180 0 > 13.36 N —
Mgir 2803 2803.531 3.05E-01  -140 0 > 13.63 Y —
Mg11 > 13.63
SiIr 1526 1526.707 1.27E-01  -140 0 > 14.05 Y —
Sir 1808 1808.013 2.19E-03  -140 0 < 14.55 Y —
Sirr 14.05-14.55
Tirr 1910 1910.750 2.02E-01  -140 0 < 12.83 N —
Tiir 3242 3242.929 2.32E-01  -140 0 < 12.31 Y —
Tirnr 3384 3384.740 3.58E-01  -140 0 < 12.50 N —
Tir < 12.31
Crir 2062 2062.234 7.80E-02  -140 0 < 13.70 Y —
Crir 2066 2066.161 5.15E-02  -140 0 < 15.03 N —
Crir < 13.70
Mnir 2576 2576.877 3.51E-01  -140 0 < 12.49 Y -
Mnix 2594 2594.499 2.71E-01  -140 0 < 1248 Y -
Mnir < 12.48
Ferr 2249 2249.877 1.82E-03  -140 0 < 14.96 N -
Ferr 2344 2344.214 1.14E-01  -140 0 13.66 £ 0.03 Y —
Ferr 2586 2586.650 6.91E-02  -140 -20 13.69 £ 0.04 Y —
Ferr 2600 2600.173 2.39E-01  -140 5 > 13.57 Y —
Ferr 13.67 £0.05
Nirr 1709 1709.604 3.24E-02  -140 0 < 13.38 N —
Nirr 1741 1741.553 4.27E-02  -140 0 < 13.38 Y —
Nirr 1751 1751.916 2.77E-02  -140 0 < 13.44 N -
Nirr < 13.38
Znir 2026 2026.136 4.89E-01  -140 0 < 12.39 Y —
Znil 2062 2062.664 2.56E-01  -140 0 < 12.69 N —
VAN < 12.39
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Figure B.3 Velocity profile of the XQ100 spectrum towards J0034+1639 (Za,s=3.755).



Table B.4 X-Shooter metal column densities for J003441639 (Zaps=4.284)
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Ion Line A f VUmin Vmax logN(X) Included  1ogNadopt
A kms™' kms™!

Ci 1334 1334.532 1.28E-01 -60 110 > 14.87 Y —

Ci > 14.87
O1 1302 1302.168 4.89E-02 -60 110 > 15.17 N —

O1 0.00 £0.05
Mgr 2852 2852.964 1.81E+00 -70 90 12.13 £ 0.05 Y —

Mgl 12.13 £ 0.05
Mgir 2803 2803.531 3.05E-01 -60 90 < 14.03 N —
Mg 0.00 £0.05
Siit - 1260 1260.422 1.01E+00 -50 150 > 13.99 N —

Sirt - 1304 1304.370  9.40E-02 -50 110 > 14.72 N -

Sirt 1526 1526.707 1.27E-01 -50 110 > 14.61 Y —

SiII > 14.61
S11 1250 1250.584 5.43E-03 -40 20 14.30 £ 0.07 Y -

SII 1259 1259.519 1.66E-02 -50 30 14.31 £0.03 Y —

SII 14.31 £ 0.08
Tiir 1910 1910.750 2.02E-01 -30 110 < 13.20 N —

Tiim 3073 3073.877 1.09E-01 -30 110 < 12.81 N —

Tiir 3242 3242929 2.32E-01 -30 110 < 12.27 Y —

Tirr 3384 3384.740 3.58E-01 -30 110 < 12.59 N —

Tirr < 12.27
Crir 2056 2056.254 1.05E-01 -50 110 < 13.21 Y -
Crir 2062 2062.234 7.80E-02 -50 110 < 13.99 N —
Crir 2066 2066.161 5.15E-02 -50 110 < 13.45 N —
Crir < 13.21
Ferr 1608 1608.451 5.80E-02 -70 110 14.45 £ 0.01 Y —

Fer1 1611 1611.200 1.36E-03 -40 20 < 14.80 N —

Fer1 2249 2249.877 1.82E-03 -50 110 < 14.84 N —

Fer1 2344 2344.214 1.14E-01 -70 110 > 14.17 N -

Ferr 2374 2374.461 3.13E-02 -70 110 14.41 £0.02 Y —

Fern 14.44 4+ 0.05
Nirr 1741 1741.553 4.27E-02 -70 110 < 13.56 Y —

Niir 1751 1751.916 2.77E-02 -70 110 < 13.61 N —

NiIr < 13.56
Znil 2026 2026.136 4.89E-01 -70 110 < 12.81 Y —
Znil < 12.81




Table B.5 X-Shooter metal column densities for J003441639 (Zaps=4.252)
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Ion Line A f Umin Umax logN(X) Included  1ogNadopt
A kms™! km s™!

Cn 1334 1334.532 1.28E-01 -60 70 > 14.29 Y —
Ci > 14.29
O1 1302 1302.168 4.89E-02 -60 70 > 14.71 Y —

O1 > 14.71
Mgir 2796 2796.352 6.12E-01 -100 70 > 13.20 Y —
Mgt 2803 2803.531 3.05E-01 -130 60 > 13.82 N —
Mgt1 > 13.20
Sirmt 1260 1260.422 1.01E+00 -60 70 > 13.51 N —
Sitt - 1304 1304.370  9.40E-02 -60 70 13.76 £0.03 Y —
Sirt - 1526 1526.707  1.27E-01 -60 70 13.67 £0.02 Y —
Sirm - 1808 1808.013  2.19E-03 -60 40 < 15.42 Y —
SiI1 13.71 £ 0.05
P11 1532 1532.533 7.61E-03 -60 40 < 14.12 Y —
P < 14.12
S11 1250 1250.584 5.43E-03 -60 40 < 14.07 N —
S11 1253 1253.811 1.09E-02 -60 40 < 13.87 Y —
S11 1259 1259.519 1.66E-02 -60 40 < 13.79 Y -
SI1 < 13.79
Tirm 3073 3073.877 1.09E-01 -60 40 < 12.41 N -
Timm 3242 3242929 2.32E-01 -60 40 < 12.71 N —
Tim 3384 3384.740 3.58E-01 -60 40 < 12.36 Y —
Tirn < 12.36
Crir 2066 2066.161 5.15E-02 -60 40 < 13.38 Y —
Crix < 13.38
Ferr 1608 1608.451 5.80E-02 -60 40 13.43 £0.11 Y —
Ferr 2344 2344.214 1.14E-01 -60 40 13.35 £0.05 Y —
Ferr 2374 2374.461 3.13E-02 -60 40 < 13.33 N -
Feir 13.36 £0.12
Niir 1709 1709.604 3.24E-02 -60 40 < 13.42 Y —
Nirr 1741 1741.553 4.27E-02 -60 40 < 13.41 Y —
Nirr 1751 1751.916 2.77E-02 -60 40 < 13.83 N —
NiIr < 13.41
Znir 2026 2026.136  4.89E-01 -60 40 < 12.47 Y —
Znil < 12.47
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Figure B.4 Velocity profile of the XQ100 spectrum towards J0034+1639 (Z,,s=4.251).
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Figure B.6 Velocity profile of the XQ100 spectrum towards J0113-2803 (z,,s=3.106).



Table B.6 X-Shooter metal column densities for J0113—2803 (zaps=3.106)
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Ion  Line A f Umin VUmax logN(X) Included  logNagopt
A kms™' kms!

Mgr 2852 2852.964 1.81E4+00  -400 110 12.60 & 0.06 Y -

Mgl 12.60 & 0.06
Mgt 2796 2796.352 6.12E-01 -550 110 > 14.42 Y -
Mgir 2803 2803.531 3.05E-01 -500 130 > 14.55 Y -
Mgir > 14.55
Sim - 1808 1808.013  2.19E-03 -400 110 15.60 = 0.02 Y —

SiIr 15.60 = 0.05
Calr 3934 3934.777 6.50E-01 -400 95 < 11.94 Y -

Calr 3969 3969.591 3.22E-01 -400 95 < 12.35 N -

CaIll < 11.94
Tiix 1910 1910.750 2.02E-01 -400 90 < 12.61 Y -

Tin 3073 3073.877 1.09E-01 -400 95 < 13.30 N -

Tim 3242 3242.929 2.32E-01 -400 95 < 12.98 N —

Tiir < 12.61
Cri1 2056 2056.254 1.05E-01 -400 110 13.62 £ 0.04 Y —

Crir 2062 2062.234 7.80E-02 -400 110 13.72 4+ 0.06 Y -

Cri1 2066 2066.161 5.15E-02 -400 110 13.77 £ 0.06 Y -

Cri1 13.69 + 0.09
Mnir 2576 2576.877 3.51E-01 -400 110 13.00 4+ 0.07 N —
Mnir 2594 2594.499 2.71E-01 -400 110 < 12.63 Y -
Mnir 2606 2606.462 1.93E-01 -400 110 13.21 £ 0.09 N -
Mnit < 12.63
Ferr 1608 1608.451 5.80E-02 -400 110 > 15.08 N -

Ferr 1611 1611.200 1.36E-03 -350 110 15.27 + 0.06 N -

Fert 2249 2249.877 1.82E-03 -400 110 15.29 £ 0.05 Y -

Ferr 2344 2344.214 1.14E-01 -400 110 > 14.91 N —

Fert 2374 2374.461 3.13E-02 -400 110 > 15.06 N -

Fer1 2586 2586.650 6.91E-02 -400 110 > 14.92 N -

Ferr 2600 2600.173 2.39E-01 -400 110 > 14.42 N -

Fei1 15.29 4 0.05
Nirm 1709 1709.604 3.24E-02 -400 110 < 14.37 N -

Nirr 1741 1741.553 4.27E-02 -400 110 13.99 4+ 0.04 Y -

Nirr 1751 1751.916 2.77E-02 -400 110 < 14.33 N -

NiII 13.99 + 0.05
Znir 2026 2026.136 4.89E-01 -400 110 12.69 £+ 0.05 Y -

Znil 2062 2062.664 2.56E-01 -400 110 13.21 £ 0.06 N -

Znil 12.69 + 0.05




Table B.7 X-Shooter metal column densities for J01244-0044 (Zaps=2.261)
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Ion  Line A f Umin Umax logN(X) Included  logNagopt
A kms™' km s7!

Mgt 2852 2852.964 1.81E400 -80 190 12.50 £ 0.02 Y -

Mg1 12.50 £+ 0.05
Mgit 2796 2796.352 6.12E-01 -80 190 > 14.00 N -
Mgir 2803 2803.531 3.05E-01 -80 190 > 14.31 Y -
Mgt1 > 14.31
Siit - 1808 1808.013  2.19E-03 -80 190 15.36 = 0.02 Y -

Sirt 15.36 + 0.05
Calr 3934 3934.777 6.50E-01 -80 190 < 11.94 Y —

Carr 3969 3969.591 3.22E-01 -80 190 < 12.29 N —

Calt < 11.94
Tirx 1910 1910.750 2.02E-01 -80 190 < 12.74 N -

Tirn 3242 3242.929 2.32E-01 -80 190 < 12.58 N -

Tiir 3384 3384.740 3.58E-01 -80 100 12.35+0.08 Y —

Ti1r 12.35 + 0.08
Crir 2056 2056.254 1.05E-01 -80 190 13.38 + 0.04 Y —

Cri1 2062 2062.234 7.80E-02 -80 190 13.39 £ 0.05 Y -

Crir 2066 2066.161 5.15E-02 -80 190 13.44 £ 0.07 Y -

Cr1r 13.40 £ 0.09
Mnir 2576 2576.877 3.51E-01 -80 190 12.70 £ 0.05 Y —
Mnir 2594 2594.499 2.71E-01 -80 190 12.80 £ 0.06 Y -
Mnir 2606 2606.462 1.93E-01 -80 190 12.83 £ 0.07 Y -
Mni1 12.77 £ 0.11
Ferr 2249 2249.877 1.82E-03 -80 190 14.96 £ 0.05 Y —

Fert 2374 2374.461 3.13E-02 -80 190 > 14.77 N -

Fer1 2586 2586.650 6.91E-02 -80 190 > 14.56 N -

Fer1 2600 2600.173 2.39E-01 -100 190 > 14.11 N —

Fen 14.96 £ 0.05
Znin - 2026 2026.136 4.89E-01 -80 190 12.66 £ 0.05 Y —

Znit 2062 2062.664 2.56E-01 -80 190 < 1291 N -

Znil 12.66 £ 0.05
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Figure B.7 Velocity profile of the XQ100 spectrum towards J01244-0044 (Z,,s=2.261).



Table B.8 X-Shooter metal column densities for J01324+1341 (Zaps=3.936)
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Ion  Line A f Umin Umax logN(X) Included  logNadopt
A kms™! km s™!

Cn 1334 1334.532 1.28E-01 -70 110 > 14.39 Y —
Cn > 14.39
O1 1302 1302.168 4.89E-02 -50 65 > 14.77 Y —
Or1 > 14.77
SiIr 1304 1304.370 9.40E-02 -50 60 13.87 £ 0.02 Y —
SiIr 1526  1526.707 1.27E-01 -40 70 13.87 £ 0.02 Y —
Sirr 1808 1808.013 2.19E-03 -40 70 < 14.72 N —
Sirr 13.87 £ 0.05
P11 1532 1532.533 7.61E-03 -15 70 < 13.98 Y —
P11 < 13.98
Tiin 3073 3073.877 1.09E-01 -40 70 < 12.74 N —
Tiinr 3242 3242.929 2.32E-01 -40 70 < 12.36 Y —
TiII < 12.36
Mnir 2576 2576.877 3.51E-01 -40 70 < 12.96 N —
Mnir 2606 2606.462 1.93E-01 -20 50 < 12.46 Y —
Mni1 < 12.46
Ferr 1608 1608.451 5.80E-02 -40 50 13.71 £ 0.02 Y —
Ferr 1611 1611.200 1.36E-03 -20 30 < 14.56 N —
Ferr 2249 2249.877 1.82E-03 -45 50 < 14.92 N —
Fert 2344 2344.214 1.14E-01 -50 60 13.64 £ 0.03 Y —
Fertr 2374 2374.461 3.13E-02 -40 20 13.63 £ 0.08 Y —
Ferr 2600 2600.173 2.39E-01 -50 60 > 13.34 N —
Feir 13.68 £ 0.09
Nirr 1709 1709.604 3.24E-02 -40 70 < 13.43 N —
Nirr 1741 1741.553 4.27E-02 -40 70 < 13.31 Y —
Nirr 1751 1751.916 2.77E-02 -40 70 < 13.43 N —
Ni11 < 13.31
Znir 2062 2062.664 2.56E-01 -40 70 < 12.66 Y —
ZmiIl < 12.66
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Figure B.8 Velocity profile of the XQ100 spectrum towards J0132+1341 (Z,,s=3.936).
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Figure B.9 Velocity profile of the XQ100 spectrum towards J01344-0400 (Z,,s=3.692).



Table B.9 X-Shooter metal column densities for J01344-0400 (Zaps=3.692)
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Ion  Line A f Umin Umax logN(X) Included  logNadopt
A km s™' km s™!

