Y Tini :
£ X1 University of

v Leicester

BALQSOs in SDSS: On the absence of
Observational Evidence for Ly-a—N Vv
line-locking and a discussion of the physical
conditions within BAL outflows

Chris Cottis

Supervisor:
Michael Goad

A thesis submitted for the degree of
Doctor of Philosophy
at the University of Leicester

X-ray & Observational Astronomy Group
Department of Physics & Astronomy
University of Leicester

May 2010



BALQSOs in SDSS: On the absence of
Observational Evidence for Ly-a—N Vv
line-locking and a discussion of the physical
conditions within BAL outflows

Chris Cottis

ABSTRACT

Broad absorption line quasars show broad blue shifted absorption indicative of high velocity outflowing
material. The mechanism responsible for accelerating these outflows is a matter of much debate. In this
thesis I investigate the possibility that radiative line driving is responsible for driving the outflows in some
objects.

Various metrics have been proposed to compile homogeneous samples of BALQSOs. Using a new hybrid
algorithm we have compiled a sample of 3552 BALQSOs representing approximately 12.5% of the quasars
for which SDSS spectra (from DR5) covering the C 1V broad absorption line region are available.

From this BALQSO catalogue we have selected the largest sample of objects exhibiting evidence for ra-
diative line driving (the ghost of Ly-a), a feature observed in the BAL troughs of around 1% of BALQSOs.
Using this sample we test the criteria purported necessary for ghost-formation in order to confirm whether
the identified feature is in fact a ghost. This investigation suggests that the feature observed in the majority
of objects arises from the superposition of multiple absorption components, which mimic the appearance
of a ghost and unrelated to interactions between N v and Ly-a.

Follow up spectroscopic observations of some of the ghost candidate objects taken using the William
Herschel Telescope and the Gemini North telescope are presented. The reduction of these data is described
in detail. The criteria for ghost formation are tested on the new spectra with similar results.

One object whose absorption has undergone significant changes is identified and photo-ionisation models
used to provide constraints on the physical conditions within the absorber. These models suggest that the
changes are due to an increase in the ionisation parameter and not due to changes in the gas covering
fraction. The location and mass outflow rate in this object is consistent with previous estimates in similar
systems.

The work presented within this thesis does not preclude radiative line driving as a mechanism responsible
for high velocity quasar outflows. It does however suggest that the ghost of Ly-«, previously considered
the strongest evidence for radiative line driving is rarely observed.
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Chapter 1

Introduction

Active Galaxies contain a central source less than a few parsecs across (Filippenko et al. 1993) that out-
shines the whole of the rest of the galaxy, sometimes by factors greater than a thousand. These objects
represent the most luminous continuous radiation sources in the universe and are present in around one

percent of galaxies.

AGN are important in cosmological studies as their extreme Luminosities (1041-10*® erg s~!) ensure
that they are more easily observed at high redshift than ordinary galaxies. AGN can be used to probe
the composition and spatial distribution of the universe to greater depths than ordinary galaxies. Indeed,
absorption lines from intervening systems can be seen in many quasar spectra (York et al. 1986, Sargent
et al. 1988, York et al. 1991), enabling investigation of material that would otherwise be undetectable.
There may be a limit to the redshift at which AGN are observed due to the time needed to grow black holes

of the size required to power these objects.

The close relationship between the mass of the central black hole believed to power these systems and the
galaxy mass (Wandel 1999, Ferrarese & Merritt 2000, Gebhardt et al. 2000) suggest that black hole growth
is closely linked with galaxy growth. This link suggests that accretion onto the central black hole may be
an important part of the evolution of galaxies. AGN may also play a role in regulating star formation within

their host galaxy, either by accreting a significant amount of the potential star forming gas and dust or by
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blowing this material away in the powerful winds that are evident in a number of objects showing broad
blue-shifted absorption believed to be from material outflowing at extremely high velocities (>0.1c see
Turnshek 1984, Pounds et al. 2003a, Pounds et al. 2003b, King 2010). There is also considerable evidence

for blue shifts in some of the broad emission lines, especially C 1v (Espey & Junkkarinen 1993).

1.1 Quasar SED

AGN emit copious amounts of energy across the whole of the electromagnetic spectrum. In this section I
discuss the main features of a typical quasar spectral energy distribution over a wide range of energies and

the possible mechanisms responsible for the observed features.

1.1.1 Radio

Whilst the radio morphology and brightnesses of quasars differs considerably between objects the spec-
trum can almost always be accurately described by a synchrotron mechanism. Compact radio sources are
typically optically thick to their own synchrotron emission resulting in more complex spectra due to ab-
sorption. The power law spectra observed require power law distributions in electron energy, assuming a

constant magnetic field, such that the number of electrons with energy F, N (E) is given by equation 1.1.1.

N(E)dE = NoE~*dE (1.1.1)

«, the power law slope of the spectrum is given by o = (s — 1)/2 so for a typical power-law index of 0.7

s = 2.4 (Peterson 1997).
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FIGURE 1.1: A geometric composite of all QSOs with redshifts between 1.7 and 4.2 in DRS of the SDSS.

1.1.2 Optical/UV

Figure 1.1 shows a geometric composite spectrum of the UV emission of quasars at redshift 1.7 to 4.2. This
figure shows the strong broad emission lines that are typical of these objects. Typical widths (FWHM) for

these broad lines are between 1000 and 5000 kms~—! and are due to the bulk motion of the emitting gas

around the central black hole.

The underlying continuum is often described as a reddened power law although there is typically some

curvature, as well as the big blue bump (Sanders et al. 1989;Elvis et al. 1994). At wavelengths bluer than
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the Ly-av emission line at 1215 A the spectrum is strongly effected by absorption and little of the emitted

spectrum remains.

1.1.3 X-ray

The accretion disc within AGN is expected to produce the majority of its’ continuum emission in the
UV/optical regime as a result of its temperature (~10°K). In order to produce the bright, usually power
law (f(E) — E~T where I' ~ 2), hard X-ray emission observed some other mechanism is required. It is
believed that this mechanism is Compton up scattering of the UV photons by a very hot corona above (and
below) the accretion disc. This corona is thought to be heated by interactions, possibly through magnetic
fields, with the accretion disc and can have a thermal (Haardt & Maraschi 1991) or non-thermal (Zdziarski
et al. 1990) electron distribution. This power-law continuum illuminates the accretion disc and some
fraction is Compton ’reflected’ (Lightman & White 1988;Guilbert & Rees 1988;George & Fabian 1991).
The lower energy X-rays are rarely reflected as photoelectric absorption dominates whereas hard photons
tend to be Compton scattered and are rarely absorbed. After photoelectric absorption some fluorescent
line emission will be produced, the most prominent line is the Fe K, line at 6.4 keV. Figure 1.2 shows a
Monte Carlo simulation by Reynolds 1996 of the reflected X-ray spectrum when an incident power-law

illuminates a gaseous slab which has cosmic abundances.

1.1.4 Gamma-Rays

Not very much is known about quasar emission at these extremely high (TeV) energies. Kniffen et al.
1993 discuss the gamma-ray emission in 3C 279 and it’s considerable variability although observations
are consistent with a power law spectrum other forms are not ruled out. Blazars are typically observed
to be Gamma-ray sources and AGN/Blazars have been suggested as possible sources of the gamma-ray
background (Padovani et al. 1993). Blazar spectra in the TeV regime are typically explained by relatively
low energy synchrotron radiation boosted to considerably higher energy by inverse Compton scattering

within a jet moving towards the observer (Abdo et al. 2010). This mechanism is known as synchrotron
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FIGURE 1.3: Example spectra of Seyfert 1 (top-NGC 4151) and 2 (bottom-NGC 4941) galaxies (Keel
1983). The wavelength is given in A at the bottom of the diagram.

self-Compton (SSC).

1.2 History, Sub-types and Classification

Due to the extremely large range of luminosity and redshift amongst active galactic nuclei their discovery
was made in a number of different stages, via numerous methods and the connections between the different

classes of object took in some cases many years to be made.

Extreme nuclear luminosities were first observed by Seyfert 1943 in what we now know as Seyfert galaxies.
These objects are relatively low luminosity, by AGN standards, such that the central emission source is
comparable in luminosity to the rest of the galaxy. The first sample of such objects were selected as
galaxies showing high central surface brightness. UV/optical spectra of these galaxies show two distinct

classes. Seyfert 1 galaxies show extremely broad permitted emission-lines along with narrower lines which
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include forbidden lines (Khachikian & Weedman 1974). Seyfert 1 galaxies also show strong UV and X-ray
continuum emission. Seyfert 2 galaxies show only the relatively narrow (several 100 kms—!) emission-
lines in both permitted and forbidden lines, they also tend to be significantly weaker at UV and X-ray
wavelengths (Lawrence & Elvis 1982). The differences in the widths of the emission lines can be clearly
seen in Figure 1.3 which shows as example of both classes. The reasons behind these differences are

discussed in section 1.3.