Mgir 2796 2796.352 6.12E-01  -100 40 > 13.26 N -
Mgt 2803 2803.531 3.05E-01  -100 20 > 13.49 Y -
Mg1r > 13.49
Siim - 1808  1808.013 2.19E-03  -100 35 < 14.36 Y -
Sirr < 14.36
P11 1532 1532.533 7.61E-03 -30 70 < 13.73 Y -
P11 < 13.73
Tirr 1910 1910.750 2.02E-01 -50 40 < 12.63 N -
Tirr 3242 3242.929 2.32E-01 -50 40 < 12.24 N —
Tiir 3384 3384.740 3.58E-01 -50 40 < 11.98 Y —
Tin < 11.98
Crir 2056 2056.254 1.05E-01 -40 35 < 13.19 Y —
Crir 2062 2062.234 7.80E-02 -30 35 < 12.75 N —
Crir 2066 2066.161 5.15E-02 -40 40 < 13.18 Y —
Crni < 13.18
Mnir 2576 2576.877 3.51E-01  -100 35 < 12.37 N -
Mnir 2594 2594.499 2.71E-01  -100 35 < 12.30 Y —
Mni1 < 12.30
Ferr 1608 1608.451 5.80E-02  -100 35 13.40 £ 0.04 Y —
Ferr 2344 2344.214 1.14E-01  -100 40 13.46 = 0.03 Y —
Ferr 2586 2586.650 6.91E-02 -50 20 13.46 £ 0.11 Y —
Ferr 2600 2600.173 2.39E-01  -100 40 > 13.24 N -
Ferr 13.44 +£0.12
Nirr 1709 1709.604 3.24E-02  -100 35 < 13.08 N -
Nirr 1741 1741.553 4.27E-02  -100 0 < 13.01 Y -
Nirr 1751 1751.916 2.77E-02  -100 35 < 13.43 N —
NiI1 < 13.01
Znir - 2062 2062.664 2.56E-01  -100 30 < 12.35 Y —
Znil < 12.35
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Table B.10 X-Shooter metal column densities for J01344-0400 (Zaps=3.772)

Ion Line A f Ummin Umax logN(X) Included  1ogNadopt
A kms™! km s™!

Cn 1334 1334.532 1.28E-01  -160 150 > 15.21 Y -

Cn > 15.21
Mgir 2796 2796.352 6.12E-01  -170 230 > 14.15 N -
Mgt 2803 2803.531 3.05E-01  -200 230 > 14.38 Y -
Mg11 > 14.38
Siim 1526 1526.707 1.27E-01  -170 230 > 14.95 N -

Sirm - 1808 1808.013 2.19E-03 -90 230 15.30 £ 0.02 Y -

Sirr 15.30 £ 0.05
P11 1532 1532.533 7.61E-03 -90 230 < 13.94 Y —

P11 < 13.94
Tirr 3242 3242.929 2.32E-01  -100 230 < 12.33 N —

Tirr 3384 3384.740 3.58E-01  -100 230 < 12.21 Y —

TiIr < 12.21
Crir 2056 2056.254 1.05E-01 -90 25 < 12.83 Y —

Crir < 12.83
Mnir 2576 2576.877 3.51E-01  -100 230 < 12.39 Y —
Mnir 2594 2594.499 2.71E-01  -100 230 < 12.50 Y -
Mnir 2606 2606.462 1.93E-01  -100 230 < 12.59 Y -
Mnir < 12.39
Ferr 1608 1608.451 5.80E-02 -70 230 > 14.93 N -

Ferr 1611 1611.200 1.36E-03 -90 230 < 15.57 N -

Ferr 2249 2249.877 1.82E-03 -90 230 14.97 £ 0.07 Y —

Ferr 2374 2374.461 3.13E-02  -160 230 > 15.04 N —

Ferr 2586 2586.650 6.91E-02  -160 230 > 14.75 N -

Ferr 2600 2600.173 2.39E-01  -160 230 > 14.55 N -

Ferr 14.97 £ 0.07
Niir 1709 1709.604 3.24E-02  -100 230 13.99 £ 0.03 N -

Nirr 1741 1741.553 4.27E-02  -100 230 13.85 £ 0.03 Y -

Nirr 1751 1751.916 2.77E-02  -100 230 13.80 £ 0.05 —

NiII 13.84 £ 0.06
Znir 2026 2026.136 4.89E-01  -100 230 12.88 £ 0.04 Y —

VAN 12.88 £ 0.05
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Figure B.10 Velocity profile of the XQ100 spectrum towards J0134-+0400 (Z,,s=3.772).



Table B.11 X-Shooter metal column densities for J0234—1806 (Zaps=3.693)
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Ion  Line A f Umin VUmax logN(X) Included  logNagopt
A kms™! km s™!

Mgt 2852 2852.964 1.81E4+00  -200 200 12.67 £0.02 Y —

Mgt 12.67 £ 0.05
Mgir 2796 2796.352 6.12E-01 -200 330 > 14.04 N —
Mgir 2803 2803.531 3.05E-01 -175 330 > 14.30 Y —
Mgt > 14.30
Sin 1526 1526.707 1.27E-01 -200 330 > 14.55 Y —

Sirr 1808 1808.013 2.19E-03 -200 330 < 14.62 Y —

Sirr 14.54-14.64
Tim 3242 3242.929 2.32E-01 -200 330 < 12.47 N —

Tim 3384 3384.740 3.58E-01 -200 330 < 12.44 Y —

Tim < 12.44
Crir 2056 2056.254 1.05E-01 0 330 < 13.11 Y —

Crir 2062 2062.234 7.80E-02 -150 90 < 13.20 N —

Crir 2066 2066.161 5.15E-02 -200 330 < 14.35 N —

Crit < 13.11
Mnix 2576 2576.877 3.51E-01 -200 330 < 12.62 Y —
Mnir 2594 2594.499 2.71E-01 -130 330 < 12.81 N —
Mnir < 12.62
Fer1 1608 1608.451 5.80E-02 -200 330 14.27 £ 0.02 Y —

Fert 1611 1611.200 1.36E-03 -200 330 15.24 £ 0.09 N —

Ferr 2249 2249.877 1.82E-03 -200 330 14.97 £ 0.14 N —

Ferr 2344 2344.214 1.14E-01 -200 330 14.18 £ 0.03 Y —

Ferr 2600 2600.173 2.39E-01 -200 330 > 14.03 N —

Feir 14.24 £ 0.05
Nirr 1709 1709.604 3.24E-02 -200 330 < 13.59 Y —

Nirr 1751 1751.916 2.77E-02 -200 100 < 13.62 N —

Ni1r < 13.59
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Figure B.11 Velocity profile of the XQ100 spectrum towards J0234-1806 (Za,s=3.693).
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Figure B.12 Velocity profile of the XQ100 spectrum towards J0255+0048 (Z,,s=3.256).
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Table B.12 X-Shooter metal column densities for J025540048 (Zaps=3.256)

Ion Line A f Ummin Umax logN(X) Included  1ogNadopt
A kms™! km s™!

Mgit 2796 2796.352 6.12E-01  -300 110 > 14.09 N —
Mgir 2803 2803.531 3.05E-01  -300 80 > 14.41 Y —
Mgt1 > 14.41
SiIr 1526 1526.707 1.27E-01  -300 100 > 15.01 N —
SiIn 1808 1808.013 2.19E-03  -300 100 15.33 £0.03 Y -
Sirr 15.33 £ 0.05
P11 1532 1532.533 7.61E-03  -300 110 < 14.05 Y —
P11 < 14.05
Carr 3934 3934.777 6.50E-01  -300 110 < 12.45 N —
Cair 3969 3969.591 3.22E-01  -300 110 < 12.37 Y —
CaIlr < 12.37
Tirr 1910 1910.750 2.02E-01  -300 110 < 12.58 Y —
Tiir 3073 3073.877 1.09E-01  -300 110 < 13.32 N —
Tinn < 12.58
Crir 2056 2056.254 1.05E-01  -210 100 < 12.86 Y —
Crir 2062 2062.234 7.80E-02  -210 100 < 13.15 N —
Crir 2066 2066.161 5.15E-02  -210 100 < 13.28 N —
Crir < 12.86
Mnir 2576 2576.877 3.51E-01  -300 100 < 12.70 Y -
Mnir 2606 2606.462 1.93E-01  -300 100 < 12.95 N —
Mni1 < 12.70
Ferr 1608 1608.451 5.80E-02  -300 110 > 14.75 Y —
Ferr 2249 2249.877 1.82E-03  -220 100 < 15.51 N —
Ferr 2586 2586.650 6.91E-02  -300 110 > 14.57 N -
Ferr 2600 2600.173 2.39E-01  -300 110 > 14.41 N —
Ferr > 14.75
Nirr 1709 1709.604 3.24E-02  -300 110 < 13.70 N -
Nirr 1741 1741.553 4.27E-02  -300 110 < 13.44 Y —
Ni11 < 13.44
Znir 2026 2026.136 4.89E-01  -300 110 < 12.30 Y —
Znir - 2062 2062.664 2.56E-01  -300 110 < 12.71 N —
Znil < 12.30




Table B.13 X-Shooter metal column densities for J0255+0048 (Z,ps=3.914)
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Ion  Line A f Umin Vpmax logN(X) Included  logNagopt
A km s™! km s™!

Cn 1334 1334.532 1.28E-01 -70 70 > 14.55 Y —

Cu > 14.55
O1 1302 1302.168 4.89E-02 -70 70 > 14.95 Y —

O1 > 14.95
SiII 1260 1260.422 1.01E+00 -70 90 > 13.61 N —

SiII 1304 1304.370 9.40E-02 -70 90 > 14.58 N —

SiI1 1526 1526.707 1.27E-01 -70 90 > 14.51 N —

SiIr 1808 1808.013 2.19E-03 -70 45 15.02 £0.05 Y —

Si1t 15.02 & 0.05
P11 1532 1532.533 7.61E-03 -70 90 < 14.20 Y -

P11 < 14.20
S11 1250 1250.584 5.43E-03 -70 70 14.87 £ 0.03 Y -

SiI 1253 1253.811 1.09E-02 -70 90 14.66 £+ 0.03 Y —

SII 1259 1259.519 1.66E-02 -70 90 14.70 £ 0.02 Y —

SII 14.73 £ 0.05
Tir 1910 1910.750 2.02E-01 -70 90 < 13.51 N —

Tiim 3073 3073.877 1.09E-01 -70 90 < 1291 N —

Tiir 3242 3242.929 2.32E-01 -70 90 < 12.33 Y —

Tiinr 3384 3384.740 3.58E-01 -70 90 < 12.40 N —

TiIr < 12.33
Mnir 2576 2576.877 3.51E-01 -70 90 < 12.80 Y —
Mnir 2594 2594.499 2.71E-01 -70 90 < 13.13 N —
Mni1 < 12.80
Ferr 1144 1144.938 1.06E-01 -70 90 > 14.49 N -

Ferr 1608 1608.451 5.80E-02 -70 90 > 14.51 Y -

Ferr 1611 1611.200 1.36E-03 -70 90 < 14.83 Y —

Ferr 2249 2249.877 1.82E-03 -70 90 < 16.19 N —

Fer1 2344 2344.214 1.14E-01 -70 90 > 14.15 N —

Ferr 2374 2374.461 3.13E-02 -70 90 > 14.50 Y -

Ferr 2586 2586.650 6.91E-02 -70 90 > 14.30 N -

Ferr 2600 2600.173 2.39E-01 -70 90 > 13.65 N —

Fe11 14.51-14.83
Niiz 1709 1709.604 3.24E-02 -70 90 < 13.89 N —

Nirt 1741 1741.553 4.27E-02 -70 90 13.52 £0.08 Y —

Niir 1751 1751.916 2.77E-02 -70 90 13.46 £0.12 Y -

Ni1x 13.50 £0.14
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Figure B.13 Velocity profile of the XQ100 spectrum towards J0255+0048 (z,,s=3.914).



Table B.14 X-Shooter metal column densities for J0307—4945 (Z.ps=3.591)

204

Ion  Line A f Umin VUmax logN(X) Included  logNagopt
A kms™! km s™!

O1 1302 1302.168 4.89E-02 -170 100 > 15.17 Y —

O1 > 15.17
Mgt 2852 2852.964 1.81E4+00 -170 100 12.21 £0.02 Y —
Mgt 12.21 £0.05
Mgit 2796 2796.352 6.12E-01 -170 210 > 13.98 N —
Mgir 2803 2803.531 3.05E-01 -170 200 > 14.26 Y —
Mg1r > 14.26
SiIr 1808 1808.013 2.19E-03 -60 25 < 14.26 Y —
Sirt < 14.26
Tirr 1910 1910.750 2.02E-01 -90 60 < 12.41 N —
Tirm 3384 3384.740 3.58E-01 -90 60 < 12.18 Y —
Tirr < 12.18
Mnir 2576 2576.877 3.51E-01 -40 50 < 12.05 N —
Mnir 2594 2594.499 2.71E-01 -40 50 < 11.93 Y —
Mnir 2606 2606.462 1.93E-01 -40 50 < 11.87 Y —
Mni1 < 11.87
Ferr 1608 1608.451 5.80E-02 -30 100 14.16 £ 0.01 Y —
Ferr 1611 1611.200 1.36E-03 -40 50 < 14.74 N —
Ferr 2249 2249.877 1.82E-03 -70 100 < 14.68 N —
Fer1 2344 2344.214 1.14E-01 -170 100 14.12 £0.01 Y —
Ferr 2374 2374.461 3.13E-02 -90 100 14.19 £ 0.02 Y —
Ferr 2586 2586.650 6.91E-02 -120 100 14.20 £ 0.01 Y —
Ferr 2600 2600.173 2.39E-01 -180 110 > 14.02 N —
Ferr 14.17 £ 0.05
Nirr 1709 1709.604 3.24E-02 -90 80 < 13.21 Y —
Nirr 1741 1741.553 4.27E-02 -90 80 < 13.23 N —
Nirr 1751 1751.916 2.77E-02 -90 80 < 13.88 N —
Ni11 < 13.21
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Figure B.14 Velocity profile of the XQ100 spectrum towards J0307-4945 (Z,,s=3.591).



Table B.15 X-Shooter metal column densities for J0307—4945 (z,,s=4.466)
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Ion Line A f Umin VUmax logN(X) Included  logNagopt
A km s™ km s~

Cir 1334 1334.532 1.28E-01 -200 140 > 15.01 Y —

Ci > 15.01
O1 1302 1302.168 4.89E-02 -200 140 > 15.13 Y —

O1 > 15.13
Mgt 2852 2852.964 1.81E+00  -160 60 11.81 £0.10 Y —

Mgt 11.81 £0.10
Mgir 2796 2796.352 6.12E-01 -200 140 > 14.00 N —
Mgir 2803 2803.531 3.05E-01 -200 140 > 14.18 Y —
Mgt > 14.18
Sirt - 1304  1304.370  9.40E-02 -200 140 14.59 £ 0.00 Y —

Sirt 1526 1526.707 1.27E-01 -200 140 > 14.46 N —

SiII 14.59 £ 0.05
P11 1532 1532.533 7.61E-03 -160 60 < 14.03 Y —

P < 14.03
Tiir 1910 1910.750 2.02E-01 -160 60 < 12.32 N —

Tim 3073 3073.877 1.09E-01 -160 60 < 12.50 N —

Tir 3242 3242.929 2.32E-01 -160 60 < 11.97 Y —

Tirr < 11.97
Ferr 1608 1608.451 5.80E-02 -200 140 14.12 £0.01 Y —

Ferr 1611 1611.200 1.36E-03 -160 60 < 14.53 N —

Ferr 2249 2249.877 1.82E-03 -160 60 < 14.59 N —

Fer1 2344 2344.214 1.14E-01 -200 140 14.10 £0.01 Y —

Fer1 2374 2374.461 3.13E-02 -210 140 14.17 £0.03 Y —

Feir 14.11 £ 0.05
Nirt 1751 1751.916 2.77E-02 -30 60 < 13.43 Y —

Ni1x < 13.43
Znir 2026 2026.136  4.89E-01 -160 60 < 12.31 Y —

Zmil < 12.31




Relative flux

0.0

= == v o E el =
'Y I 2
Cll A 1334 A7, TillA32424  {Fell A\2344 4, -y
PSR = R e
Y L |
Ol A13024),_ | ~ Fell A\ 1608 A, {Fell A23744 |
R R g ror i A 5 ﬁr—=
S L T
Mgl 28524  {PIIA15324 | FellA1611A4 __  {NillA17514 |
i _, s e— ; ~ —
| | | | | | | |
E | _ | k| | | +* | | k| | | E
Mgll A2796 A |TilA19104 __ iFellA22494 1ZnllA20264 |
S T =300 0 300 ~300 0 300
! ﬂJJ. | S
Mgll A 28034  iTilA30734 |
~300 0 300 ~300 0 300

Relative velocity (km s1)

207

Figure B.15 Velocity profile of the XQ100 spectrum towards J0307-4945 (Z,,s=4.466).
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Figure B.16 Velocity profile of the XQ100 spectrum towards J0415-4357 (Z,,s=3.808).



Table B.16 X-Shooter metal column densities for J0415—4357 (2,,s=3.808)
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Ion  Line A f Umin Umax logN(X) Included  1ogNadopt
A kms™! km s™!

Cn 1334 1334.532 1.28E-01  -150 130 > 14.98 Y —
Cn > 14.98
O1 1302 1302.168 4.89E-02  -210 90 > 15.50 Y —
O1 > 15.50
Mgir 2796 2796.352 6.12E-01  -210 110 > 13.95 Y —
Mgtr > 13.95
Sirm 1526 1526.707 1.27E-01  -210 110 > 14.39 Y -
Sirr - 1808  1808.013 2.19E-03  -210 110 < 14.86 Y —
Sirr 14.39-14.85
P11 1532 1532.533 7.61E-03  -210 110 < 14.20 Y —
P11 < 14.20
Tirr 1910 1910.750 2.02E-01  -210 110 < 12.88 N —
Tim 3242 3242.929 2.32E-01  -210 110 < 12.70 N —
Tim 3384 3384.740 3.58E-01  -210 110 < 12.28 Y -
Tirr < 12.28
Mnir 2576 2576.877 3.51E-01  -210 110 < 12.44 Y -
Mnir 2594 2594.499 2.71E-01 -210 110 < 12.68 N -
Mnir 2606 2606.462 1.93E-01  -210 110 < 12.66 N —
Mni1 < 12.44
Ferr 1608 1608.451 5.80E-02  -210 110 < 14.21 Y —
Ferr 1611 1611.200 1.36E-03  -210 110 15.03 £ 0.11 N —
Ferr 2600 2600.173 2.39E-01  -140 110 > 13.92 Y —
Ferr 13.91-14.19
Niir 1709 1709.604 3.24E-02  -210 110 < 13.55 Y —
Nirr 1741 1741.553 4.27E-02  -210 110 < 13.56 N -
Niir 1751 1751.916 2.77E-02  -210 110 < 13.96 N —
Ni1x < 13.55
Znir 2026 2026.136 4.89E-01  -210 110 < 12.85 Y -
Znii < 12.85




Table B.17 X-Shooter metal column densities for J0424—2209 (Z.ps=2.982)

210

Ion  Line A f Umin Umax logN(X) Included  1ogNadopt
A kms™! km s™!

Mgit 2796 2796.352 6.12E-01 -80 100 > 13.62 Y —
Mgt > 13.62
SiIr 1808 1808.013 2.19E-03 -80 100 < 15.08 Y -
SiIr 14.44-15.08
Cair 3934 3934.777 6.50E-01 -80 60 < 12.07 Y —
Carr 3969 3969.591 3.22E-01 -80 60 < 12.51 N —
Calr < 12.07
Tiir 3073 3073.877 1.09E-01 -80 60 < 12.73 Y —
Tiinr 3242 3242.929 2.32E-01 -80 60 < 12.82 N —
Tirr < 12.73
Crir 2056 2056.254 1.05E-01 -80 60 < 13.01 Y —
Crir 2062 2062.234 7.80E-02 -80 60 12.96 4+ 0.09 N —
Crix < 13.01
Mnix 2576 2576.877 3.51E-01 -80 60 < 12.65 Y —
Mnir 2606 2606.462 1.93E-01 -80 60 < 12.83 N —
Mni1 < 12.65
Ferr 2249 2249.877 1.82E-03 -80 100 < 15.20 Y —
Ferr 2344 2344.214 1.14E-01 -80 100 > 14.25 N —
Fer1 2374 2374.461 3.13E-02 -80 60 > 14.46 Y —
Ferr 2586 2586.650 6.91E-02 -80 100 > 14.20 N —
Ferr 2600 2600.173 2.39E-01 -80 30 > 13.60 N —
Feir 14.46-15.20
Nirr 1709 1709.604 3.24E-02 -80 60 < 13.47 Y —
Nirr 1741 1741.553 4.27E-02 -80 60 < 13.48 Y —
Nirr 1751 1751.916 2.77E-02 -80 60 < 13.47 Y —
Ni1r < 13.47
Znir 2026 2026.136 4.89E-01 -80 60 < 12.28 Y —
Znil 2062 2062.664 2.56E-01 -80 60 < 12.46 N —
/Il < 12.28
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Figure B.17 Velocity profile of the XQ100 spectrum towards J0424-2209 (z,,s=2.982).



Table B.18 X-Shooter metal column densities for J0529—3552 (Z.p,s=3.684)
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Ion  Line A Umin Umax logN(X) Included  logNadopt
A kms™' km s™!

Mgit 2796 2796.352 6.12E-01 -80 50 13.09 £+ 0.03 Y —

Mgir 2803 2803.531 3.05E-01 -80 50 13.08 £ 0.07 Y —

Mg 13.08 £ 0.08
SiIt 1526 1526.707 1.27E-01 -80 50 13.53 £ 0.05 Y —

Sitt 13.53 + 0.05
Ferr 1608 1608.451 5.80E-02 -80 50 < 13.80 Y -

Fen < 13.80
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Figure B.18 Velocity profile of the XQ100 spectrum towards J0529-3552 (Z,,s=3.684).



Table B.19 X-Shooter metal column densities for JO74742739 (Zaps=3.424)
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Ion Line A f Umin VUmax logN(X) Included  logNagopt
A km s™! km s™!

Mgt 2852 2852.964 1.81E+00  -200 100 < 11.85 Y —
Mgt < 11.85
Mgir 2796 2796.352 6.12E-01 -200 100 > 13.99 N —
Mgit 2803 2803.531 3.05E-01 -200 100 > 14.13 Y —
Mgt > 14.13
Sirt 1526 1526.707 1.27E-01 -200 100 > 14.58 Y —
Sirt - 1808 1808.013  2.19E-03 -200 100 < 14.88 Y —
SiII 14.58-14.88
P11 1532 1532.533 7.61E-03 -180 90 < 14.23 Y —
P < 14.23
Tirr 1910 1910.750 2.02E-01 -180 90 < 12.74 Y —
Tir < 12.74
Ferr 1608 1608.451 5.80E-02 -200 100 14.43 +0.01 Y —
Ferr 1611 1611.200 1.36E-03 -200 100 14.87 £0.15 N —
Fert 2344 2344.214 1.14E-01 -200 100 > 14.29 N —
Fert 2374 2374.461 3.13E-02 -200 100 14.47 £ 0.00 Y —
Ferr 2586 2586.650 6.91E-02 -200 100 > 14.82 N —
Ferr 2600 2600.173 2.39E-01 -200 100 > 14.49 N —
Fen 14.47 £ 0.05
Nirr 1709 1709.604 3.24E-02 -180 90 < 13.49 N —
Nirr 1741 1741.553 4.27E-02 -180 90 < 13.46 Y —
Nirr 1751 1751.916 2.77E-02 -180 90 < 13.55 N —
Ni1r < 13.46
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Figure B.19 Velocity profile of the XQ100 spectrum towards JO747+2739 (z,,s=3.424).



Table B.20 X-Shooter metal column densities for JO74742739 (Zaps=3.901)

215

Ion  Line A f VUmin Vmax logN(X) Included  1ogNadopt
A kms™' km s™!

Cn 1036 1036.337 1.23E-01  -220 50 14.31 £ 0.02 Y —

Cn 1334 1334.532 1.28E-01  -220 50 > 14.54 N -

Ci 14.31 £ 0.05
O1 1302 1302.168 4.89E-02  -220 50 > 14.90 Y -

O1 > 14.90
Siimt - 1304 1304.370 9.40E-02  -220 50 14.07 £ 0.02 Y —

Siim 1526 1526.707 1.27E-01  -220 50 14.08 £ 0.02 Y -

Sirr - 1808  1808.013  2.19E-03  -220 50 14.98 £ 0.08 N —

SiIr 14.08 £ 0.05
Tiir 3073 3073.877 1.09E-01  -100 25 < 12.89 N —

Tiin 3242 3242.929 2.32E-01  -220 50 < 12.43 N —

Tiir 3384 3384.740 3.58E-01  -220 50 < 12.35 Y —

Tinn < 12.35
Mnir 2576 2576.877 3.51E-01  -220 50 < 12.74 Y -
Mni 2594 2594.499 2.71E-01  -220 -30 < 12.62 N -
Mnir 2606 2606.462 1.93E-01  -220 50 < 13.12 N -
Mni1 < 12.74
Ferr 1608 1608.451 5.80E-02  -220 50 14.01 £0.03 Y -

Ferr 1611 1611.200 1.36E-03  -220 50 < 14.98 N —

Ferr 2249 2249.877 1.82E-03  -100 50 < 15.00 N —

Ferr 2344 2344.214 1.14E-01  -220 50 < 14.27 N -

Fer1 2374 2374.461 3.13E-02  -220 50 14.03 £ 0.00 Y -

Ferr 2586 2586.650 6.91E-02  -220 50 14.07 £ 0.00 Y -

Ferr 2600 2600.173 2.39E-01  -220 50 > 13.73 N —

Ferr 14.06 £ 0.05
Niir 1709 1709.604 3.24E-02  -220 50 < 13.60 N —

Nirr 1741 1741.553 4.27E-02  -220 50 < 13.45 Y —

Ni11 < 13.45
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Figure B.20 Velocity profile of the XQ100 spectrum towards JO747+2739 (Z,,s=3.901).
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Figure B.21 Velocity profile of the XQ100 spectrum towards JO800+1920 (z,,s=3.946).



Table B.21 X-Shooter metal column densities for J0800+1920 (Z,,s=3.946)

218

Ion  Line A f Umnin Umax logN(X) Included  logNaqopt
A kms™' kms™!

Cn 1334 1334.532 1.28E-01 -65 60 > 14.58 Y —
Cn > 14.58
O1 1302 1302.168 4.89E-02 -65 60 > 15.06 Y —
O1 > 15.06
Sirr 1260 1260.422 1.01E+00  -165 60 > 13.74 N —
SiIr 1304 1304.370 9.40E-02 -165 60 14.04 £ 0.01 Y —
SiIr 1526 1526.707 1.27E-01 -165 60 14.05 £ 0.01 Y —
SiIr 1808 1808.013 2.19E-03 -165 60 < 14.43 Y —
Sirr 14.05 £ 0.05
P11 1532 1532.533 7.61E-03 -165 60 < 13.59 Y —
P11 < 13.59
Si 1250 1250.584 5.43E-03 -165 60 < 14.03 N —
Sir 1253 1253.811 1.09E-02 -165 60 < 13.88 N —
St 1259 1259.519 1.66E-02 -165 60 < 13.77 Y —
St < 13.77
Tir 3073 3073.877 1.09E-01 -165 60 < 12.55 N —
Tim 3242 3242.929 2.32E-01 -125 60 < 12.49 N —
Tir 3384 3384.740 3.58E-01 -165 60 < 12.04 Y —
Tirr < 12.04
Crir 2056 2056.254 1.05E-01 -165 60 < 13.13 Y —
Crii 2062 2062.234 7.80E-02 -165 60 < 13.43 N —
Crir 2066 2066.161 5.15E-02 -165 60 < 13.73 N —
Crix < 13.13
Mnir 2594 2594.499 2.71E-01 -150 60 < 12.22 Y —
Mnir 2606 2606.462 1.93E-01 -165 60 < 12.70 N —
Mni1 < 12.22
Ferr 1608 1608.451 5.80E-02 -165 60 13.73 £0.02 Y —
Ferr 1611 1611.200 1.36E-03 -165 60 < 14.67 N —
Ferr 2586 2586.650 6.91E-02 -150 60 < 13.93 N —
Ferr 2600 2600.173 2.39E-01 -165 60 > 13.58 N —
Feir 13.73 £ 0.05
Nirr 1709 1709.604 3.24E-02 -165 60 < 13.48 N —
Nirr 1741 1741.553 4.27E-02 -165 60 < 13.05 Y —
Nirr 1751 1751.916 2.77E-02 -165 60 < 13.32 N —
NiIr < 13.05
Znir 2062 2062.664 2.56E-01 -165 60 < 12.71 Y —
Zni1 < 12.71
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Table B.22 X-Shooter metal column densities for JO8184-0958 (Zaps=3.306)

Ion  Line A f Umin Umax logN(X) Included  logNadopt
A kms™' km s!

Cn 1334 1334.532 1.28E-01  -100 300 > 14.88 Y -

Cn > 14.88
Mgir 2796 2796.352 6.12E-01  -200 300 > 13.97 N -
Mgt 2803 2803.531 3.05E-01  -200 300 > 14.12 Y —
Mgt > 14.12
Siir 1526 1526.707 1.27E-01  -100 135 > 14.59 N -

Sirm - 1808 1808.013 2.19E-03 -60 95 15.00 £ 0.00 Y —

Sirr 15.00 £ 0.05
P11 1532 1532.533 7.61E-03 -70 135 < 14.05 Y —

P < 14.05
Carr 3934 3934.777 6.50E-01  -100 135 < 12.08 Y —

Carir 3969 3969.591 3.22E-01 -40 135 < 12.20 N —

Carlt < 12.08
Crir 2056 2056.254 1.05E-01 -50 110 13.26 £ 0.00 Y —

Crir 2062 2062.234 7.80E-02 -70 40 13.13 £ 0.00 Y -

Crir 2066 2066.161 5.15E-02 -70 50 13.21 £ 0.00 Y -

Crix 13.22 £ 0.05
Ferr 1608 1608.451 5.80E-02  -100 135 > 14.61 Y —

Ferr 1611 1611.200 1.36E-03 -40 40 < 14.70 Y -

Ferr 2249 2249.877 1.82E-03 -40 40 < 14.89 N —

Ferr 2344 2344.214 1.14E-01  -100 135 > 14.31 N —

Ferr 2374 2374.461 3.13E-02  -200 135 > 14.49 N -

Ferr 14.60-14.70
Nirr 1709 1709.604 3.24E-02  -100 135 < 13.54 Y -

Nirr 1741 1741.553 4.27E-02  -100 135 13.52 £ 0.00 Y -

Nirr 1751 1751.916 2.77E-02  -100 135 13.54 £ 0.00 Y -

Nirr 13.53 £ 0.05
Znir 2026 2026.136 4.89E-01  -100 135 12.12 £ 0.00 Y -

Znir 2062 2062.664 2.56E-01 -30 135 12.55 £ 0.00 Y —

Zni1 12.41 £ 0.05
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Figure B.22 Velocity profile of the XQ100 spectrum towards JO818-+0958 (Z,,s=3.306).