Quasars or ’quasi-stellar radio sources’ were first identified in the late 1950s when the angular resolution
of large area radio surveys, such as the 3C catalogue (Edge et al. 1959), became high enough to allow radio
sources to be matched to their optical counterparts. These objects are at such high distances that the galax-
ies in which the AGN reside appear as point sources in optical observations. The vast majority of other
radio sources appear to be from galaxies so these radio emitting point sources caused much confusion. This
confusion was enhanced by the optical spectra of these sources which showed strong (EW>10A in some
of the stronger lines) very broad (FWHM=21000s km s ~') emission-lines at wavelengths uncharacteristic
of emission lines in stellar sources. Schmidt (1963) noted that in one object, 3C 273, these lines appeared
to line up with the hydrogen Balmer-series if the object is red shifted by z=0.158. This redshift was, at
the time, one of the largest ever recorded and only matched by a few rich galaxy clusters. If this redshift
is due to the universal expansion then it implies an extremely large distance and a disturbingly large lu-
minosity. With improvements in optical astronomy similar objects have been found which show weak or
undetected radio emission. Whilst these objects are technically known as QSOs (quasi-stellar objects) the
terms quasar and QSO are often used interchangeably to refer to all high luminosity AGN irrespective of
the strength of their radio emission. Indeed, only around 10 % of AGN are radio loud, the majority show

only weak radio emission.

Fanaroff & Riley 1974 split radio galaxies into two classes based upon their radio brightness and morphol-
ogy. Most radio galaxies show a central source and significantly extended radio lobes extending away from

the source. These radio lobes usually occur in pairs in opposite directions and can extend as far as Mpcs
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from the central source. FR I sources are typically weaker radio emitters and tend to have bright central
sources co-incident with the optical emission. Due to the weaker radio emission FR I galaxies are not
technically quasars but can be QSOs. FR 11 galaxies show brighter radio emission and tend to be brighter

in the lobes, perhaps as a result of a powerful outflowing jet.

The extreme luminosities seen in AGN became even harder to explain when coupled with the relatively
common and rapid variation, especially in X-ray emission (Pounds et al. 1986, Green et al. 1993). A few
sources were found to vary significantly over timescales of days. Using light travel time arguments this
suggests the majority of the emission is coming from a region no more than a few light days across. Thus
these objects emit more light than an entire galaxy from a source comparable in size to the solar system.
These extremely bright objects are indicative of physical extremes that had not been previously observed
and require an extremely efficient method of producing light, significantly more efficient than even nuclear

fusion, the power source responsible for starlight.

Blazars are another class of object contained within the AGN family. They can be sub-classified into BL-
Lacertae objects (BL-Lacs) and Optical Violent Variables (OVVs). BL-Lacs show much weaker emission-
lines than other AGN and extremely highly variable continuum emission at all wavelengths (factors >100
over timescales of months). OVVs are essentially type I AGN showing broad emission lines and large
UV and X-ray luminosities but with highly variable luminosity (~50%) on short timescales (days). The
currently accepted explanation for the bright highly variable continuum in these objects is that we are
viewing them as a jet pouring towards us resulting in the continuum emission from this jet being doppler

boosted to much higher luminosity than would be seen from other viewing angles.

1.3 The Standard Model: Unifying AGN

In this section I describe the main physical features that form the standard model of AGN.
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1.3.1 Black Holes

It is widely believed that the mechanism responsible for the extremely high nuclear luminosities in AGN is
accretion onto a compact object. Accretion can release energy much more efficiently than nuclear fusion
and this is required to produce such large luminosities from relatively small regions (<a few light days
across). Accretion processes are important in powering many other astrophysical phenomena such as
X-ray binaries (Pringle & Rees 1972). Through simply balancing the inward force of gravity with the
outward radiation pressure it is possible to produce a theoretical upper limit on the luminosity that can
be maintained through accretion onto an object of a given mass, M. This limit is known as the Eddington
luminosity, L g p, and combined with the Luminosities observed in AGN can provide a lower limit on the
mass of the compact object responsible for powering an AGN. If an object were to consistently exceed
this luminosity it would blow away the remaining material resulting in a decrease in the accretion rate and

therefore the luminosity.

_4nGemy, o

M
Lgp =1.26 x lOgsM—ergs st (1.3.1)

O¢ ®

Using equation 1.3.1 for a typical quasar luminosities of 10%7 ergs s~!

assuming the source is at the
Eddington Luminosity, requires a mass of approximately 10° M,. If this compact object is a black hole it

would be a few AU across based on the Schwarzchild radius. This is consistent with the rapid variability

observed in some quasars.

Observations of the orbits of stars around the centre of our own galaxy reveal an extremely massive com-
pact object (see Reid et al. 2003, Shen et al. 2005). This object is so massive and so compact that it is
almost certainly a black hole. There is now mounting evidence that such super massive black holes are
common or perhaps even ubiquitous in the centre of galaxies. Accretion onto a super massive black hole

is therefore the most likely explanation for the extreme nuclear luminosities seen in AGN.

In order to maintain angular momentum as material is accreted onto the black hole it is likely the in-
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falling material will take the form of an accretion disc (Pringle & Rees 1972, Bardeen 1974). Shlosman
et al. 1990 argue that a thin accretion disc is not a viable method of transporting in-falling material over

distances greater than parsecs so such discs are unlikely to be larger than this.

1.3.2 The broad line region

Near to the central black hole (<few 100 light days) there are high density, high velocity clouds, which are
photo-ionised by the central continuum source giving rise to the broad emission lines. The strongest lines
are the UV resonance and optical recombination lines. These broad emission lines are dominated by the

permitted and meta stable lines suggesting the density in this region is high.

Observations of variability in the continuum and Balmer lines of several quasars show these broad lines
lagging continuum variability by around 100 days. Assuming this correlation is indicative of a causal rela-
tionship it provides an estimate of the size of the broad line region (BLR) from light travel time arguments
(Peterson 1993;Kaspi et al. 2000). Reverberation mapping studies also show no difference in the time-lag
between the red and blue sides of the broad emission lines. This strongly suggests that there is no bulk
radial motion in the broad line emitting gas as if the gas was moving inwards/outwards we would see the
red/blue side of the line vary first. As there is no bulk radial motion the gas in the broad line region is
likely to be virialised. This is not true for those emission lines which show blue-shifts such as C 1v. If the
ionisation parameter of the BLR is constant between objects its size can be expected to scale as the square
root of the Luminosity of the central source (Peterson 1993). This simple assumption works relatively well

for nearby AGN (Kaspi et al. 2005).

A lower limit on the density of the broad line region can be inferred by the absence of [O 111] AA4363 A since
this line is collisionally de-excited above 108 cm~—3. Reverberation mapping has shown that much of the

C 111] AA1909 A emission, believed to originate from the BLR and place an upper limit of 10'° cm—3

on
the density of this region, actually arises from a different, lower density (p ~ 105 cm™?) region to the

C1v and Ly-a emission. There is clear evidence for both density and ionisation stratification such that the
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higher ionisation lines respond more rapidly (and are therefore thought to be produced from closer to the
AGN) than lower ionisation lines (Netzer & Peterson 1997). The density of the part of the BLR responsible

for the C 1V emission is likely to be closer to 10!! cm~3 (Ferland et al. 1992).

1.3.3 The narrow line region

At larger distances (=pcs) we find the narrow-line clouds. These clouds are made up of lower density,
lower velocity gas and give rise to the narrow emission-lines. The presence of strong narrow lines from
forbidden transitions suggests that the narrow emission lines are formed in a different region with a lower
density than the BLR. The ratio of various forbidden lines can be used as a diagnostic of the density in
this narrow line region (NLR). The electron density in this region is typically found to be n. ~103 to 108
cm 3. If we assume that the velocity width of these lines is due to Keplerian rotation then this implies that
the NLR is considerably further from the central black hole than the broad line region. This is backed up
by observations of nearby Seyfert galaxies (Cecil et al. 1990;Kaiser et al. 2000). Due to its lower density

the NLR can remain at similar ionisation to the closer, denser BLR.