Table B.23 X-Shooter metal column densities for J0835+0650 (Zaps=3.955)
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Ion  Line A f Umin Umax logN(X) Included  logNagopt
A km s™! km s™!

Cir 1334 1334.532 1.28E-01 -75 75 > 14.62 N —
Ci > 14.68
O1 1302 1302.168 4.89E-02 -75 90 > 15.02 Y -

O1 > 15.02
Sirt - 1260 1260.422  1.01E400 -75 90 > 13.72 N —
Sirt - 1304 1304.370  9.40E-02 -75 90 14.10 £0.02 Y —
Sirt 1526 1526.707  1.27E-01 -75 40 > 14.04 N —
Sirr - 1808  1808.013  2.19E-03 -30 90 < 14.58 N —
Si1t 14.10 £ 0.05
St 1250 1250.584 5.43E-03 -75 40 < 14.28 N —
SiI 1253 1253.811 1.09E-02 -75 40 < 13.98 Y -

Sir 1259 1259.519 1.66E-02 -75 40 13.95 £ 0.10 Y —

SII 13.95 £ 0.10
Tirm 3073 3073.877 1.09E-01 -75 90 < 12.80 N —
Tir 3242 3242.929 2.32E-01 -75 90 < 12.49 N —
Timm 3384 3384.740 3.58E-01 -75 90 < 12.18 Y —
Tirr < 12.18
Crir 2056 2056.254 1.05E-01 -75 40 < 13.26 Y —
Crir 2062 2062.234 7.80E-02 -75 40 < 13.31 N -
Cri1 2066 2066.161 5.15E-02 -75 40 < 13.39 N —
Crix < 13.26
Mnir 2576 2576.877 3.51E-01 -75 40 < 12.43 N -
Mnir 2594 2594.499 2.71E-01 -75 40 < 12.32 Y —
Mnir 2606 2606.462 1.93E-01 -75 40 < 12.62 Y —
Mni1 < 12.32
Ferr 1608 1608.451 5.80E-02 -75 90 13.93 £0.02 Y —
Ferr 1611 1611.200 1.36E-03 -75 40 < 14.90 N —
Fer1 2344 2344.214 1.14E-01 -75 90 13.85 £ 0.02 Y -
Ferr 2374 2374.461 3.13E-02 -75 90 13.66 £+ 0.08 Y —
Ferr 2586 2586.650 6.91E-02 -75 90 13.70 £0.03 Y —
Ferr 2600 2600.173 2.39E-01 -75 90 > 13.55 Y —
Fenn 13.84 £ 0.09
Nirr 1709 1709.604 3.24E-02 -75 90 < 13.41 N —
Nirr 1741 1741.553 4.27E-02 -75 90 < 13.42 N —
Nirr 1751 1751.916 2.77E-02 -75 90 < 13.30 Y -
Ni1x < 13.30
Znil 2062 2062.664 2.56E-01 -75 90 < 12.79 Y -
ZmIl < 12.79
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Figure B.23 Velocity profile of the XQ100 spectrum towards J0835+0650 (z,,s=3.955).
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Table B.24 X-Shooter metal column densities for J09204+-0725 (Zaps=2.238)

Ion  Line A f Umin VUmax logN(X) Included  logNagopt
A kms™' km s™!
Mgit 2796 2796.352 6.12E-01  -270 0 > 13.93 Y —
Mgir 2803 2803.531 3.05E-01  -270 20 > 14.27 N -
Mgt1 > 13.93
SiIr 1526 1526.707 1.27E-01  -200 20 > 14.60 Y —
SiIn 1808 1808.013 2.19E-03  -200 0 < 15.08 N -
Sirt > 14.60
Carr 3934 3934.777 6.50E-01  -200 0 < 12.08 Y —
Cair 3969 3969.591 3.22E-01  -200 0 < 12.21 N —
Calr < 12.08
Tirt 1910 1910.750 2.02E-01  -200 0 < 12,51 Y —
Tirr 3242 3242.929 2.32E-01  -200 0 < 12.66 Y —
Tirn 3384 3384.740 3.58E-01  -200 0 < 12.81 N —
Tinn < 12,51
Crir 2056 2056.254 1.05E-01  -200 0 < 12.93 Y —
Crir 2066 2066.161 5.15E-02  -200 0 < 13.02 Y —
Cri < 12.93
Mnir 2594 2594.499 2.71E-01  -200 0 < 12.40 N —
Mnir 2606 2606.462 1.93E-01  -200 0 < 12.39 Y —
Mnir < 12.39
Ferr 2249 2249.877 1.82E-03  -170 20 < 14.71 N —
Ferr 2344 2344.214 1.14E-01  -200 0 > 14.29 N —
Fert 2374 2374.461 3.13E-02  -200 0 14.50 £ 0.01 Y -
Ferr 2586 2586.650 6.91E-02  -200 0 > 14.34 N —
Ferr 2600 2600.173 2.39E-01  -200 0 > 14.09 N -

Ferr 14.50 £ 0.05

Nirr 1741 1741.553 4.27E-02  -200 0 < 13.31 Y —
Nirr 1751 1751.916 2.77E-02  -200 0 < 13.54 N —
NiI1 < 13.31
Znil 2026 2026.136 4.89E-01  -200 0 < 12.13 Y —

7nit < 12.13
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Figure B.24 Velocity profile of the XQ100 spectrum towards J0920+0725 (Z,,s=2.238).



Table B.25 X-Shooter metal column densities for J0955—0130 (Zaps=4.024)
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Ion  Line A f Umin VUmax logN(X) Included  logNagopt
A kms™' kms™!

Ci 1334 1334.532 1.28E-01  -270 190 > 15.18 Y —
Cn > 15.18
SiII 1526 1526.707 1.27E-01  -270 200 > 14.68 Y —
SiI1 > 14.68
P11 1532 1532.533 7.61E-03 -270 200 < 14.16 Y —
P11 < 14.16
Tiir 3073 3073.877 1.09E-01  -150 200 < 12.73 N —
Tiinr 3242 3242.929 2.32E-01  -270 200 < 12.55 N —
Tiir 3384 3384.740 3.58E-01  -270 -5 < 12.24 Y —
Tinn < 12.24
Cri1 2066 2066.161 5.15E-02  -170 200 < 13.87 Y —
Cr11 < 13.87
Mni 2576 2576.877 3.51E-01  -270 200 < 12.66 Y —
MnI1 < 12.66
Fer1 1608 1608.451 5.80E-02  -260 200 < 14.61 N —
Ferr 2374 2374.461 3.13E-02  -270 200 14.31 £0.03 Y -
Ferr 2600 2600.173 2.39E-01  -285 200 > 14.05 N —
Feir 14.31 £ 0.05
Niir 1709 1709.604 3.24E-02  -270 200 < 13.41 Y —
Nirr 1741 1741.553 4.27E-02  -270 200 < 13.44 N —
Nirt 1751 1751.916 2.77E-02  -270 200 < 13.47 N —
NiIr < 13.41
Znil 2026 2026.136 4.89E-01  -270 200 < 12.96 Y —
Znil < 12.96
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Figure B.25 Velocity profile of the XQ100 spectrum towards J0955-0130 (z,,s=4.024).



Table B.26 X-Shooter metal column densities for J10204-0922 (Zaps=2.592)
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Ion  Line A f Umin Umax logN(X) Included  1ogNadopt
A kms™' km s™!

O1 1302 1302.168 4.89E-02 0 200 > 14.98 Y —

O1 > 14.98
Sirr - 1808  1808.013  2.19E-03 0 200 15.26 £ 0.04 Y -

SiIr 15.26 £ 0.05
Tirr 1910 1910.750 2.02E-01 0 200 < 1297 Y -

Tiir 3073 3073.877 1.09E-01 0 200 13.28 +0.08 N -

Tirr 3242 3242.929 2.32E-01 50 200 < 13.09 N -

Tirr 3384 3384.740 3.58E-01 0 200 12.73 £ 0.07 N —

Tirr < 12.97
Crir 2056 2056.254 1.05E-01 0 130 13.33 £0.05 Y —

Crir 2062 2062.234 7.80E-02 0 130 13.33 £ 0.06 Y —

Crir 2066 2066.161 5.15E-02 0 130 13.44 £+ 0.06 Y -

Crir 13.36 £0.10
Mnir 2576 2576.877 3.51E-01 25 130 12.55 £ 0.06 Y -
MniI 12.55 £+ 0.06
Ferr 1608 1608.451 5.80E-02 0 200 > 14.32 N -

Ferr 1611 1611.200 1.36E-03 0 200 < 15.19 Y -

Ferr 2249 2249.877 1.82E-03 0 200 14.97 £+ 0.06 Y —

Ferr 2344 2344.214 1.14E-01 0 200 > 13.97 N —

Ferr 2374 2374.461 3.13E-02 0 200 > 14.39 N —

Ferr 2586 2586.650 6.91E-02 0 120 > 14.00 N -

Feir 14.97 £+ 0.06
Nirr 1709 1709.604 3.24E-02 0 200 13.85 £ 0.09 Y -

Nirr 1741 1741.553 4.27E-02 0 200 13.83 £ 0.06 Y -

Nirr 1751 1751.916 2.77E-02 0 200 < 14.06 N —

NiIr 13.84 £0.11
Znir 2026 2026.136 4.89E-01 75 200 < 12.44 Y —

Znir - 2062 2062.664 2.56E-01 75 200 < 12.52 N —

ZniII < 12.44
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Figure B.26 Velocity profile of the XQ100 spectrum towards J1020+0922 (Z,,s=2.592).



Table B.27 X-Shooter metal column densities for J10244-1819 (zaps=2.298)
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Ion  Line A f Umin Vpmax logN(X) Included  1ogNadopt
A kms™' kms™!

Mgir 2796 2796.352 6.12E-01 -80 90 > 13.71 N —
Mgir 2803 2803.531 3.05E-01 -80 130 > 13.88 Y —
Mgt > 13.88
SiI1 1260 1260.422 1.01E+00 -80 130 > 13.93 N —

SiIt 1526 1526.707 1.27E-01 -80 130 > 14.51 N -

Si1t 1808 1808.013 2.19E-03 -80 100 15.36 £ 0.03 Y —

Sirr 15.36 £0.05
Camr 3934 3934.777 6.50E-01 -80 100 < 11.94 Y —

Calr < 11.94
Tir 3073 3073.877 1.09E-01 -80 100 < 13.46 N -

Tir 3242 3242.929 2.32E-01 -80 100 < 12.69 Y -

Tir < 12.69
Crir 2056 2056.254 1.05E-01 -80 100 13.37 £ 0.04 Y —

Cri1 2062 2062.234 7.80E-02 -80 100 13.52 £ 0.04 Y —

Crix 13.46 £ 0.06
Mnir 2576 2576.877 3.51E-01 -80 100 12.73 £0.04 Y —
Mnir 2594 2594.499 2.71E-01 -80 100 12.70 £ 0.06 Y —
Mnix 2606 2606.462 1.93E-01 -80 100 12.78 £0.05 Y -
Mni1 12.74 £ 0.09
Ferr 1608 1608.451 5.80E-02 -80 100 > 14.63 N —

Ferr 1611 1611.200 1.36E-03 -80 100 < 16.07 N —

Ferr 2249 2249.877 1.82E-03 -80 100 15.08 £ 0.04 Y —

Fer1 2344 2344.214 1.14E-01 -80 100 > 14.22 N —

Fer1 2374 2374.461 3.13E-02 -80 100 > 14.81 N —

Ferr 2586 2586.650 6.91E-02 -80 100 > 14.66 N —

Ferr 2600 2600.173 2.39E-01 -80 100 > 14.18 N -

Feir 15.08 £ 0.05
Nirr 1709 1709.604 3.24E-02 -80 100 13.73 £0.07 Y —

Nirr 1741 1741.553 4.27E-02 -80 100 13.83 £ 0.06 Y —

Niit 1751 1751.916 2.77E-02 -80 100 13.76 £0.12 Y —

Ni11 13.78 £0.15
Znilr 2026 2026.136 4.89E-01 -80 100 < 12.07 Y —

Znil < 12.07
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Figure B.27 Velocity profile of the XQ100 spectrum towards J1024-+1819 (Z,,s=2.298).
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Figure B.28 Velocity profile of the XQ100 spectrum towards J1057+1910 (Z,,s=3.373).
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Figure B.29 Velocity profile of the XQ100 spectrum towards J1058+1245 (7,1,s=3.432).



Table B.28 X-Shooter metal column densities for J1057+1910 (Z.,s=3.373)
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Ion  Line A f Umin Umax logN(X) Included  logNagopt
A km s™! km s™!

Mgir 2796 2796.352 6.12E-01  -350 100 > 13.86 N -
Mgir 2803 2803.531 3.05E-01  -320 100 > 14.17 Y —
Mg1r > 14.17
Siim - 1304 1304.370 9.40E-02  -320 60 > 14.63 N —
Sirr 1526 1526.707 1.27E-01  -320 90 > 14.51 Y —
Sirr - 1808 1808.013 2.19E-03  -320 100 < 14.71 Y -
SiIr 14.51-14.71
P11 1532 1532.533 T7.61E-03  -320 100 < 14.32 Y -
Pi < 14.32
Cair 3934 3934.777 6.50E-01  -320 -50 < 11.99 N -
Cair 3969 3969.591 3.22E-01  -320 100 < 13.06 Y —
Call < 13.06
Tim 1910 1910.750 2.02E-01  -190 100 < 12.90 Y -
Tirr < 12.90
Crir 2066 2066.161 5.15E-02  -200 100 < 13.43 Y —
Crir < 13.43
Ferr 1608 1608.451 5.80E-02  -300 100 14.20 £ 0.04 Y —
Ferr 1611 1611.200 1.36E-03  -320 100 15.20 £ 0.11 N —
Ferr 2344 2344.214 1.14E-01  -320 100 > 14.12 Y —
Ferr 2374 2374.461 3.13E-02  -300 100 14.30 £ 0.07 Y -
Ferr 2586 2586.650 6.91E-02  -290 100 14.31 £ 0.06 Y -
Ferr 14.24 +0.10
Nirr 1709 1709.604 3.24E-02  -320 100 < 13.73 Y -
Ni11 < 13.73
Znir 2026 2026.136  4.89E-01  -320 100 < 12.56 Y -
Znlil < 12.56




Table B.29 X-Shooter metal column densities for J1058+1245 (z,,s=3.432)
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Ion  Line A f Umin VUmax logN(X) Included  logNagopt
A kms™! km s™!