1.3.4 A dusty obscuring torus

One relatively simple model proposed by Osterbrock 1978 attempts to explain the observed differences
between Seyfert 1 and 2 galaxies by invoking a dust and gas torus which blocks the line of sight to the
central regions from some observing angles. In this way all Seyfert galaxies can possess both a broad
line region and narrow line region. If the broad lines are emitted from much closer to the nucleus and
formed within the dust and gas torus they will not be visible from all angles. Thus Seyfert galaxies viewed
from an angle such that the broad line region and central source are exposed will show broad emission-
lines along with bright ultraviolet and X-ray fluxes and be classified as type 1. Seyfert 2 galaxies by
contrast are viewed through the dusty torus which absorbs significant amounts of UV and X-ray flux as
well as the emission from the broad line region leaving only narrow lines. Figure 1.4 is taken from Urry &

Padovani 1995 and shows a schematic of this unification model. The dusty torus is shown in orange with
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FIGURE 1.4: A diagram of a unification model set out by Urry and Padovani 1995.

the BLR clouds in black and the NLR clouds represented by the lighter colour. This dusty torus is likely
to form as the temperature drops allowing dust grains to form. Such a feature may have been observed (at

a temperature of ~1350 K) by Riffel et al. 2009.

1.3.5 Evidence for the standard model

Observations of weak broad emission-lines in the polarised spectra of Seyfert 2 galaxies (Antonucci &

Miller 1985, Miller et al. 1991) along with the similar UV continuum shapes in Seyfert 1 and 2 galaxies
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require an additional component to this model. This component scatters the continuum into the line of site
from above the obscuring torus and is required by observations of the polarised continuum of NGC 1068
(Code et al. 1993) to scatter in a way that is wavelength independent. Scattering from electrons is the
most likely mechanism. NGC 1068 shows evidence of increased polarisation in the UV continuum which
is polarised by 16%, while the narrow line region is less than 1% polarised. This suggests the narrow
line region is viewed directly and is in a different location to that responsible for the scattered continuum
emission. Evidence for a further scattering element is provided by the polarisation of the H-« line in some
Seyfert 1 galaxies. Robinson et al. 2003 suggest that Seyfert galaxies contain a scattering ring in the same
plane as the proposed torus as well as a polar scattering component previously proposed. As well as the
considerable evidence of a hidden BLR in type 2 Seyferts Riffel et al. 2009 present observations of what

might be emission from the heated inner wall of the dusty torus.

The much more luminous central source in quasars suggests that either the AGN is powered by a signifi-
cantly larger black hole and/or that the accretion rate is higher. Higher accretion rates are much more likely
to drive outflow jets in order to conserve angular momentum and the higher luminosities will also provide
more power for any radiatively driven outflows. Outflows in quasars are an important phenomenon, they
may be responsible for the radio lobes seen in FR 11 galaxies, while blazars may be the result of viewing
a quasar down an outflowing jet resulting in very large Doppler boosting of the continuum emission from
the jet swamping the emission-lines. Outflows are also seen as absorption lines and this is discussed in

Section 1.5.

1.4 AGN feedback

The vast energies produced by AGN may have a significant impact on the evolution of the galaxy in which
the AGN resides. This energy may also be important on even larger scales effecting both the formation

and growth of galaxy clusters.

One way in which the AGN can effect galaxy growth is by preventing cooling-flows (see Briiggen &
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Kaiser 2002, Ruszkowski & Begelman 2002). A cooling flow occurs when the intra-cluster medium (ICM)
is allowed to cool, this results in the cooler gas falling under gravity to the centre of the cluster. Unless this
process is regulated it will result in extremely large and bright galaxies (M>10'2 My, L>10% ergs s—1)
in the centre of galaxy clusters. Such galaxies are considerably less common than predicted by numerical
simulations which do not take AGN feedback into account (Kauffmann et al. 1999, Cole et al. 2000, Cole
et al. 2001, Bower et al. 2006). AGN provide large amounts of energy both in the form of luminosity and
kinetic energy in outflows (Di Matteo et al. 2005) that may be capable of preventing the gas from cooling

explaining the lack of extremely high mass galaxies if galaxies become active as they grow rapidly.

In recent years interest in BALQSOs outflows has risen sharply, principally because of the realisation that
such high velocity outflows carry a substantial amount of energy and momentum into the ISM, and may
therefore be important in driving AGN feedback as well as providing a mechanism for quenching star
formation (Scannapieco et al. 2005). Indeed, the discovery of highly ionised, very high-velocity X-ray
outflows (e.g. Pounds et al. 2003a, Pounds et al. 2003b, Pounds & Reeves 2009) , for which the energy
transport (in terms of mechanical energy) is large enough to interrupt the growth of the host galaxy, may
provide the causal link behind the well-known correlation between the mass of the central black hole and

the mass of the bulge (e.g. Ferrarese & Merritt 2000, Gebhardt et al. 2000, Tremaine et al. 2002).

1.5 Broad Absorption Lines

Broad absorption line quasars (BALQSOs) as their name suggests, show strong broad blue-shifted absorp-
tion lines in their spectra believed to be indicative of high velocity (~0.1c) out-flowing winds. BALQ-
SOs represent approximately 15% of quasars in general (Turnshek 1984, Reichard et al. 2003a, Trump et
al. 2006, Knigge et al. 2008, Scaringi et al. 2009). The majority (~ 85%, Sprayberry & Foltz 1992, Re-
ichard et al. 2003b) of BALQSOs are known as HiBALs, displaying absorption in lines of high ionisation
only (e.g. N v, Si 1v, and C 1V). The remainder are classified as LoBals and show in addition broad
absorption in lines of lower ionisation species, most notably Al 111 and Mg 11. LoBALs are further sub-

classified according to the presence of Fe absorption, as Fe LoBals. Since the spectra of LoBals are in
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general redder than HiBals, Becker et al. 2000 suggests that BALQSOs and in particular Fe LoBALs may

be an early phase in the development of emerging or re-fuelled quasars.

Observations of objects in which the broad absorption absorbs significant amounts of flux from the broad
emission line provide strong evidence that the absorption is located outside of the broad line region. X-ray
observations suggest that the hydrogen columns in BALQSOs are extremely large (Nz > 10?2 cm~2)
as the majority of BALQSOs are barely detected even in relatively long X-ray observations (Green &
Mathur 1996, Giustini et al. 2008). Bautista et al. 2010 suggest that the hydrogen density in the outflow
responsible for two FeLoBALs is likely to be in the region of 10* cm™3, this density allows the outflow
to remain relatively highly ionised up to quite large distances from the ionising source (compared to the

broad line region).

1.5.1 How do BALQSOs fit into unification schemes

There has been much debate about the relationship between BALQSOs and the general quasar population
as a whole. Simple unification schemes, suggest that BALQSOs and non-BALQSOs are similar objects and
that any observed differences in their spectra arise due to orientation effects (Ogle et al. 1999, Weymann

et al. 1991, Schmidt & Hines 1999, Elvis 2000).

Elvis 2000 proposed the structure shown in Figure 1.5 as a way of explaining BALQSOs as well as the
various narrow absorption lines seen in quasars. In this picture all AGN contain a highly ionised high-
velocity outflow. Initially this outflow rises vertically off of the accretion disc before being radiatively
accelerated. When the AGN is viewed from above the outflow no absorption is seen. Viewed along the
outflow AGN will show extremely deep broad absorption lines with high column densities, these are the
BALQSOs. At angles such that the AGN is viewed through but not along the outflow narrow lower velocity
(as the material is not moving directly towards the observer) material is seen. This is consistent with

observations of persistent relatively low velocity narrow absorption in NGC 5548 (Shull & Sachs 1993;
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Mathur et al. 1999). If this absorption was due to a radial flow then the material would have moved far
enough from the ionising continuum to significantly alter its ionisation. As this is not seen viewing the
material through an outflow moving at an angle to the observer may be a much better model for this source.
However, if the density of the flow decreases as it moves further from the ionising continuum it may be

possible to maintain constant ionisation.

Several instances of outflows varying (Barlow 1993;Lundgren et al. 2007), appearing (Hamann et al. 2008)
or disappearing (see Chapter 5) suggest that the relationship between BALs and non-BALs is more com-
plex than a simple change in observing angle. Barlow 1993 saw significant changes in the strength of
absorption in several BALQSOs and suggested that these changes are best explained by changes in the
ionisation of the outflow rather than its covering fraction. In order to significantly change the depth of
absorption in a BAL outflow in any given line one could imagine a change in the ionisation of the gas dras-
tically reducing the ionised column density for that line. In instances where several absorption lines are
seen to appear or disappear together a change in the covering fraction appears unlikely whereas ionisation
changes will occur at the same time for all absorbers as to absorb the continuum they must be in the line

of sight.

There has been much debate on the radio properties of BALQSOs and what they imply about the orientation
of the outflows. Initially all the BALQSOs found were radio quiet (Stocke et al. 1992;Brotherton et al.
1998) discovered the first radio loud BALQSO but it remains the case that the majority of BALQSOs are
not radio loud. Shankar et al. 2008 have suggested that this is due to a bias created by beaming of radio
emission produced in jets. They have suggested that the intrinsic radio properties of BALQSOs and non-
BALQSOs are the same but that the outflow responsible for the broad absorption is at a different angle to
that responsible for the radio jet. If this is the case then those objects whose radio emission is Doppler
boosted will be much less likely to show broad absorption lines and this may explain the dependence of

the fraction of objects showing BALs with radio luminosity.
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1.5.2 Driving Mechanisms

Despite the increasing importance of quasar outflows the precise mechanism responsible for accelerating
them to high velocity remains uncertain. Radiative acceleration (Shlosman et al. 1985, Arav & Li 1994,
Murray et al. 1995, Proga et al. 2000, Chelouche & Netzer 2001) , Magneto Hydro Dynamic (MHD)
driven winds (Blandford & Payne 1982, Emmering et al. 1992, Konigl & Kartje 1994, Bottorff et al. 1997)
and thermally driven winds are seen as the main contenders (see e.g. Proga 2007 for a review). A major
hindrance to progress in this area is the absence of a clean discriminatory observational signature of what
are essentially orthogonal wind geometries. For radio-quiet objects, AGN unification schemes tend to
favour equatorial wind geometries (e.g. Elvis 2000). By contrast, observations of radio-loud BALQSOs
(Becker et al. 1997, Becker et al. 2000, Brotherton et al. 1998) and in particular polarisation observations of
PKS 0040-005 indicate a non-equatorial BAL outflow (Brotherton et al. 2006). One possible explanation
for the apparent difference in wind geometry between radio-loud and radio-quiet objects, is that different

acceleration mechanisms operate in these two classes of objects.

Magneto-Hydro-Dynamic driving

Blandford & Payne 1982 show that it is at least theoretically possible to extract energy and angular mo-
mentum from an accretion disc by interactions with magnetic fields and that such interactions are capable
of producing high velocity collimated outflows. This mechanism enables accretion to take place indepen-
dent of viscosity as these magnetic interactions take the place of viscosity in allowing angular momentum
to be transferred away from the accretor. Emmering et al. 1992 suggest a combination of magnetic and

radiative driving where the dusty gas is radiatively accelerated and flows along magnetic field lines.
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Thermally Driven Winds

Equation 1.5.1 is the equation of motion for gas surrounding the AGN, p,P,B.,$ and F"*? are the gas
density, pressure, magnetic field, gravitational potential and radiation force per unit mass respectively.
Magnetic driving is explained by the second components of the left hand side of equation 1.5.1. The first
component, V P, is the pressure gradient and can be described as a thermal gradient in a region where the
gas is of constant density, as the gas pressure depends on the temperature. As the gas closer to the AGN
will be hotter the gas will tend to be accelerated away from the black hole by the pressure gradient. If this

force is large enough it may be capable of playing a significant role in the acceleration of BAL outflows.

Dv

_ 1 rad
Py + PV = VP + —(V x B) x B+ pF (1.5.1)

Radiative Line Driving

The final component of equation 1.5.1 allows the possibility of radiative driving. In highly ionised gas
the effect of radiative line driving is much reduced. This suggests that in order to produce high velocity
outflows a shielding component is required to prevent the outflowing gas from being ionised (Murray

et al. 1994).

Perhaps the strongest indicator that radiative driving is responsible for accelerating at least some of the
high velocity flows, is the appearance of line-locking features in the spectra of a small fraction of BAL
quasars (e.g. Weymann et al. 1991, Korista et al. 1993, Arav 1996, Vilkoviskij & Irwin 2001). The most
well-studied of these is the so-called ghost of Ly-«, a small hump seen in the absorption troughs of a small
fraction (less than a few percent) of BALQSOs believed to be formed via the interaction between Ly-a

photons and N V ions.

The ghost of Ly-« is a peak seen in the absorption trough of less than 5% (Arav 1996, North et al. 2006)
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of BALQSOs. It is seen 5900 km s~! blue-ward of the centre of the emission line associated with the
absorption. The feature was identified by Korista et al. 1993 after being seen in a difference spectrum
of BALQSO and non-BALQSO spectral composites produced by Weymann et al. 1991 who pointed out
that the difference between the two absorption troughs was approximately equal to the velocity separation
of N v and Ly-a. In a series of papers in the mid 90’s (Arav & Li 1994, Arav et al. 1994, Arav &
Begelman 1994, Arav et al. 1995, Arav 1996) Arav suggested that the feature seen at this velocity was a
result of the increased radiative pressure on N V ions at this velocity within the outflow. In this picture N v
ions moving at 5900 km s~! ’see’ the Ly-a emission from the AGN at the energy of their own emission
resulting in a large increase in the scattering cross section of the Ly-a photons. Consequently, out-flowing
N v ions receive an increase in radiation pressure leading to a large injection of momentum into the outflow.
The out-flowing ions of other species are dragged to higher velocities by electromagnetic interactions with
the N Vv ions, leading to a deficit of material at this velocity (because each out-flowing ion spends very little
time at this velocity before being accelerated to greater velocities). In turn this causes a decrease in the
opacity at this velocity which manifests as a peak within the absorption troughs of the out-flowing species.

A schematic of this mechanism is given in Figure 1.6 which is taken from Arav 1996.

This simple mechanism explains both the presence of the feature and why its position is linked to the rest
frame of the source. This is not the case for shadowing of N v by Ly-a (Korista et al. 1993) where the
separation of the troughs is constant but their velocities are determined by the velocity of the first trough.
Arav 1996 suggested that the reason for the feature being most prominent in C 1V absorption rather than in
other species, is that the doublet separation of C 1V is far smaller (498 km s~1). By comparison the larger
doublet separations of Si1v (1933 km s~1) and O VI (1647 km s~ 1) result in the feature being blurred over

several thousand km s~!, producing a low contrast feature which is difficult to detect in low S/N data.

Previous studies have been limited to small samples of relatively low quality spectra, with strong ghosts
often only becoming apparent in composite spectra (Arav et al. 1995, North et al. 2006). Moreover, dis-
tinguishing between line-locking features and similar features caused by the chance alignment of multiple

absorption systems is difficult with relatively small samples. Indeed, Korista et al. 1993, showed that in a



CHAPTER 1. INTRODUCTION

21

a Lya 11216 c
(]
i NVBAL
' . C IVBAL
A { \ intrinsic emission
i '
I
flux and 5 "I ;
optical depth 1 I.' flux
1 1
] b !
] \ '
T { :
¢\ intrinsic emission i
1 \ '
r 1)
¢ optical depth "
| ]
wavelen,
gh =5900 km/sec 0

wavelength

| 1

5900kmjsec 0 velocity

FIGURE 1.6: Schematic illustration of the creation of the ghost of Lyman-«. Panel (a) shows how the

optical depth of a radiatively driven flow changes when the outflowing material encounters
a strong emission line. Panel (b) shows the region around the strongest quasar emission line
Ly-a. The N V ions encounter this line at 5900 km S~! and this effect is transferred to other

lines dragged along by this increased acceleration on the N V ions.
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sample 72 objects, evidence for line-locking features was merely suggestive rather than convincing. The
Sloan Digital Sky Survey provides a vast quantity of quasar spectra allowing an unprecedented number of

BALQSOs and ghost candidates to be identified.

A decelerating flow?

It may also be possible to explain the observations of outflowing gas in these objects by way of a de-
celerating flow. In this picture the outflow is thrown off the accretion disc at a very high velocity before
decelerating due to a combination of gravity and collisions with the low velocity gas and dust it must travel

through.