Mg 2796 2796.352 6.12E-01  -210 70 > 13.93 N -
Mgt 2803 2803.531 3.05E-01 -210 70 > 14.04 Y -
Mg1r > 14.04
SiII 1526 1526.707 1.27E-01 -210 70 14.26 £+ 0.01 Y —
SiI1 1808 1808.013 2.19E-03 -210 70 < 15.02 N -
Sin 14.26 £+ 0.05
P11 1532 1532.533 7.61E-03 -210 70 < 14.06 Y -
P11 < 14.06
Calr 3934 3934.777 6.50E-01 -210 70 < 11.98 Y -
Calr 3969 3969.591 3.22E-01 -210 70 < 12.15 Y -
Calr < 11.98
Tirr 1910 1910.750 2.02E-01 -210 70 < 12.80 Y —
TiIr < 12.80
Fert 1608 1608.451 5.80E-02 -210 70 14.16 £0.02 Y —
Fertr 1611 1611.200 1.36E-03 -210 70 15.12 £ 0.08 N -
Ferr 2344 2344.214 1.14E-01 -210 70 13.97 £ 0.03 Y -
Ferr 2374 2374.461 3.13E-02 -210 70 < 13.75 Y -
Ferlr 14.10 £ 0.05
Nirt 1709 1709.604 3.24E-02 -210 70 < 13.58 Y —
Nirr 1741 1741.553 4.27E-02 -210 70 < 13.80 Y -
Nirr 1751 1751.916 2.77E-02 -210 70 < 13.79 Y —
Nirr < 13.58




Table B.30 X-Shooter metal column densities for J110841209 (Zaps=3.397)
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Ion Line A f Umin VUmax logN(X) Included  logNagopt
A km s™! km s™!

Ci 1334 1334.532 1.28E-01 -100 70 > 13.98 Y —

Cir > 13.98
O1 1302 1302.168 4.89E-02 -100 70 14.64 £+ 0.01 Y -

O1 14.64 + 0.05
Mgt 2852 2852.964 1.81E+00 -50 70 11.94 £ 0.05 Y -

Mgt 11.94 + 0.05
Mgt 2796 2796.352 6.12E-01 -100 50 > 13.02 N -
Mgt 2803 2803.531 3.05E-01 -100 50 13.22 +0.05 Y —

Mgt 13.22 £ 0.05
Siit - 1304 1304.370  9.40E-02 -50 15 < 13.77 Y -

Siit 1526 1526.707 1.27E-01 -50 15 < 13.59 Y -

Sirt 1808 1808.013 2.19E-03 -100 50 < 14.34 N —

SiII < 13.59
P 1532 1532.533 7.61E-03 -100 50 < 14.25 Y —

P < 14.25
Camr 3934 3934.777 6.50E-01 -100 50 < 11.67 Y —

Camr 3969 3969.591 3.22E-01 -80 50 < 12.63 N —

Caln < 11.67
Tim 1910 1910.750 2.02E-01 -100 50 < 12.92 Y -

Tin < 12.92
Cri1 2056 2056.254 1.05E-01 -50 15 < 12.73 Y -

Cri < 12.73
Ferr 1608 1608.451 5.80E-02 -70 50 13.54 +0.04 Y —

Ferr 1611 1611.200 1.36E-03 -70 50 < 14.67 N -

Fer1 2344 2344.214 1.14E-01 -50 50 13.17 £ 0.08 Y -

Fert 2374 2374.461 3.13E-02 -70 50 13.48 +0.10 Y -

Ferr 2586 2586.650 6.91E-02 -50 50 13.45 +0.04 Y —

Fer1 2600 2600.173 2.39E-01 -100 50 13.28 +0.02 Y —

Ferr 13.36 £0.14
Nirr 1709 1709.604 3.24E-02 -100 50 < 13.17 Y -

Nimm 1751 1751.916 2.77E-02 -100 50 < 13.43 N -

Ni1r < 13.17
Znil 2026 2026.136 4.89E-01 -100 50 < 12.10 Y -

ZmiIl < 12.10
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Figure B.30 Velocity profile of the XQ100 spectrum towards J1108-+1209 (Z,,s=3.397).



Table B.31 X-Shooter metal column densities for J110841209 (Zaps=3.546)
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Ion  Line A f Umin Umax logN(X) Included  logNagopt
A km s™! km s™!

Cn 1334 1334.532 1.28E-01 -200 110 > 15.06 Y —

Cir > 15.06
O1 1302 1302.168 4.89E-02 -200 110 > 15.46 Y -

O1 > 15.46
Mgt 2852 2852.964 1.81E4+00  -200 80 12.28 £0.02 Y -

Mgt 12.28 £ 0.05
Mgir 2796 2796.352 6.12E-01 -200 110 > 13.75 N -
Mgir 2803 2803.531 3.05E-01 -200 110 > 14.13 Y —
Mgt > 14.13
Sirm 1260 1260.422  1.01E400  -200 110 > 14.14 N —

Sirt - 1304 1304.370  9.40E-02 -170 110 > 15.09 N —

Sirr - 1808  1808.013  2.19E-03 -140 20 15.12 £0.03 Y —

SiIr 15.12 £ 0.05
P11 1532 1532.533 7.61E-03 -200 110 < 14.14 Y —

P < 14.14
St 1250 1250.584 5.43E-03 -140 70 14.81 £0.03 Y —

Si1 1253 1253.811 1.09E-02 -140 90 14.80 £ 0.01 Y -

Si 1259 1259.519 1.66E-02 -140 40 < 15.13 N -

Sir 14.80 £ 0.05
Tirr 1910 1910.750 2.02E-01 -200 110 12.56 £0.12 N —

Timm 3384 3384.740 3.58E-01 -200 110 12.35 £ 0.08 Y —

Tin 12.35 £ 0.08
Mnir 2576 2576.877 3.51E-01 -200 90 < 12.79 Y —
Mnir 2594 2594.499 2.71E-01 -200 90 < 12.85 N —
Mnir 2606 2606.462 1.93E-01 -200 90 < 1291 N -
Mni1 < 12.79
Ferr 1608 1608.451 5.80E-02 -200 110 > 14.74 Y -

Ferr 1611 1611.200 1.36E-03 -200 110 < 14.97 Y -

Ferr 2249 2249.877 1.82E-03 -200 110 < 15.00 N —

Fer1 2344 2344.214 1.14E-01 -200 110 > 14.60 N —

Ferr 2374 2374.461 3.13E-02 -200 110 > 14.70 N —

Ferr 2586 2586.650 6.91E-02 -200 110 > 14.66 N -

Ferr 14.74-14.98
Nirr 1709 1709.604 3.24E-02 -200 110 < 13.50 Y -

Nirr 1741 1741.553 4.27E-02 -200 110 < 13.46 Y —

Nirr 1751 1751.916 2.77E-02 -200 110 < 13.55 Y —

Ni1r < 13.46
Znir 2026 2026.136 4.89E-01 -200 110 < 12.17 Y —

Znil < 12.17
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Figure B.31 Velocity profile of the XQ100 spectrum towards J1108+1209 (z,,s=3.546).
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Figure B.32 Velocity profile of the XQ100 spectrum towards J1312+0841 (Z,,s=2.660).



Table B.32 X-Shooter metal column densities for J131240841 (zaps=2.660)
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Ion Line A f Umin Umax logN(X) Included  1ogNadopt
A kms™! km s™!

Mgr 2852 2852.964 1.81E+00  -160 180 < 11.67 Y —
Mgt < 11.67
Mgir 2796 2796.352 6.12E-01 -160 180 > 13.74 N —
Mgt 2803 2803.531 3.05E-01 -160 180 > 13.82 Y -
Mgt > 13.82
Sirm - 1260 1260.422 1.01E+00  -160 180 > 13.94 Y -
Siit 1808 1808.013  2.19E-03 -160 180 < 15.24 Y —
Silt 13.94-15.24
Tirm 1910 1910.750 2.02E-01 -160 180 < 12.60 N -
Timm 3242 3242.929 2.32E-01 -160 180 < 12.51 N —
Tim 3384 3384.740 3.58E-01 -160 180 < 12.26 Y —
Tirr < 12.26
Crir 2056 2056.254 1.05E-01 -160 180 < 13.00 Y —
Crir 2062 2062.234 7.80E-02 -160 180 < 13.19 N —
Crir 2066 2066.161 5.15E-02 -160 180 < 13.18 N -
Crix < 13.00
Ferr 1608 1608.451 5.80E-02 -80 150 < 13.96 N —
Ferr 1611 1611.200 1.36E-03 -110 180 14.98 £0.13 N -
Ferr 2249 2249.877 1.82E-03 -110 180 14.82 £ 0.07 N —
Ferr 2344 2344.214 1.14E-01 -160 180 > 13.95 N —
Ferr 2374 2374.461 3.13E-02 -160 180 14.15 £ 0.03 Y -
Ferr 2586 2586.650 6.91E-02 -80 180 < 14.07 N -
Ferr 2600 2600.173 2.39E-01 -160 180 > 13.80 N -
Ferr 14.15 £ 0.05
Nirr 1709 1709.604 3.24E-02 -160 100 < 13.52 N —
Nirr 1741 1741.553 4.27E-02 -160 180 < 13.49 Y —
Ni11 < 13.49
Znir 2026 2026.136  4.89E-01 -160 180 < 11.99 Y —
ZniIl < 11.99
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Table B.33 X-Shooter metal column densities for J1421—0643 (Zaps=3.449)

Ion  Line A f Umin Umax logN(X) Included  1ogNadopt
A kms™! km s™!

Cn 1334 1334.532 1.28E-01  -160 200 > 14.68 Y —
Cn > 14.68
O1 1302 1302.168 4.89E-02  -150 200 > 14.97 Y —

O1 > 14.97
Mgii 2796 2796.352 6.12E-01  -180 200 > 13.58 N —
Mgir 2803 2803.531 3.05E-01  -180 200 > 13.77 Y —
Mgtr > 13.77
Siim - 1304 1304.370 9.40E-02  -110 160 > 14.29 Y —
Sirm - 1526 1526.707 1.27E-01  -110 180 > 14.26 N —
Sirr - 1808  1808.013 2.19E-03  -200 200 < 14.61 Y —
Sirr 14.29-14.61
P11 1532 1532.533 7.61E-03  -200 200 < 14.01 Y —
P11 < 14.01
Carr 3934 3934.777 6.50E-01  -250 0 < 11.93 N —
CaIlr 0.00 £ 0.05
Tirtr 1910 1910.750 2.02E-01  -200 200 < 12.56 Y —
Tirnr 3384 3384.740 3.58E-01  -200 200 < 12.78 N —
TiIr < 12.56
Crir 2056 2056.254 1.05E-01  -200 200 < 12.84 Y -
Crir 2062 2062.234 7.80E-02  -200 40 < 13.05 N —
Crir 2066 2066.161 5.15E-02  -200 200 < 13.37 N —
Crir < 12.84
Fert 1144 1144.938 1.06E-01  -200 40 13.95 £ 0.02 Y —
Ferr 1608 1608.451 5.80E-02  -200 40 14.10 £ 0.02 Y —
Fertr 1611 1611.200 1.36E-03  -200 200 15.09 £ 0.07 N —
Ferr 2344 2344.214 1.14E-01  -200 40 > 13.84 N —
Fert 2374 2374.461 3.13E-02  -200 40 14.04 £ 0.03 Y -
Fer1r 2600 2600.173 2.39E-01  -200 40 > 13.61 N —
Feir 14.05 £ 0.05
Nirr 1741 1741.553 4.27E-02  -200 200 < 13.36 Y —
Nirt 1751 1751.916 2.77E-02  -200 200 < 13.53 N —
Ni11 < 13.36
Znil 2062 2062.664 2.56E-01  -200 200 < 13.25 Y —

7Znit < 13.25
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Figure B.33 Velocity profile of the XQ100 spectrum towards J1421-0643 (Z,,s=3.449).
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Figure B.34 Velocity profile of the X100 spectrum towards J1517+0511 (z,,s=2.688).



Table B.34 X-Shooter metal column densities for J151740511 (Zaps=2.688)
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Ion  Line A f Umin Umax logN(X) Included  logNadopt
A kms™ kms

Mgt 2852 2852.964 1.81E+00  -200 70 < 11.72 Y -

Mgt < 11.72
Mgt 2796 2796.352 6.12E-01 -130 70 > 13.63 N -
Mgir 2803 2803.531 3.05E-01 -150 70 > 13.85 Y —
Mgt > 13.85
Sitt 1526 1526.707 1.27E-01 -120 20 > 14.43 N —

Sirm - 1808 1808.013  2.19E-03 -100 30 14.85 £ 0.05 Y —

Silt 14.85 £ 0.05
P11 1532 1532.533 7.61E-03 -120 70 < 13.86 Y —

P11 < 13.86
Tirm 1910 1910.750 2.02E-01 -120 70 < 12.33 Y —

Tim 3242 3242.929 2.32E-01 -90 70 < 12.27 Y —

Tir 3384 3384.740 3.58E-01 -50 70 < 12.26 Y —

Tin < 12.26
Crir 2056 2056.254 1.05E-01 -70 20 12.91 £0.05 Y -

Cri 12.91 + 0.05
Ferr 1608 1608.451 5.80E-02 -130 20 14.38 £+ 0.01 Y —

Ferr 1611 1611.200 1.36E-03 -90 20 < 15.26 N -

Ferr 2249 2249.877 1.82E-03 -50 50 < 14.33 N —

Ferr 2344 2344.214 1.14E-01 -120 70 > 14.21 N —

Ferr 2374 2374.461 3.13E-02 -120 35 14.39 £ 0.01 Y -

Ferr 14.39 £ 0.05
Niir 1709 1709.604 3.24E-02 -120 70 < 13.44 N —

Nirr 1741 1741.553 4.27E-02 -120 70 < 13.21 Y —

Nirr 1751 1751.916 2.77E-02 -120 70 < 13.51 N -

Nirr < 13.21
Znir 2026 2026.136  4.89E-01 -120 70 < 12.06 Y —

Zn11 < 12.06




Table B.35 X-Shooter metal column densities for J15524-1005 (Zaps=3.601)

244

Ion  Line A f Umin Vmax logN(X) Included  1ogNadopt
A km s™' km s™!

Ci 1334 1334.532 1.28E-01 -120 80 > 14.77 Y —
Ci > 14.77
O1 1302 1302.168 4.89E-02 -120 80 > 15.12 Y —

O1 > 15.12
Mgir 2796 2796.352 6.12E-01 -120 80 > 13.66 N —
Mgir 2803 2803.531 3.05E-01 -150 80 > 14.04 Y —
Mgt > 14.04
SiIt 1260 1260.422 1.01E+00 -120 80 > 13.97 N —
SiIr 1304 1304.370 9.40E-02 -120 80 > 14.62 N —
SiII 1526 1526.707 1.27E-01 -90 80 > 14.53 N —
Sirr 1808 1808.013 2.19E-03 -120 35 15.04 +0.04 Y —
SiI1 15.04 £ 0.05
P11 1532 1532.533 7.61E-03 -70 80 < 14.12 Y —
P < 14.12
SI1 1253 1253.811 1.09E-02 -60 40 14.50 £ 0.03 Y —

Si1 1259 1259.519 1.66E-02 -80 80 < 15.29 Y —

Si1 14.50 £ 0.05
Tir 1910 1910.750 2.02E-01 -70 80 < 12.75 N —
Tiim 3384 3384.740 3.58E-01 -70 80 < 12.67 Y —
Tirr < 12.67
Mnir 2576 2576.877 3.51E-01 -80 40 < 12.09 Y —
Mni1 < 12.09
Ferr 1608 1608.451 5.80E-02 -120 80 > 14.41 Y -
Ferr 1611 1611.200 1.36E-03 -120 80 < 14.80 Y —
Ferr 2249 2249.877 1.82E-03 -120 80 < 15.20 N —
Fer1 2344 2344.214 1.14E-01 -120 80 > 14.16 N —
Fer1 2374 2374.461 3.13E-02 -120 0 > 14.31 N —
Ferr 2586 2586.650 6.91E-02 -120 80 > 14.26 N —
Ferr 2600 2600.173 2.39E-01 -80 80 > 13.97 N -
Fenn 14.40-14.80
Nirr 1709 1709.604 3.24E-02 -70 80 < 13.42 Y —
Nirr 1741 1741.553 4.27E-02 -70 80 < 13.52 N -
Niixr 1751 1751.916 2.77E-02 -70 80 < 13.53 N —
NiIr < 13.42
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Figure B.35 Velocity profile of the XQ100 spectrum towards J1552+1005 (Z,,s=3.601).