1.6 The Sloan Digital Sky Survey

The Sloan Digital Sky Survey or SDSS (Castander 1998, York et al. 2000) covers 7 sr of the sky at
high galactic latitude (>30°) and at its 7t" data release (Abazajian et al. 2009) contained photometric
information on over 200 million distinct objects as well as optical spectra of nearly 10°¢ galaxies and over
10° quasars. The survey was designed primarily to provide information on the large scale structure of the
universe by providing photometric (and spectroscopic) redshifts for a very large number of galaxies and
quasars and has been hugely influential in cosmological studies (for example Percival et al. 2010, Sanchez
et al. 2009). Interesting objects such as AGN were then photometrically selected (see Richards et.al 2002
for details on the target selection algorithm) for spectroscopic follow up. The photometric data are taken in
5 specially designed filters these are named u’(centred on 3560 A), g’(4680 A), r’' (6180 A), i’(7500 A) and
2’(8870 A) and the wavelengths given are the effective wavelengths given by York et al. 2000. The SDSS
telescope is a 2.5m wide-field telescope located at Apache Point Observatory (APO) in New Mexico.
The telescope uses a large secondary mirror along with correcting lenses in order to obtain a 3° field
without distortion. In spectrographic mode the telescope uses two fiber-fed spectrographs and is able to
simultaneously observe up to 640 objects. The fibers are placed into a fiber plug plate, these plates are

individually drilled for each field to observe the objects selected for spectroscopic follow up. Photometric
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and spectroscopic calibration are performed using data from the USNO 1m telescope and the photometric
telescope (PT) a 0.5m telescope equipped with the SDSS filter set in order to calibrate the photometry.
Most of the work in this thesis draws on data from the 5" data release (DR5) of the SDSS (Adelman-
McCarthy et al. 2007). Schneider et al. 2007 have produced a quasar catalogue from DRS of the SDSS
containing spectra of 77429 spectroscopically confirmed quasars. With such a large sample of quasars to
start from it is possible to produce relatively large samples of even extremely rare objects such as those

exhibiting evidence of the ghost of Lyman-a.

1.7 This Thesis

This thesis investigates the outflows seen in BALQSOs.

Chapter 2 highlights the issues involved in selecting clean samples of BALQSOs. This chapter addresses
the problems of using mathematical metrics and identifies the different types of object selected by the
’balnicity’ index (BI:Weymann et al. 1991) and the absorption index (Al:Hall et al. 2002, Trump et al.
2006). The use of learning algorithms (Knigge et al. 2008, Scaringi et al. 2009) is introduced and the
advantages and disadvantages considered. Finally a sample of 3552 BALQSOs selected from the fifth data
release of the SDSS(Adelman-McCarthy et al. 2007) is presented (more detail on this sample can be found

in Scaringi et al. 2009)

Chapter 3 is largely based on Cottis et al. 2010 and describes an attempt to determine whether the ghost
of Lyman-« is really the result of radiative line driving. The largest sample of ghost candidate objects to
date is identified and the method used to identify them discussed. Arav et al. 1995 set out criteria required
for the formation of a visible ghost feature and these criteria are discussed and tested on this sample. The
results of these tests are inconclusive and raise questions about the reality of the ghost phenomenon. A

series of investigations into the presence or absence of an excess of peaks at the ghost velocity is presented.

Chapter 4 describes the observation and reduction of follow up spectra of some of the ghost candidates
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presented in Chapter 3 taken with the William Herschel Telescope and Gemini North. There is some
discussion of the differences between the SDSS spectra and the follow up observations and Arav’s criteria

are tested on these follow up spectra.

One of the objects observed with the WHT showed considerable changes to the C IV and Si 1V absorption.
These changes along with what they can tell us about the physical conditions and location of the absorbing

gas are discussed in Chapter 5.

Finally a summary of this thesis and the conclusions drawn from this research, along with ideas for future

research in this area are presented in Chapter 6.



Chapter 2

Identifying Broad Absorption Line
Quasars

In order to search for evidence of radiative line driving we require a large sample of objects exhibiting
evidence for the ghost of Lyman-a. As these objects are rare we require a large homogenous sample of

objects showing broad absorption lines.

This chapter addresses the problem of searching the huge quantities of data produced by astronomical
surveys, such as the Sloan Digital Sky Survey (SDSS: Castander 1998) for broad absorption line quasars.
Historically large data sets such as those produced by the COSMOS survey (Scoville et al. 2007) were
classified by eye. This method produced results biased by time of the day, who classified which objects
and many other factors which would not effect automated classification. We therefore require a robust
automated system for identifying BALQSOs in large QSO samples. There are several issues to address,
firstly in order to identify absorption features it is necessary to define a *continuum’ with respect to which
absorption can be measured. Once the continuum has been characterised we need to specify a signifi-
cance level below which the spectra can be considered to be absorbed, which is particularly important for
noisy data. Next it is necessary to produce a set of criteria by which the amount of absorption can be
characterised. The intrinsic Absorption Index (Al:Hall et al. 2002, Trump et al. 2006) and Balnicity Index
(BI:Weymann et al. 1991) are introduced and their definitions and distributions discussed. The bimodal

nature of the log(Al) distribution is considered and the possibility that it is due to the intricacies of the

25
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definition discussed and ruled out. The prospect that this feature is due to the Al selecting two different
classes of object and not just BALQSOs is suggested as evidence that the Balnicity Index is a more reliable
method of selecting BALQSOs. We also note that the BI does not give a complete sample of objects with
broad blue-shifted absorption and discuss the use of learning vector quantisation algorithms in defining

BALQSO samples (see e.g. Knigge et al. 2008).

2.1 Continuum fitting

Fitting the continuum can be performed in numerous ways, the simplest and most obvious method being
to pick regions on either side of the absorption, that are not contaminated by line emission or absorption,
and simply join the two with a straight line. This method has the advantage of being simple, reproducible

and robust.

A more sophisticated method is to create a template spectrum with which to compare the object. Various
templates and methods for producing them can be found in the literature (eg.Vanden Berk et al. 2001,
Zheng et al. 1997). In order to create a composite spectrum that retains the average spectral shape a

/7 in each wave-

geometric rather than arithmetic mean is used. The geometric mean is given by ([]} ;)
length bin where n is the number of objects and z; is the flux of object 7 in the appropriate wavelength bin.
This method of creating the composite is useful for quasar spectra as they tend to follow a power law, for
which the geometric mean gives a composite with the average power law slope whilst the arithmetic mean
will give a composite that is, in general, not a power law. For this reason the geometric mean allows the

composite to be modified and fit to individual spectra in a much simpler way as well as giving a better fit

to the majority of spectra.

The composite that I have created contains 28421 spectra from the Sloan Digital Sky Survey (SDSS) 5"
data release (DR5) quasar catalogue (Schneider et al. 2007) in the redshift range 1.7 to 4.2, selected to
ensure each spectrum is visible over the normalisation region as well as to include only those objects in

the redshift range of our potential BALQSOs. Each spectrum is converted to the rest frame of the object
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using the redshift given in the quasar catalogue, it is then re-binned into 1 A bins. The SDSS spectra have
a resolution of 69 kms™1!, at redshift zero this corresponds to of the order 1 A/pixel but in the rest frame
of the source depends on the wavelength and redshift. The spectrum is then normalised so that the average
flux between 1700 A and 1750 A is equal to unity. This ensures that the composite is not biased by changes
in the spectral slope of, or features present in, high luminosity or nearby sources. Due to the large number
of spectra used in the creation of the composite it will have a very high signal to noise ratio allowing
many emission lines to be seen. The geometric composite along with the number of spectra contributing
to each bin can be seen in Figure 2.1. Due to the redshift requirements the composite spectrum covers the

rest-frame wavelength range 734 A to 3418 A.

In order to use the geometric composite to isolate continuum regions for an individual object one must
modify the composite to take into account differences in spectral slope and the amount of internal redden-

ing due to dust. This is done using equation 2.1.1

F{N o, E(B=V)) = fo(\ ae, E(B — V) )A@72) 5 107 (FB=V)=EB=V)e)((N) (2.1.1)

where f/(\, o, E(B — V)) is the modified template that is normalised and fit to the input spectrum,
fe(\ ae, E(B —V),) is the composite spectrum, A is wavelength, E(B — V') is a measure of the de-
gree of reddening based on the SMC extinction curve as a function of wavelength, (), given by Pei 1992
and « is the spectral slope. The spectra are normalised so that their flux in the region between 1700 and

1750 A are equal. A modified x? value is calculated using equation 2.1.2

(BB V) = 3 5= S BB = V)~ KPS 2.12)

)\ )\ a(A

|\

where f;()) is the input spectrum, o()) is the error on the input spectrum, f.(\, o, E(B — V)) is the
modified composite and w(\) is the weighting function used to remove prominent emission line regions
as given by Reichard et al. 2003a. The weighting function gives a weighting of zero between the lower
and upper wavelength limits of the Lyman-a and N Vv blend, Si 1v, C 1v, C 111] and Mg II emission line

regions as given by Vanden Berk et al. 2001 as well as giving a zero weighting to anything blueward of
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FIGURE 2.1: Geometric QSO Composite (top) in arbitrary flux units (as the fluxes of all of the contributing
objects are normalised) and the number of spectra contributing to each bin as a function of
wavelength (bottom).

1050 A or redward of 3418 A (as the composite does not cover this region). The BAL regions are given a
weighting of 0.5 and are defined as being between the Si 1V upper limit and C 1V lower limit from Vanden
Berk et al. 2001 for the C 1v BAL and between 2575 and 2686 A for the Mg 11 BAL. This calculation is

performed for various values of « and E(B — V) and the value of x?(c, E(B — V)) minimised.

In the C 1V emission line region as defined by Vanden Berk et al. 2001 linear interpolation between points
on either side of the region is used to produce the model continuum value although this region is not used
for the fitting process. An example of a composite fit is shown in Figure 2.2 along with the weighting
function. The composite fitting was unable to provide a good fit for 91 spectra, mostly due to the presence
of very red and/or extremely absorbed spectra. For these, a linear fit across the BAL region is used (see
e.g. Figure 2.3). The regions used to produce the linear fits are between 1290 to 1310 A on the blue side

and between 1720 to 1740 A on the red side.
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FIGURE 2.2: Modified composite fit to a quasar spectrum shown with the weighting used to calculate the
modified 2 value for each wavelength region in the bottom panel. The emission lines have
a weighting of 0 and are not fit, it is therefore not surprising that the spectra is poorly fit in
these regions. The solid line in the top panel is the modified quasar composite, the points are
the flux measurements for the fit object.
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FIGURE 2.3: Example of a linear fit, shown in red, across the C 1v and Si IV emission and absorption
region of a quasar spectrum. The spectrum fit is that of SDSS J015921.53+141043.1 shown
in black.
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2.2 The SDSS DRS Quasar Catalogue

The Sloan Digital Sky Survey fifth data release contains over a million spectra. The DR5 quasar catalogue
contains spectra of 77429 quasars, of these 28421 have redshifts between 1.7 and 4.2 and thus show C 1v
emission in their SDSS spectrum. Sloan spectra are available to download from their web page in 1 di-
mensional form and have been sky subtracted, corrected for telluric absorption and spectrophotometrically
calibrated by the pipeline. Each spectrum is presented in 69 kms ! bins giving a resolution, %, per two

pixel element of approximately 2000 over the whole wavelength range.
2.3 The Al and BI

The traditional method of quantifying the depth and broadness of absorption in a quasar spectrum has been
to use the Balnicity index (Weymann et al. 1991). Recently there has been much debate regarding the
completeness of this metric leading some authors to introduce a new metric for BAL classification known
as the absorption index, Al (Trump et al. 2006), which they claim produces a more complete sample of

BAL objects. Below we define the two metrics and discuss the merits of each.

2.3.1 The Balnicity Index

Weymann et al. 1991 introduced the Balnicity Index (BI) as a quantitative measure of "'BALness’. The BI

can take values between 0 and 20000 kms~! and is given by equation 2.3.1

25000
BI = / Cl1— f(0)/0.9]dv 2.3.1)
3000

where C'is 1 for those parts of a trough below 90% of the continuum after the trough has been below 90%
of the continuum for 2000 kms ! and zero elsewhere. The integral is in velocity space with blue shifted
velocities being positive. Calculation of the BI starts at 3000 kms ™! in order to avoid confusion between

the continuum and line emission and to avoid including absorption caused by gas within the host galaxy
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that will typically have low velocity relative to the AGN. The BI of a completely black trough spanning the
entire region would be 20000 kms~!. A BI value greater than zero was, until recently, the usually accepted
empirical definition of a BALQSO. Trump et al. 2006 suggested that the BI will miss many genuine BAL
objects whose absorption does not extend beyond 5000 kms ! (the integral starts at 3000 kms—! and the

absorption must extend for at least 2000 kms—1).

2.3.2 The Intrinsic Absorption Index

Hall et al. 2002 defined the intrinsic absorption index or Al as a tool to investigate unusual BAL objects.

The Al is given by equation 2.3.2
29000
AT = / C'[1 — f(v)/0.9]dv (2.3.2)
0

where in this case C” is 1 for all of regions in which the spectrum is below 90% of the continuum for more
than 450 kms~! and zero otherwise. This definition will clearly give non zero values for a significantly
larger number of objects than the BI (c.f. equation 2.3.1) as it will include absorption close to the line centre
as well as not requiring the absorption to be as broad as the BI. Trump et al. 2006 extended this work using
a modified version of the AI, that has just f(v) in place of f(v)/0.9 (meaning Trump et al. 2006’s Al is a
true measure of EW) as well as requiring that the width of the absorption exceed 1000 kms ! rather than
450 kms~!, as a method of defining BALQSOs in order to include those objects whose absorption does

not extend beyond 5000 kms ! or whose troughs are between 1000 and 2000 kms~! wide.

Trump et al.’s Al produces a much larger sample of BAL candidates representing a BAL fraction of 26%.
This value is significantly larger than the 12% found by Weymann et al. 1991. However Knigge et al. 2008
along with work presented here show that Trump et al.’s distribution of Als has a low Al peak occupied
almost exclusively by those objects with BI=0 suggesting that the Al while efficient at finding absorption
systems may include two distinct classes of object and therefore may not be a good method of defining

BALQSOs.
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2.4 The AI and BI distributions

Previous studies indicate that the derived values of BI are sensitive to the continuum placement. In order
to look at the variations introduced to the BI based on the continuum placement the BI values given to
objects by Trump et al. 2006 and the author are presented in Figure 2.4. This figure shows that at high
values of BI the value calculated by the author is consistent with that from Trump et al. 2006 whilst at low

values the two diverge. This is to be expected as troughs which are close to 2000 kms~!

in width may
contribute significantly to one value but not at all to the other. This could occur when a point close to the
edge of the trough is slightly above 90% of one of the fit continuua whilst remaining below 90% of the
other resulting in one value of the BI being considerably larger than the other. A similar effect could occur
in broad shallow troughs where a point within the trough may be above 90% of one of the continuum fits
but not the other. Troughs contributing to large values of the BI are likely to be much deeper than 0.9 times

the continuua throughout the trough and considerably wider than 2000 kms~! and are therefore unlikely

to only contribute to one value because of variations in the continuum fit.

All AT and BI values discussed, with the exception of those shown in Figure 2.4 have been calculated by
the author. The log(Al) distribution (Figure 2.5 calculated using equation 2.3.2) appears to be bimodal
with one group centred around a few hundred kms~! and the other around a few thousand (see Knigge
et al. 2008). When it is split up into those objects with BI of zero and those with non-zero Bls (see
Figure 2.6) it becomes clear that the majority of objects in the low end of this distribution would not
classically be considered BALQSOs. This bimodality may be an effect of the exclusion of the f(v)/0.9
as it is not present in the Al distribution resulting in a minimum non zero Al value of 100km/s which may
result in bunching together objects at the low end of the distribution. In order to test this theory a new Al
distribution is calculated using f(v)/0.9 instead of f(v). This distribution is shown in Figure 2.8 and does
remove some of the bimodality however when the new distribution is split up into those objects with BI=0

and those with BI>0 (see Figure 2.9) it is clear that the two different populations remain.
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FIGURE 2.4: Values of the BI calculated by the author plotted against values of the BI calculated by Trump
et al. 2006 for the same objects.
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FIGURE 2.5: The distribution of the absorption index as calculated by the author using equation 2.3.2 from
DRS5 of the SDSS plotted in log space.
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FIGURE 2.6: Top, Al distribution calculated using equation 2.3.2 by the author for all objects in DRS.
Middle, AI distribution calculated by the author for those objects with non-zero Bls. Lower
panel, Al distribution for those objects with BI=0.
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FIGURE 2.7: The distribution of the balnicity index as calculated using equation 2.3.1 from DRS of the
SDSS plotted in log space.
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FIGURE 2.8: Modified Al distribution calculated using equation 2.3.2 with f(v)/0.9 replacing f(v) for all
objects in DR5 of the SDSS.
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FIGURE 2.9: Modified Al distribution using equation 2.3.2 with f(v)/0.9 replacing f(v). Calculated from
DRS5 of the SDSS for all objects (top), objects with BI>0 (middle) and BI=0(bottom).
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2.5 BALQSOs and Intrinsic absorbers

Whilst many of the objects with AI>>0 would not be selected as BALQSOs by the BI this does not nec-
essarily mean that they are physically distinct as they may simply be slightly narrower or lower velocity
outflows produced via the same underlying mechanism as the objects selected by the BI. A selection of
spectra with a variety of Al and BI values are shown in Figures 2.10 to 2.13 to highlight differences be-
tween objects from the low and high end of the Al distribution. Figure 2.10 shows that these objects do not
show broad blue-shifted absorption features suggesting that using AI>0 as a definition for BALQSOs will
result in significant contamination from objects that are not genuine BALQSOs. However in Figure 2.11
one can see that those objects which have non-zero values for the BI and low Al values also show no ob-
vious broad absorption suggesting that a sample of BALQSOs selected purely on the basis of the BI may
also contain some incorrect identifications (probably due to poor continuum fits). Figures 2.12 and 2.13
show objects with fairly large values for the Al with objects in Figure 2.12 having a zero BI. These two
figures show that the majority of objects with high Al values do show broad absorption lines irrespective

of their BI values. The objects in Figure 2.12 are precisely those that the Al was designed to find.