Table B.36 X-Shooter metal column densities for J1552+1005 (Za,s=3.667)

246

Ion  Line A f Umin Vmax logN(X) Included  logNagopt
A kms™' kms™!

Ci 1334 1334.532 1.28E-01 -260 200 > 14.87 Y —
Cu > 14.87
O1 1302 1302.168 4.89E-02 -260 200 > 15.18 Y —
O1 > 15.18
Mgit 2796 2796.352 6.12E-01 -270 200 > 13.86 N —
Mgit 2803 2803.531 3.05E-01 -270 200 > 13.96 Y —
Mgt > 13.96
SiI1 1260 1260.422 1.01E+00 -260 180 > 14.05 N —
SiIr 1304 1304.370 9.40E-02 -230 170 > 14.43 N —
SiIr 1526 1526.707 1.27E-01 -270 200 > 14.46 Y —
Sirr 1808 1808.013 2.19E-03 -260 200 < 14.79 Y —
SiI1 14.46-14.78
P11 1532 1532.533 7.61E-03 -260 130 < 13.99 Y —
P11 < 13.99
Sir 1250 1250.584 5.43E-03 -60 60 < 14.40 Y —
SII 1253 1253.811 1.09E-02 -60 60 < 14.27 Y —
Si1 < 14.27
Tirx 1910 1910.750 2.02E-01 -260 160 < 12.63 N —
Tiir 3242 3242.929 2.32E-01 -260 160 < 12.53 Y —
Tir 3384 3384.740 3.58E-01 -260 160 < 12.63 N —
Tirr < 12.53
Mnir 2594 2594.499 2.71E-01 -150 50 < 12.31 Y —
Mnir 2606 2606.462 1.93E-01 -150 50 < 12.75 N —
Mni1 < 12.31
Ferr 1608 1608.451 5.80E-02 -260 200 14.21 £ 0.01 Y —
Ferr 1611 1611.200 1.36E-03 -260 200 14.79 4+ 0.14 N —
Fert 2249 2249.877 1.82E-03 -90 60 14.78 £ 0.08 N —
Fer1 2344 2344.214 1.14E-01 -260 200 > 13.99 N —
Ferr 2374 2374.461 3.13E-02 -240 220 14.66 £ 0.02 N —
Ferr 2586 2586.650 6.91E-02 -260 180 14.26 +0.01 Y —
Fert 2600 2600.173 2.39E-01 -240 200 > 13.86 N —
Fe11 14.24 £ 0.05
Nirr 1709 1709.604 3.24E-02 -260 200 < 13.49 N —
Nirr 1741 1741.553 4.27E-02 -260 200 < 13.40 Y —
NiIr < 13.40
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Figure B.36 Velocity profile of the XQ100 spectrum towards J1552+1005 (2,,s=3.667).
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Figure B.37 Velocity profile of the XQ100 spectrum towards J1633+1411 (z,,s=2.882).
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Figure B.38 Velocity profile of the XQ100 spectrum towards J1723+2243 (7,1,s=3.698).



Table B.37 X-Shooter metal column densities for J16334+1411 (zaps=2.882)

249

Ion  Line A f Umin Umax logN(X) Included  logNagopt
A km s™! km s™!

Mgt 2852 2852.964 1.81E400  -200 -50 < 11.60 Y -
Mgt < 11.60
Mgt 2796 2796.352 6.12E-01 -200 -50 > 13.09 N -
Mgir 2803 2803.531 3.05E-01 -200 -50 > 13.27 Y —
Mg1r > 13.27
Sirr - 1808  1808.013  2.19E-03 -200 -120 < 14.45 Y —
Sirr < 14.45
Carr 3934 3934.777 6.50E-01 -200 -50 < 11.51 Y -
Cair 3969 3969.591 3.22E-01 -200 -50 < 11.97 N —
Call < 11.51
Tiim 3073 3073.877 1.09E-01 -200 -50 < 12.67 N —
Timm 3242 3242.929 2.32E-01 -200 -50 < 12.08 Y —
Tirt < 12.08
Crir 2062 2062.234 7.80E-02 -200 -50 < 12.90 Y —
Crir 2066 2066.161 5.15E-02 -200 -50 < 13.24 N -
Cri < 12.90
Mnir 2606 2606.462 1.93E-01 -200 -50 < 12.90 Y -
Mni1 < 12.90
Ferr 2249 2249.877 1.82E-03 -200 -50 < 14.52 N -
Ferr 2344 2344.214 1.14E-01 -200 -50 13.63 £0.02 Y —
Ferr 2374 2374.461 3.13E-02 -200 -50 13.79 £0.05 Y —
Ferr 13.67 £ 0.05
Nirr 1709 1709.604 3.24E-02 -200 -50 < 13.31 Y —
Nirr 1741 1741.553 4.27E-02 -200 -50 < 13.23 Y —
Nirr 1751 1751.916 2.77E-02 -200 -50 < 13.41 Y -
Ni11 < 13.23
Znil 2026 2026.136 4.89E-01 -200 -50 < 12.28 Y -
Znir 2062 2062.664 2.56E-01 -200 -50 < 12.40 N —
Znii < 12.28




Table B.38 X-Shooter metal column densities for J172342243 (Z,ps=3.698)
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Ion  Line A f Umin Umax logN(X) Included  logNagopt
A kms™' km s™!

Mgir 2796 2796.352 6.12E-01 -280 300 > 14.41 N —
Mgir 2803 2803.531 3.05E-01 -280 300 > 14.57 Y —
Mgtr > 14.57
SiII 1526 1526.707 1.27E-01 -280 260 > 14.89 Y -
Sin 1808 1808.013 2.19E-03 -210 240 < 15.37 Y -
Sitt 14.89-15.37
Tirr 3242 3242.929 2.32E-01 -230 300 < 12.51 N -
Tirm 3384 3384.740 3.58E-01 -230 300 < 12.10 Y -
Tinn < 12.10
Mnir 2576 2576.877 3.51E-01 -230 240 < 12.55 N -
Mnir 2594 2594.499 2.71E-01 -240 240 < 12.71 N —
Mnir 2606 2606.462 1.93E-01 -280 300 < 12.46 Y -
Mni1 < 12.46
Fert 1608 1608.451 5.80E-02 -230 300 14.62 £+ 0.01 Y -
Fertr 1611 1611.200 1.36E-03 -230 300 15.09 £ 0.09 N -
Ferr 2249 2249.877 1.82E-03 -230 300 14.72 £+ 0.00 N -
Ferr 2344 2344.214 1.14E-01 -280 300 > 14.47 N -
Fert 2586 2586.650 6.91E-02 -280 300 > 14.55 N -
Ferr 2600 2600.173 2.39E-01 -280 300 > 14.35 N -
Ferr 14.62 £ 0.05
Nirr 1709 1709.604 3.24E-02  -230 300 < 13.63 Y —
Ni11 < 13.63




Table B.39 X-Shooter metal column densities for J2239—0552 (Z.p,s=4.080)
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Ion  Line A f Umin Umax logN(X) Included  logNagopt
A kms™! km s™!

Cn 1334 1334.532 1.28E-01  -160 70 > 14.80 Y —
Cn > 14.80
SiIr 1526 1526.707 1.27E-01  -160 70 14.16 £ 0.00 Y —
SiIr 1808 1808.013 2.19E-03  -130 20 < 14.42 Y —
SiIr 14.16 £ 0.05
Tiir 3073 3073.877 1.09E-01  -130 20 < 12.23 N —
Tirn 3242 3242.929 2.32E-01  -130 20 < 11.71 N —
Tirn 3384 3384.740 3.58E-01  -130 20 < 11.69 Y —
Tir < 11.69
Crir 2056 2056.254 1.05E-01  -130 20 < 12.63 Y —
Crir 2066 2066.161 5.15E-02  -130 20 < 12.62 Y -
Crir < 12.62
Mnixr 2576 2576.877 3.51E-01  -130 20 < 12.44 N —
Mnix 2594 2594.499 2.71E-01  -130 20 < 12.05 Y —
Mnir < 12.05
Ferr 1608 1608.451 5.80E-02  -150 70 < 14.19 N —
Ferr 2249 2249.877 1.82E-03  -160 70 < 15.06 N —
Fer1r 2344 2344.214 1.14E-01  -160 70 13.86 £ 0.01 Y —
Ferr 2374 2374.461 3.13E-02  -160 70 13.85 £0.04 Y —
Ferr 2586 2586.650 6.91E-02  -160 70 14.07 £0.01 Y —
Ferr 2600 2600.173 2.39E-01  -160 50 13.76 £0.01 N —
Feir 14.00 4+ 0.05
Nirr 1709 1709.604 3.24E-02  -130 20 < 13.02 Y —
Nirr 1741 1741.553 4.27E-02  -130 20 < 13.17 Y —
Nirt 1751 1751.916 2.77E-02  -130 20 < 13.27 N —
Ni11 < 13.02
Znir 2026 2026.136 4.89E-01  -130 20 < 12,51 Y —
ZmniIl < 12.51




252

1.0 T T T - - L]_ WW’T‘(*;._ B pa T T
1y 1o TN )
0.5 | ﬂ | ¥ 1o ¥ | | ¥ 1] 3
00 CIAL334IA _ __ _iTilA33844 _ __1{FellA1608A4 __ _ _1FellA2600A4 _
1.0 - ‘ - T RN T N e
Wl 1o IR iez I 1o
0.5F g 3 I E o N T 2 1o E
0.0 Sl A1526 4 _ _CrllA20564  iFellA22494  INillA17094 ]
E 1.0 Huww——_‘— T‘J"“'"'I"W“‘ =t s e - A_‘wr ..__.“__'_:.
© Lo Wi b A P
> O05F 1o ¥ :: 1o 3 | | ¥ [ E
= _
3 0.0 Sill 118084 Crll A 2066 A Fell X 2344 A Nill A 1741 A
o . i e il —t —— e
10 ‘.l I—LI T - F ~ ~ T T ill F' .1 il HI‘ oy
[N [ | | [
0.5F [ ¥ [ + I I ¥ 1o 3
00 THA30734 _ __ _IMnllA2576A4 _ _ _{FellA2374A4__ _ _INilA17514 _ _ _
1:0 : ﬁ—m———tk - = } -WW
I o T =, |i|'|'|l'| Lo
0.5 [ ¥ [ “F I I ¥ [ E
00 TIA32424 _ __ _IMnllA25944 _ __{FellA2586A4 __ _ _1ZnllA20264 _ _ _}
-300 0 300 -300 0 300 -300 0 300 -300 0 300

Relative velocity (km s1)

Figure B.39 Velocity profile of the XQ100 spectrum towards J2239-0552 (Z,,s=4.080).



o o ro O
oo U oo

Relative flux

0.0

T ) T I s T T ’_‘H T R ] T T i T T
| | | | | | |
[ k3 | | E 3 | | k3 | | E
MglA28524 Tl A30734 _AMnII)\2606fi__ _ _INillA17094 ]
I I T v (I
| | k3 [N E 3 | | E
MgIIA2796A: _JCrllA20564 _AFeII)\1608A_ _ _INIIA1741A4 ]
P L ‘ E“"‘“"“"P\P“m"""* mreimsiR e TS e
"-:"l | 1o : [ [
| F [N ‘*E :' | | E 3 | | E
Mgll)\2803A: CrII/\2062f§____AFeII/\1611A Nill A\17514 |
\- hl U “-_'h. ‘ 1 T L:_-__ ~vrf T [ ¥ h:__“
| | | | |+ | |
F | | k3 [N | k3 | | E
Call A39344  Crllx20664 iFellA23744  1ZnllA2026A4 ]
Wwﬁr ! ‘ ; ‘ i e —‘W
| | [ | | |
F | | k3 [ E 3 | | k3 | | E
CallA39694  iMnllA2576 4 FellA25864 {ZnllA20624 |
- ‘ = e~ 1 —300 0 300
| | [ | |
F | | k3 [N E 3 | | E
TilA19104 IMnllA2594A4  1FellA2600/4A ]
-300 0 300 -300 0 300 -300 0 300

Relative velocity (km s1)

253

Figure B.40 Velocity profile of the XQ100 spectrum towards J2344-+0342 (Z,,s=3.220).



Table B.40 X-Shooter metal column densities for J23444-0342 (Zaps=3.220)

254

Ion  Line A f Umin Vmax logN(X) Included  1ogNadopt
A kms™! km s™!

Mgr 2852 2852.964 1.81E400 -70 80 12.56 £ 0.01 Y —

Mgl 12.56 £ 0.05
Mgir 2796 2796.352 6.12E-01 -210 205 > 13.74 N —
Mgir 2803 2803.531 3.05E-01 -170 205 > 14.18 Y —
Mgt > 14.18
Carr 3934 3934.777 6.50E-01 -90 90 < 11.78 Y —

Calr 3969 3969.591 3.22E-01 -90 90 < 12.07 N -

Cal1 < 11.78
Tiim 1910 1910.750 2.02E-01 -90 90 < 12.53 Y —

Tirm 3073 3073.877 1.09E-01 -90 90 < 12.97 Y —

Tirr < 12.53
Crir 2056 2056.254 1.05E-01 -70 90 13.38 £0.03 Y —

Crir 2062 2062.234 7.80E-02 -70 90 < 13.28 Y —

Crir 2066 2066.161 5.15E-02 -70 90 < 13.29 Y —

Crir 13.38 = 0.05
Mnir 2576 2576.877 3.51E-01 -90 40 12.69 £ 0.05 Y —
Mnir 2594 2594.499 2.71E-01 -90 60 12.88 £0.05 Y -
Mnir 2606 2606.462 1.93E-01 -90 90 13.05 £ 0.04 N -
Mni1 12.79 £ 0.07
Ferr 1608 1608.451 5.80E-02 -90 90 > 14.76 Y -

Ferr 1611 1611.200 1.36E-03 -90 90 < 15.29 Y -

Fer1 2374 2374.461 3.13E-02 -90 90 > 14.62 N —

Ferr 2586 2586.650 6.91E-02 -90 90 > 14.55 N —

Ferr 2600 2600.173 2.39E-01 -90 90 > 14.33 N -

Fe11 14.75-15.29
Niir 1709 1709.604 3.24E-02 -90 90 13.70 £0.05 Y -

Nirr 1741 1741.553 4.27E-02 -90 90 13.81 £0.03 Y -

Niir 1751 1751.916 2.77E-02 -90 90 13.65 £ 0.06 Y —

NiIr 13.76 £ 0.08
Znil 2026 2026.136 4.89E-01 -90 90 12.27 £0.08 N —

Znil 2062 2062.664 2.56E-01 -90 90 < 12.85 Y —

ZniIl < 12.85




Table B.41 UVES metal column densities for J0034+1639 (z.ps=3.752)
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Ion Line A f Umin Umax logN(X) Included  logNagopt
A km s™! km s™!
Cin 1036 1036.337 1.23E-01 -50 60 > 14.64 N -
Cir 1334 1334.532 1.28E-01 -60 40 > 14.72 Y —
Ci > 14.72
O1 1302 1302.168 4.89E-02 -40 60 > 15.02 Y -
O1 > 15.02
Sirt 1260 1260.422 1.01E400 -50 60 > 13.69 N -
Sirt 1304 1304.370  9.40E-02 -30 40 14.16 £ 0.01 Y —
Sitt 1526 1526.707 1.27E-01 -30 40 14.174+0.04 Y —
Sirt 1808 1808.013 2.19E-03 -30 40 14.52 £ 0.05 N —
SiIr 14.16 == 0.05
S1 1259 1259.519 1.66E-02 -30 40 < 14.70 Y —
SII < 14.70
Fer1 1611 1611.200 1.36E-03 -50 40 < 14.01 Y —
Fenn < 14.01
Niir 1709 1709.604 3.24E-02 -50 60 < 13.24 N —
Nirr 1741 1741.553 4.27E-02 -50 60 < 13.24 N -
Nirr 1751 1751.916 2.77E-02 -50 60 < 12.55 Y -
NiI1 < 12.55
B.2 UVES data J00344+1639
B.3 Abundance discrepancies of the XQ-100 DLA

J0003—-2603 (z.,s= 3.39)

sample from literature values

The Fe 11 literature column density was taken from Molaro et al.| (2000). The discrep-

ancy with the XQ-100 derived column density of 0.12 dex is the result of a difference
in the adopted oscillator strengths. [Molaro et al.| (2000) uses an Fe 11 1611 A oscillator
strength 33% higher than the value adopted from Morton! (2003); matching the size

of the discrepancy in column densities. I continue using the XQ-100 column density

as the adopted value.
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Figure B.41 Velocity profile of the UVES spectrum towards J0034+1639 (Z,,s=3.752).
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Figure B.42 Velocity profile of the UVES spectrum towards J0034+1639 (z,,s=4.282).



Table B.42 UVES metal column densities for J003441639 (z,ps=4.283)
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Ion Line A f Umin Umax logN(X) Included  logNagopt
A kms™! kms™!

Cin 1334 1334.532 1.28E-01 -115 80 > 14.83 Y —
Cn > 14.83
O1 1302 1302.168 4.89E-02 -100 70 > 15.29 Y -

O1 > 15.29
Siir 1260 1260.422  1.01E400 -115 80 > 14.04 N —
Siit - 1304 1304.370 9.40E-02 -115 50 > 14.83 Y -
Siir - 1526 1526.707  1.27E-01 -115 80 > 14.63 N -
SiIr > 14.83
St 1250 1250.584 5.43E-03 -115 80 14.53 £+ 0.04 Y -

St 1253 1253.811  1.09E-02 -115 80 < 15.02 N -

S 1259 1259.519 1.66E-02 -115 80 14.59 + 0.02 Y —

SII 14.56 = 0.05
Fert 1608 1608.451 5.80E-02 -115 60 14.54 +0.01 Y —
Fert 1611 1611.200 1.36E-03 -115 80 14.83 + 0.07 N -
Ferlr 14.54 +0.05
Nirr 1709 1709.604 3.24E-02 -115 80 < 14.27 N -
Nirr 1741 1741.553 4.27E-02 -115 80 < 13.05 Y -
Nirr 1751 1751.916 2.77E-02 -115 80 < 13.20 N -
Ni11 < 13.05
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J0134+0400 (z,,= 3.77)

The literature data is primarily taken from Prochaska et al. (2003b)), and was obtained
with ESI. Both the literature and XQ-100 spectra show Si 11 1808 lines free from
contamination, and provide abundances that are consistent with a saturated Si 11 1526
lines. I suspect that my Si 11 1808 measurement is more reliable as it reproduces the
same velocity profile of other metal lines, whereas there appears to be an additional
blue component (~ —75km s™') in the Prochaska et al. (2003b)) profile.

The 0.14 dex discrepancy in the logN(Ni 11) is likely due to inaccurate oscillator
strengths of many Ni 11 lines (e.g. Jenkins & Trippl 2006)). Prochaska et al.| (2003b))
use the Ni 11 1370A line, whereas my value uses a combination of Ni 11 1741 and
1751 A lines. Given that adopted Ni 11 1370A line from [Prochaska et al.| (2003b) is
also similarly higher (~ 0.12 dex) than from Morton| (2003, my source of oscillator
strengths), I believe accounting for this discrepancy in oscillator strengths would
place the two column densities in agreement. I continue to adopt the XQ-100 derived

column density.

J02554-0048 (z.,s= 3.25 and 3.91)

For both DLAs towards J0255+0048, I found discrepant Ni 11 from the values derived
in Prochaska et al|(2001). For the DLA at z,,s= 3.25,|Prochaska et al.| (2001) claim a
detection of the Ni 11 1709 line, whereas I do not see any significant absorption in the
XQ-100 spectra for the Ni 11 1709 line. As my 3¢ limit in column density is consistent
with the detection by [Prochaska et al. (2001)), it is unclear whether the Ni 11 1709
line is actually detected. I therefore conservatively adopt my logN(N 11) limit.

The large discrepancy in the logN(Ni 11) in the DLA at z,,s= 3.91 is likely due to
inaccurate oscillator strengths of many Ni 11 lines. For the Ni 11 1709, 1741, and 1751
lines; the oscillator strengths adopted in both works agree. However for Ni 11 1317
and 1370, the oscillator strengths adopted in [Prochaska et al.| (2001) are ~ 0.15 dex
higher than ours. Accounting for this discrepancy in oscillator strength, my derived
column density would be consistent with that measured by |[Prochaska et al.| (2001)).
Jenkins & Tripp (2006) focused on independently measuring the oscillator strengths
of Ni. The oscillator strengths from Morton, (2003) (which I adopted) are consistent
with those measured by Jenkins & Tripp (2006). I therefore adopt the XQ-100 column

densities.
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J1421-0643 (zaps= 3.45)

The Fe 11 abundance was taken from |Akerman et al. (2005), and is 0.09 dex higher
than what I measured. The discrepancy in column density is driven by the inclusion
of the Fe 11 1144A and 2374A lines in the XQ-100 value, as the lower Fe 11 1608A
column density agrees with the measured value of the 1608A line from the literature
(Akerman, |2005; |Akerman et al., 2005)). As multiple Fe 11 lines should provide a better
estimate of the true column density, I continue to use the XQ-100 adopted column

density.
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Appendix C

Velocity profiles and equivalent
widths

In this appendix, I present the velocity profiles and measured EWs for the COS-AGN
sample on a sightline by sightline basis (see Chapter . For the five sightlines with
absorption lines that appear marginally contaminated but could very well be real, I

have justified why I did not adopt the measured EWs below.

J0042—-1037 (2,,=0.036)

The region of the Ly« absorption towards J0042—1037 at the redshift of the AGN
host (2 =0.036) is heavily contaminated by Milky Way S 11 1259 A and Si 11 1260 A
absorption lines (see Figure . As a result, I could not constrain the amount
of Lya absorption in the CGM around this galaxy. The presence of a strong Si III
1206 A line with minimal Lyc absorption is extremely unlikely, thus I did not trust
the absorption present at the location of Si 111 1206 A (Figure to be associated
with the CGM of the AGN host.

J1117+42634 (2,,=0.029)

The CGM around the AGN host towards the QSO J1117+2634 (2z4,=0.029) is the
only absorber whose Lya feature is kinematically offset by a large amount (+350km
s~1: Figure relative to the host galaxy. This feature at +350km s~! was selected
as the associated CGM material as it is the only absorption not associated with the

Calaxy (the component at ~ —100km s~! is Galactic S 11 1250 A) or another system
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at a different redshift. However, I am cautious in adopting the measured EW as this

gas is highly offset, with no other absorption line to confirm this offset.

J1155+42922 (2,,=0.046)

I flagged the absorption towards J1155+2922 at the expected location of Fe 11 1144 A
of the AGN host (24,=0.046) as tenuous. The strongest component of the Fe 11 1144 A
absorption is on the edge of the entire Lya absorption feature. Given that the neutral
CGM gas should be coincidental, and that the feature in question is uniquely very

strong compared to other systems; I suspect this absorption is not from the CGM of
the AGN host.

J1214+0825 (2,,=0.074)

I note that for the AGN host towards J12144-0825 (z4,=0.074) that the Lyae EW
is heavily blended with the O 1 1302 A emission line from the Galaxy, making it
impossible to determine a robust measurement of the EW. As a result, I did not

adopt this EW into my final catalogue, even though the absorption feature is present.

J2133—-0712 (2,,=0.064)

The apparent Si 111 1206 A absorption for the AGN host towards J2133—0712 (2ga1=0.064)
is offset ~ +200km s~! from the Lya absorption feature. Such strong velocity offs-
ests are rarely seen for Si 111 from neutral H 1 in the CGM. I note the possibility that
this absorption feature is coincident with an O vi 1037 A absorber at higher redshift
(z= 0.238), which is confirmed by a tenuously detected O vI 1031 A feature at the
same redshift. As a result, I did not associate this absorption with the AGN host.
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Table C.1 Measured EWs for J0042-1037 195406 (z=0.036)

Ton A f Umin Umax EW ﬂag
A kms~! kms™! mA
HI 1215.670 4.164E-01 85 160 e 2
CII 1334.532 1.278E-01 -50 50 <78 5
CIV 1548.195 1.908E-01 -50 50 < 148 5
CIV 1550.770 9.522E-02 -50 50 < 230 5
Ol 1302.168 4.887E-02 -50 50 < 74 5
Sill 1190.416 2.502E-01 -50 50 <71 5
Sill 1193.290 4.991E-01 -50 50 < 69 5
Sill 1526.707 1.270E-01 -50 50 < 192 5
Sill 1304.370 9.400E-02 -50 50 <71 5
Silll 1206.500 1.660E4-00 -80 65 206 + 22 1
Silv 1393.755 5.280E-01 -50 50 < 64 5
SilV 1402.770 2.620E-01 -50 50 < 57 5
Fell 1608.451 5.800E-02 -50 50 < 244 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Figure C.2 Velocity profiles for the sightline towards J0116+1429 (24,=0.060).
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Table C.2 Measured EWs for J0116+1429 (z=0.060)
Ton A f Vmin VUmax EW flag*
[A] kms—!] [kms~!]  [mA]
1 1215.670 4.164B-01  -200 50 306£38 9
Cu 1334532  1.278E-01 -50 50 <45 5
Civ 1548195  1.908E-01 -50 50 <138 5
Cv 1550770 9.522E-02 -50 50 <141 5
Nv 1238821  1.570E-01 -50 50 <103 5
NV 1242804  7.823E-02 -50 50 <89 5
O1 1302168  4.887E-02 -50 50 <106 5
Sin 1190416  2.502E-01 -50 50 <84 5
Sim 1193.290  4.991E-01 -50 50 <83 5
Sim 1260422  1.007TE4+00  -200 10 <190 3
Sim 1206500 1.660E400  -50 50 <85 5
Siv 1393755  5.280E-01 -50 50 <72 5
Sitv 1402.770  2.620B-01 -50 50 <75 5
Fen  1608.451  5.800E-02 -50 50 <100 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Figure C.3 Velocity profiles for the sightline towards J0843+4117 (24,=0.068).

Table C.3 Measured EWs for J0843+4117 (z=0.068)
Ion A f VUmin Umax EW ﬂag*
[A] [km s™!]  [km s™1] [mA]
Hi1 1215.670 4.164E-01 -50 50 <131 5
Crv 1548.195 1.908E-01 -50 50 < 188 5
Criv 1550.770 9.522E-02 -50 50 < 188 5
N 11 1083.990 1.031E-01 -50 50 < 123 5
Nv 1238.821 1.570E-01 -50 50 <124 5
Nv 1242.804 7.823E-02 -50 50 < 127 5
Sin 1190.416 2.502E-01 -50 50 < 104 5
Sin 1193.290 4.991E-01 -50 50 < 156 5
Si 11 1260.422  1.007E+00 -50 50 < 128 5
Si 111 1206.500 1.660E+00 0 100 <172 5
Fe 11 1144.938 1.060E-01 -50 50 < 129 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Figure C.4 Velocity profiles for the sightline towards JO851+4243 (24,=0.024).
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Table C.4 Measured EWs for J0851+44243 (z=0.024)

Ion A f Umin VUmax EW ﬁag*
[A] [km s~  [km s™1] [mA]
Hi1 1215.670 4.164E-01 -275 250 1066 + 53 9
Cu 1334.532 1.278E-01 -50 50 < 64 7
Ci1v  1548.195 1.908E-01 -50 50 < 84 5
C1v  1550.770 9.522E-02 -50 50 < 85 5
Nv 1238.821 1.570E-01 -50 50 <92 5
Nv 1242.804 7.823E-02 -50 50 < 87 5
O1 1302.168 4.887E-02 -275 250 2
Si 11 1190.416 2.502E-01 -275 250 R 2
Si 11 1193.290 4.991E-01 -50 50 < 98 5
Sin 1260.422  1.007TE+00 -50 50 <92 5
Simr 1206.500 1.660E+400 -200 75 165 + 44 1
Si1v 1393.755 5.280E-01 -50 50 < 56 5
Si1v 1402.770 2.620E-01 -50 50 o 6
Fe1r  1144.938 1.060E-01 -50 50 <91 5
Fe 11 1608.451 5.800E-02 -50 50 < 128 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (44), or saturated (+8).
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Figure C.5 Velocity profiles for the sightline towards J0853+4349 (24,=0.090).



Table C.5 Measured EWs for J0853+4349 (z=0.090)

Ton A f Vmin VUmax EW flag*
[A] [km s~  [km s7!] [mA]
Hi1 1025.722 7.912E-02 130 340 185 £ 19 9
Hi1 1215.670 4.164E-01 85 350 51249 9
Cu 1036.337  1.231E-01 50 150 < 30 5
N 11 1083.990 1.031E-01 150 250 < 20 5
Nv 1238.821 1.570E-01 150 250 <21 5
Nv 1242.804  7.823E-02 -50 50 < 22 5
Si 1t 1190.416 2.502E-01 150 250 < 22 5
Sinr 1206.500 1.660E+00 130 295 71+9 1
Fenn  1144.938 1.060E-01 150 250 <20 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Figure C.6 Velocity profiles for the sightline towards J0948+5800 (z4,=0.084).