These figures highlight the problems inherent in using fixed metrics to identify BAL features. Metrics
designed to include all of the true BALs tend also to identify a significant number of objects whose ab-
sorption may be produced via a different mechanism for example: (1) by absorption within the host galaxy,
which typically occurs at low velocity relative to the AGN; (2) intervening absorption systems at different
redshift to the host galaxy that will generally occur at random velocity shifts and may be due to absorption

by different species.
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FIGURE 2.10: Example spectra of objects with Al values, calculated by the author, of between 300 and

600 kms~! and BI=0.



CHAPTER 2. IDENTIFYING BROAD ABSORPTION LINE QUASARS 39

Al=534

SDSSJ095417.32+564816.0

SDSSJ114316.98+132400.8 Al=553
BI=119

>

3

- SDSSJ091800.35+422825.8 Al=545

Bl=41
SDSSJ145535.24+041938.1 Al=552
Bl=48
1 1 1 1 | 1 1 1 1 | 1 1 1 1
1600 1700

1400 1500
Wavelength (&)

FIGURE 2.11: Example spectra of objects with Al values, calculated by the author, of between 300 and

600 kms~! and BI>0.
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FIGURE 2.12: Example spectra of objects with Al, calculated by the author, of between 1500 and
3000 kms~! and BI=0.
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FIGURE 2.13: Example spectra of objects with Al, calculated by the author, of between 1500 and
3000 kms~! and BI>0.
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2.6 Composite Spectra

Another way to look at the different types of object selected by the metrics is to create composite spectra of
those objects selected by the different methods. These composites are created using the same method used
to create the quasar composite used in the continuum fitting process. The quasar spectra are put into the
rest frame using the SDSS quasar catalogue redshift, re-binned into 1 A bins and normalised to an average

flux of unity between 1700 and 1750 A. The composites are all geometric means.

Figure 2.14 shows the composite of all objects selected by the BI (dashed line) in addition to the composite
of all DRS quasars between redshifts 1.7 and 4.2 (solid line). This composite shows that the objects selected
by the BI show significantly redder spectra in the UV. This is expected because BALQSOs are generally
viewed through more dust contained in the outflow than non-BALQSOs (Reichard et al. 2003b). The BI
composite also shows that the emission lines are somewhat weaker although this is likely to be due to
absorption in some objects rather than a genuine relationship between blue shifted absorption and line

strength.

The AI composite is shown in Figure 2.15 and is again shown along with the quasar composite. This
spectrum is similar to the BI composite but is less red and almost identical to the general quasar composite
beyond 1700 A. The absorption in C 1V also appears to be spread more evenly across the trough compared
to the BI composite which shows very deep absorption close to the emission line which drops off as you

go further from the line.

Figure 2.16 shows the composite spectra of those objects with AI>>0 and BI=0. This spectrum is the
most revealing as it shows that there is very little difference in the overall spectral shape of these objects
compared to the general quasar population. The absorption in these objects appears to be randomly spread
throughout the trough suggesting that a significant portion of this absorption occurs in regions unconnected
to the AGN emission. If this is the case then such objects are clearly physically distinct from the BALQSO

population which is produced by outflows from close to the central engine.
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FIGURE 2.14: Composite spectra for all quasars (solid line) and quasars with BI>>0 (dashed line).
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FIGURE 2.15: Composite spectra of all quasars (solid line) and quasars with AI>0 (dashed line).
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FIGURE 2.16: Composite spectra of all quasars (solid line) and quasars with AI>0 and BI=0 (dashed line).
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2.7 LVQ- Learning Vector Quantisation

In an attempt to circumvent the problems of using inflexible metrics Knigge et al. 2008 used a learning
vector quantisation algorithm to identify BALQSOs from the quasar catalogue from DR3 of the SDSS
(Schneider et al. 2005) which contains 46420 quasars compared to the 77429 in DRS (Adelman-McCarthy
et al. 2007). The algorithm employed is essentially a neural network that learns how to recognise BALQ-
SOs and non-BALQSOs when given a sufficiently large set of training objects tagged by the authors. The
details of the network training can be found in Knigge et al. 2008 and do not form part of this thesis. In
addition to the LVQ network those objects for which the network and the BI disagree (i.e. the network
classes a BI=0 object as a BALQSO or a BI>0 object as a non-BALQSO) are visually inspected and
classified by the authors, this step is necessary as the majority of these objects with BI>0 are visually
classified as BALQSOs. This method is applied to the DRS catalogue by Scaringi et al. 2009 and we find
3552 BALQSOs. The LVQ alone would miss-classify 710 of these objects as non-BALQSOs as well as

including another 440 objects which have been visually classified as non-BALQSOs.

2.8 The BALQSO Fraction

The fraction of objects identified as BALQSOs obviously depends upon the method used to identify objects
as BALQSOs. The fractions found by the various metrics and the LVQ network of Knigge et al. 2008 and
Scaringi et al. 2009 are discussed here. There are 28421 quasars between redshift 1.7 and 4.2 which allow
the C 1v BAL region to be seen. Of these, 2880 (10.140.2%) have BI>0 and 6778 (23.94+0.3%) have
AI>0, the LVQ network based method of Scaringi et al. 2009 gives 3552 (12.54+0.2%). The errors given

are statistical errors only and do not include systematic errors.

There are several causes of systematic error in the derived BAL fraction. For example, the algorithm used
by the SDSS to select quasars is based upon non-BALQSO colours which are different to BALQSO colours

so a BALQSO is more likely to appear in a region in 4D colour space that will not be flagged as a possible
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quasar. In addition, the absorption will reduce the luminosity of a source such that at a given redshift and
intrinsic AGN luminosity a BALQSO will be fainter so non-BALQSOs close to the magnitude limit of
the sample would not be included if they were significantly absorbed (and therefore less bright). These
systematic errors are difficult to quantify and their importance varies with redshift. Knigge et al. 2008
treat this problem in some detail and conclude that there is no evidence for any evolution of the BAL
fraction with redshift. For this reason I have chosen not to investigate any variation in the BAL fraction
with redshift for the DRS samples. The sources of systematic error given in this section will lead to an
underestimate of the intrinsic BALQSO fraction which Knigge et al. 2008 suggest is 17+4% based on an

observed fraction of approximately 13.5% from DR3.

The fraction of objects identified as BALQSOs is also dependent on the signal-to-noise ratio (see e.g.
Figure 2.17). This figure shows that the dependence of BAL fraction on S/N is complex and depends on
the band used to measure the S/N ratio for low values of S/N and that there is essentially no change in
fraction by any of the methods above S/N of 10. The fraction of objects identified as BALQSOs by the
Al decreases with increasing S/N in all bands suggesting that at low S/N the Al incorrectly selects objects
due to noise in their spectra more often than it fails to select objects showing absorption. The BI and LVQ
methods select a fraction of objects that appears to be independent of the S/N in the r’ band but increases
with S/N in the i’ band and decreases with S/N in the g’ band. The increase in BALQSO fraction at low
S/N in the g’ band may be due to the redshift of these objects as for the majority of our sample the C 1v
BAL would appear within the g’ band this may result in BALQSOs showing lower g’ band S/N than they
would if they did not show absorption. The i’ band is least likely to be effected by absorption and the
increase in BALQSO fraction with S/N suggests that some BALQSOs are being missed due to their poor

S/N ratio while very few non-BALQSOs are miss classified by the BI or LVQ due to low S/N.
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FIGURE 2.17: BALQSO fraction as a function of S/N for the Al (red), BI (blue) and LVQ (black) methods.
The top panel is for the S/N in the g’ band, the middle panel the S/N in the r’ band and the
lower panel the S/N in the i’ band.
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2.9 Summary

Having used three different methods to identify BALQSOs in DRS of the SDSS it is clear that all three
methods have drawbacks. This is partly due to problems with defining what a BALQSO is as well as
difficulties pinpointing where absorption comes from in a given object. Metrics are inherently inflexible
and this is a major weakness when attempting to identify objects which are not well defined. Thus whether

the difference between a mini-BAL and a BAL is a physical one or an arbitrary line in the sand is not clear.