Table C.6 Measured EWs for J0948+5800 (z=0.084)

Ton A f Vmin Vmax EW flag*
[A] [km s™1]  [km s71] [mA]
Hi1 1215.670 4.164E-01 -220 0 398 £+ 39 9
Cu 1334.532 1.278E-01 -50 50 < 64 5
Civ  1548.195 1.908E-01 -170 -70 107 + 67 1
Civ 1550.770 9.522E-02 -170 -70 29 £+ 70 1
N1 1083.990 1.031E-01 -50 50 <77 5
Nv 1238.821 1.570E-01 -50 50 < 100 5
Nv 1242.804 7.823E-02 -220 0 R 2
O1 1302.168  4.887E-02 -50 50 < 49 5
Si 1 1190.416 2.502E-01 -50 50 < 221 5
Si1n 1193.290  4.991E-01 -50 50 < 106 5
Sin 1260.422 1.007E+00 -50 50 < 98 5
Sitv  1393.755  5.280E-01 -220 0 .. 6
Siv 1402.770 2.620E-01 -50 50 <74 5
Fe 11 1144.938 1.060E-01 -200 -25 R 2
Fe1r  1608.451 5.800E-02 -50 50 < 335 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (44), or saturated (48).
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Table C.7 Measured EWs for J1117+2634 (z=0.065)

Ton A f Umin Umax EW flag*
[A] [km s~!]  [km s™!] [mA]
Hi1 1215.670 4.164E-01 =75 200 453 £ 38 9
Cu 1334.532 1.278E-01 -50 50 < 38 5
Civ 1548.195 1.908E-01 -50 50 < 113 5
Civ 1550.770 9.522E-02 -50 50 < 118 5
N1 1083.990 1.031E-01 -50 50 < 96 5
Nv 1242.804 7.823E-02 -50 50 < 61 5
Si 11 1193.290 4.991E-01 -50 50 < 54 5
Si 11 1260.422  1.007E+00 -50 50 < 63 5
Simr 1206.500  1.660E4-00 -50 50 < 87 5
Sitv  1393.755 5.280E-01 -50 50 < 68 5
Siv 1402.770 2.620E-01 -50 50 < 68 5
Fe 11 1608.451 5.800E-02 -50 50 < 68 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Figure C.8 Velocity profiles for the sightline towards J111742634 (24,=0.029).
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Table C.8 Measured EWs for J1117+2634 (z=0.029)
f

Ton A Vmin Umax EW flag*
[A] [kms~1]  [km s™1] [mA]
Hi1 1215.670 4.164E-01 230 435 256 + 25 9
Cn 1334.532 1.278E-01 -50 50 <73 5
Civ 1548.195 1.908E-01 -50 50 < 138 5
Criwv  1550.770  9.522E-02 -50 50 < 148 5
Nv 1242.804  7.823E-02 -50 50 < 86 5
Sii 1190.416  2.502E-01 -50 50 <77 5
Si 1 1193.290  4.991E-01 -50 50 <74 5
Si1n 1260.422  1.007E400 -50 50 < 82 5
Sitv  1393.755  5.280E-01 -50 50 <41 5
Siv 1402.770 2.620E-01 -50 50 < 42 5
Fe1r  1144.938 1.060E-01 -50 50 < 68 5
Fe 11 1608.451 5.800E-02 -50 50 < 124 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (44), or saturated (48).
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Figure C.9 Velocity profiles for the sightline towards J112742654 (24,=0.033).
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Table C.9 Measured EWs for J1127+2654 (z=0.033)
Ion A f Umin Umax EW ﬂag*
[A] [km s~!]  [km s™1] [mA]
Hi1 1215.670 4.164E-01 -200 200 723 + 36 9
Cn 1334.532 1.278E-01 -50 50 < 83 5
Civ 1548.195 1.908E-01 -200 200 L. 2
Civ 1550.770 9.522E-02 -50 50 <79 5
Nv 1238.821 1.570E-01 -50 50 < 88 5
Nv 1242.804 7.823E-02 -200 200 L 2
O1 1302.168 4.887E-02 -50 50 < 80 5
Sin 1190.416 2.502E-01 -50 50 < 66 5
Si 1 1193.290 4.991E-01 -50 50 < 90 5
Sinr 1206.500 1.660E+00 -50 50 < 66 5
Si1v 1393.755 5.280E-01 0 100 < 34 5
Si1v 1402.770 2.620E-01 -50 50 < 39 5
Fe 11 1144.938 1.060E-01 -25 75 < 83 5
Fe 11 1608.451 5.800E-02 -50 50 < 80 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Table C.10 Measured EWs for J1142+4-3016 (z=0.032)

Relative flux

1.0
0.5
0.0

1.0

0.5

0.0

Ton A f Vmin Vmax EW flag*
[A] [km s~ [km s7!] [mA]
Hi1 1215.670 4.164E-01 -130 230 927 £+ 36 9
Cu 1334.532 1.278E-01 -230 130 . 2
C1v  1548.195 1.908E-01 -130 230 167 £ 53 1
C1iv 1550.770 9.522E-02 -130 230 129 + 54 1
Nv 1238.821 1.570E-01 -50 50 < 123 5
Nv 1242.804  7.823E-02 -50 50 < 114 5
O1 1302.168  4.887E-02 -50 50 < 100 5
Si 1190.416  2.502E-01 -50 50 < 82 5
Si 1t 1193.290  4.991E-01 -50 50 < 76 5
Si1n 1260.422  1.007E+00 -50 50 < 86 5
Si 111 1206.500 1.660E+00 -130 170 268 41 1
Siiv  1393.755 5.280E-01 -50 50 < 36 5
Si1v 1402.770 2.620E-01 -50 50 < 38 5
Ferr  1144.938 1.060E-01 -50 50 < 98 5
Fenr  1608.451 5.800E-02 -50 50 4

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (44), or saturated (48).
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Figure C.11 Velocity profiles for the sightline towards J1155+42922 (z4,=0.046).
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Table C.11 Measured EWs for J1155+4-2922 (z=0.046)
Ton A f Vmin Umax EW flag*
[A] [km s~ [km s™1] [mA]
Hi 1215.670 4.164E-01 -300 175 721 £43 9
Cu 1334.532 1.278E-01 -50 50 < 109 5
Nv 1238.821 1.570E-01 -50 50 < 100 5
Or1 1302.168  4.887E-02 -50 50 <97 5
Sinn 1190.416  2.502E-01 -50 50 <71 5
Si 1193.290  4.991E-01 -50 50 < 69 5
Sinn 1260.422  1.007E4-00 -50 50 < 124 5
Simr 1206.500 1.660E4-00 -70 120 73 £33 1
Sitv  1393.755 5.280E-01 -50 50 < 177 5
Fe 11 1144.938 1.060E-01 -300 175 85 + 52 1

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (44), or saturated (+8).

HI 1215 " NV 1238 Sill 1193
05F U Lo 1
00k ooz o

Cll 1334 0l 1302 Sill 1260

Relative flux

Sill 1190

- — === —tm = = = = = = —]

F—-—-—-=—-=—-=9 === - = —

—250 0

250

Relative velocity (km s~!)

—250 0

250

Figure C.12 Velocity profiles for the sightline towards J1214+0825 (24,=0.074).

Table C.12 Measured EWs for J12144-0825 (z=0.074)
Ion A f Umin VUmax EW ﬂag*
[A] [km s~ [km s1] [mA]
Hi1 1215.670 4.164E-01 -120 120 229 + 34 9
Cn 1334.532 1.278E-01 =70 120 154 + 41 1
N1 1083.990 1.031E-01 -50 50 <92 5
Nv 1238.821 1.570E-01 -50 50 < 74 5
O1 1302.168 4.887E-02 -50 50 < 83 5
Si 1 1190.416 2.502E-01 -50 50 < 66 5
Si 1 1193.290 4.991E-01 -50 120 R 2
Si 1 1260.422  1.007E400 -80 120 107 + 34 1
Fernm 1144.938 1.060E-01 -50 50 < 65 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Figure C.13 Velocity profiles for the sightline towards J1404+3353 (24,=0.026).

Table C.13 Measured EWs for J1404+4-3353 (z=0.026)
f

Ion A Umin Umax EW ﬂag*
[A] [km s™!]  [km s™1] [mA]
H1 1215.670 4.164E-01 -75 300 736 £ 58 9
Cu 1334.532 1.278E-01 0 200 R 2
Nv 1238.821 1.570E-01 -50 50 < 101 5
Nv 1242.804 7.823E-02 -50 50 < 103 5
O1 1302.168 4.887E-02 -50 50 < 147 5
Si 11 1260.422  1.007E+00 -50 50 < 108 5
Sitv  1393.755 5.280E-01 -50 50 < 179 5
Sitv  1402.770 2.620E-01 70 300 R 10
Fe1r  1144.938 1.060E-01 -50 50 < 117 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Figure C.14 Velocity profiles for the sightline towards J1419+0606 (zg,=0.049).

Table C.14 Measured EWs for J14194+0606 (z=0.049)

Ion A f Umin VUmax EW ﬂag*
A] kms—Y [kms~!]  [mA]
Hi1 1215.670 4.164E-01 -220 70 575+ 48 9
Civ 1548.195 1.908E-01 -160 -30 135 £ 100 9
Civ 1550.770 9.522E-02 -160 -30 107 + 103 9
N1 1083.990 1.031E-01 -50 50 < 146 5
O1 1302.168 4.887E-02 -50 50 <97 5
Si 11 1190.416 2.502E-01 -125 -25 <71 5
Si 1 1193.290 4.991E-01 -125 -25 <70 5
Si 1 1260.422 1.007E+00 -220 0 158 £ 41 1
Si 11 1206.500 1.660E4-00 -220 70 294 + 34 1
Sitv 1393.755 5.280E-01 -190 -30 119 +43 1
Si v 1402.770 2.620E-01 -190 -30 93+ 44 1
Fe 11 1608.451 5.800E-02 -50 50 < 331 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Figure C.15 Velocity profiles for the sightline towards J1454+3046 (24,=0.031).

Table C.15 Measured EWs for J14544-3046 (z=0.031)
f

Ion A Umin VUmax EW ﬂag*
[A] [km s~!]  [km s™1!] [mA]
Hi1 1215.670 4.164E-01 -195 -55 194 £ 27 9
Cu 1334.532 1.278E-01 -50 50 < 95 5
Nv 1238.821 1.570E-01 -50 50 o 2
Nv 1242.804 7.823E-02 -50 50 < 105 5
O1 1302.168 4.887E-02 -50 50 <97 5
Si 11 1190.416 2.502E-01 -50 50 < 80 5
Sin 1193.290 4.991E-01 -50 50 <78 5
Si 11 1260.422  1.007E+00 -50 50 < 84 5
Si 11 1304.370 9.400E-02 -50 50 <97 5
Simr 1206.500 1.660E+400 -50 50 < 76 5
Sitv  1393.755 5.280E-01 -50 50 < 160 5
Siv 1402.770 2.620E-01 -50 50 < 170 5
Fe 11 1144.938 1.060E-01 -50 50 <92 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Table C.16 Measured EWs for J1536+1412 (z=0.093)
Ton A f Vmin VUmax EW flag*
[A] kms—!] [kms~!]  [mA]
1 1215.670 4.164B-01  -200 90 36752 9
Cu 1334532  1.278E-01 -50 50 <61 5
Civ 1548195  1.908E-01 -50 50 <105 5
Cv 1550770 9.522E-02 -50 50 <101 5
N1 1083990  1.031E-01 -50 50 <108 5
Nv 1238821  L570B-01  -175 75 o 6
Nv 1242804  7.823E-02 -50 50 <97 5
O1 1302168  4.887E-02 -50 50 <59 5
Sim 1260422  1.007E400  -50 50 <100 5
Sim 1206500 1.660E400 50 50 <96 5
Sitv 1393.755  5.280E-01 -50 50 <11 5
Sitv 1402.770  2.620B-01 -50 50 <119 5
Fer  1144.938  1.060E-01 -50 50 <89 5
Feu  1608.451  5.800E-02 -50 50 <27 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Figure C.17 Velocity profiles for the sightline towards J1607+1334 (24,=0.069).
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Table C.17 Measured EWs for J1607+1334 (z=0.069)

lon A f Umin VUmax EW flag*
[A] [km s~!]  [km s™1] [mA]
Hi1 1215.670 4.164E-01 -220 200 400 + 82 9
Cu 1334.532 1.278E-01 -50 50 < 87 5
C1v  1548.195 1.908E-01 -50 50 < 363 5
C1v  1550.770  9.522E-02 -50 50 < 361 5
Nv 1238.821 1.570E-01 -50 50 < 182 5
Nv 1242.804  7.823E-02 -50 50 < 165 5
O1 1302.168  4.887E-02 -50 50 < 108 5
Si 1 1190.416 2.502E-01 -50 50 < 112 5
Si Il 1193.290  4.991E-01 -50 50 <111 5
Si 1t 1260.422 1.007E4-00 -100 0 < 172 5
Simr 1206.500 1.660E+00 -50 50 <113 5
Siv 1393.755 5.280E-01 -50 50 < 93 5
Sitv  1402.770  2.620E-01 -50 50 < 85 5
Fe 11 1144.938 1.060E-01 -50 50 < 121 5
Ferr  1608.451 5.800E-02 -50 50 < 412 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).

Table C.18 Measured EWs for J2133-0712 (z=0.064)
!

Ton A Vmin VUmax EW flag*
[A] [km s™1]  [km s7!] [mA]
Hi1 1215.670  4.164E-01 -200 120 501 + 37 9
Cu 1334.532 1.278E-01 -140 -50 53+ 18 1
C1v  1548.195 1.908E-01 -50 50 < 205 5
C1iv 1550.770 9.522E-02 -50 50 < 212 5
Nv 1238.821 1.570E-01 -50 50 <74 5
Nv 1242.804 7.823E-02 -50 50 < 83 5
O1 1302.168  4.887E-02 -50 50 <73 5
Si 1190.416  2.502E-01 -50 50 < 46 5
Si 1t 1193.290  4.991E-01 -50 50 < 47 5
Si1n 1260.422  1.007E+00 -50 50 < 84 5
Simr 1206.500 1.660E+400 75 370 243 £ 18 1
Si1v  1393.755 5.280E-01 -50 50 <75 5
Si1v 1402.770 2.620E-01 -50 50 < 59 5
Fenn  1608.451 5.800E-02 -50 50 < 252 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Figure C.18 Velocity profiles for the sightline towards J2133—0712 (z4,=0.064).
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Table C.19 Measured EWs for J2322-0053 (z=0.081)
Ion A f Umin Umax EW ﬁag*
[A] [km 5*1] [km sfl} [mA]
Hi1 1215.670 4.164E-01 -250 220 785 £ 48 9
C1 1334.532 1.278E-01 -250 120 63 + 29 1
C1v 1548.195 1.908E-01 -235 50 350 4+ 90 1
C1v 1550.770 9.522E-02 -200 50 244 + 85 1
Non 1083.990 1.031E-01 -50 50 < 63 5
Nv 1238.821 1.570E-01 -60 40 <78 5
Nv 1242.804 7.823E-02 -50 50 <77 5
O1 1302.168 4.887E-02 -50 50 <39 5
Sin 1193.290 4.991E-01 -50 50 < 119 5
Si1r 1260.422 1.007E+00 -100 0 <78 5
Siv 1393.755 5.280E-01 -200 0 79 + 33 1
Siv 1402.770 2.620E-01 -200 0 137 + 34 1
Fe 11 1144.938 1.060E-01 -50 50 < 56 5
Fe 11 1608.451 5.800E-02 -50 50 < 202 5

*The data quality flags represent a sum of whether or not the line is:
adopted (+1), blended (+2), undetected (+4), or saturated (+8).
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Figure C.19 Velocity profiles for the sightline towards J2322—0053 (z4,=0.081).
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