However it is clear that the BI is incapable of identifying objects whose absorption does not extend be-
yond 5000 kms~—! blueward of the emission-line or those objects with absorption lines narrower than
2000 kms . The BI does not produce very many false positive identifications except in situations where

the continuum is poorly estimated.

The Al is unlikely to miss any significant broad absorption but will identify far more absorption systems,
many of which may be intervening absorbers within the host galaxy which are unrelated to the broad
absorption outflows. The bi-modality within the log(Al) distribution may be evidence of two separate
mechanisms responsible for the absorption identified by the Al. Inspecting examples of objects with AI>0
and BI=0 (Figure 2.10) shows that the AI does select objects other than those which show clear broad

absorption troughs.

The LVQ-based method of Scaringi et al. 2009 is a robust hybrid method based on a combination of
a neural network and visual inspection of outliers. This method requires visual classification of those
objects for which the network and the BI disagree as without this stage the network will miss-classify a
significant number of objects. It is this LVQ-based method that is used to provide a BALQSO catalogue

from DRS of the SDSS throughout the rest of this thesis.



Chapter 3

Identifying objects exhibiting the ghost
of Lyman-«

This chapter discusses the line-locking feature known as the ghost of Ly-a. The proposed mechanism
responsible for the formation of this feature is described in section 3.1, along with the criteria set out
by Arav et al. 1995 required for the feature to be observable. Section 3.2 describes the method used to
select objects which show evidence of this feature, the selection of a comparison sample is described in
section 3.3. The methods used to test Arav’s criteria along with the results of these tests are presented in
section 3.4. A summary of these results is presented in section 3.5 and as these results appear to show
little correlation between meeting the criteria and the presence of a feature within the ghost zone, we
have performed a series of tests to establish the reality of the ghost feature are presented in section 3.7
after discussion of a potential Si IV ghost in section 3.6. This work draws largely from our paper (Cottis

et al. 2010) published in MNRAS.

3.1 The ghost of Ly-a

The feature that is poetically known as the ghost of Ly-« is a hump seen in the absorption trough of a
small fraction (less than 5%, Arav 1996, North et al. 2006) of BALQSOs located 5900 km s ! blue-ward

of the centre of the line to which the absorption is attributed. The feature was first investigated by Korista

49
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et al. 1993 after being seen in a difference spectrum of BALQSO and non-BALQSO spectral composites
produced by Weymann et al. 1991 who pointed out that the difference between the two absorption troughs
was approximately equal to the velocity separation of N v and Ly-«. In a series of papers in the mid 90’s
(Arav & Li 1994, Arav et al. 1994, Arav & Begelman 1994, Arav et al. 1995, Arav 1996) Arav suggested
that the feature seen at this velocity was a result of the increased radiative pressure on N V ions at this
velocity within the outflow. In this picture N V ions moving at 5900 km s~ ’see’ the Ly-c emission from
the AGN at the energy of their own emission resulting in a large increase in the scattering cross section
of the Ly-a photons. Consequently, out-flowing N V ions receive an increase in radiation pressure leading
to a large injection of momentum into the outflow. The out-flowing ions of other species are dragged to
higher velocities by electromagnetic interactions with the N Vv ions, leading to a deficit of material at this
velocity (because each out-flowing ion spends very little time at this velocity before being accelerated to
greater velocities). In turn this causes a decrease in the opacity at this velocity which manifests as a peak

within the absorption troughs of the out-flowing species.

This simple mechanism explains both the presence of the feature and why its position is linked to the rest
frame of the source.! Arav 1996 suggested that the reason for the feature being most prominent in C 1V
absorption rather than in other species, is that the doublet separation of C 1V is far smaller (498 km s—1).
By comparison the larger doublet separations of Si 1V (1933 km s ~1) and O V1 (1647 km s~ 1) result in the
feature being blurred over several thousand km s, producing a low contrast feature which is difficult to
detect in low S/N data. For this reason, in this study we confine our search for ghost features to the C 1v

broad absorption line only.

I'This is not the case for shadowing of N v by Ly-c (Korista et al. 1993) where the separation of the troughs is constant but their
velocities are determined by the velocity of the first trough.
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Since Ly-a and N v are amongst the strongest UV lines in AGN spectra, an obvious question to ask is why
aren’t ghost-features ubiquitous amongst the general BALQSO population? To answer this, Arav proposed
a set of physically motivated criteria which had to be met before ghost features would be observable. These

are:

1. Significant broad absorption in the region between 3000 and 9000 km s ~! blue-ward of line centre,
2. Strong intrinsic Ly-« emission,

3. Narrow Ly-« emission,

4. Strong broad N Vv absorption,

5. Little far-UV flux between between A200A and A1000A.

The first criterion is simply a statement that ghost-features can only be observed if significant photon
scattering is occurring. The second criterion implies that there must be a significant flux of Ly-« photons,
while the third requires that the line-emitting gas has a relatively narrow spread in velocities so that the
resulting feature is not spread over a large range of velocity reducing the contrast. Since the dominant
scattering ion is N Vv, strong N V absorption is also needed. The final requirement, and the most difficult to
measure, recognises that in order for Ly-a—N V line-locking to dominate the dynamics of the flow, there

cannot be significant far-UV line driving (see e.g. Korista et al. 1993).

3.2 Selection of ghost-candidate spectra

BALQSOs represent ~15% of the quasar population (see e.g. Knigge et al. 2008 and references therein),
of these, between ~20-25% show evidence for multiple troughs (Korista et al. 1993, North et al. 2006).
Amongst the multi-trough objects, ghost candidates are likely rare representing less than a few per cent of
BALQSOs (Arav 1996) because of the stringent requirements for ghost observability. Thus in order to find

significant numbers of ghost-candidates, large quasar samples are required.
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All previous ghost candidate samples have been limited to just a handful of objects (North et al. 2006, Arav
1996). The largest previous sample was that compiled by North et al. 2006 from the EDR of SDSS with 7
ghost-candidates. By comparison, Data Release 5 (DRS5) of the Sloan Digital Sky Survey (SDSS) contains
77,429 quasars of which 28,421 have redshifts between 1.7 and 4.2 allowing C 1V and any associated
absorption to be seen in their optical spectra. We require a visible C 1v BAL because although radiative line
driving will produce a feature in all absorption troughs, the resultant hump will be most easily observed
in the C 1V absorption trough because of the small doublet separation of this line. Several BALQSO
samples have been compiled from the various data releases of the SDSS (Reichard et al. 2003a;Trump et
al. 2006;Knigge et al. 2008) and from DRS5 (Gibson et al. 2009a, Scaringi et al. 2009). Here, as discussed

in Chapter 2, we adopt the BALQSO catalogue of Scaringi et al. 2009, containing 3,552 BALQSOs.

To identify strong ghost candidates we have performed five cuts on this BALQSO sample. The first cut
eliminates noisy spectra (S/N<4 per pixel), estimated in two line-free continuum bands from AA1650-
1700A and A\1700-1750A. To reduce contamination from emission, absorption and cosmic rays that may
be present in either bin we take the greater of the two values as our S/N estimate. The second cut removes
all objects which show an apparently single smooth absorption trough. Following this cut we are left with

only those objects which display multiple absorption trough features (1019 in total).?

A third rejection cut removes those objects that contain 2 or more peaks within the absorption trough
(numbering 761). These objects are eliminated to reduce contamination by objects which display ab-
sorption from multiple out-flowing regions which by chance happen to lie at velocities corresponding to
the ghost-zone. This leaves just 258 objects which contain a single-peak (or alternatively double-trough)

within the C 1V absorption region.

Figure 3.1 (upper panel) shows our multi-trough composite spectrum (solid line) created from taking the
geometric mean of all objects rejected at this stage after normalising the flux between AA1700-1750A

to unity. In order to highlight the absorption regions, we also plot a non-BALQSO composite spectrum

2 Approximately 28% (1019 out of 3552) of our BALQSOs show evidence for multiple troughs. This compares favourably with
previous studies by North et al. 2006 who found that 58 out of 224 (26%) of BALQSOs from SDSS EDR showed evidence of
multiple-troughs, and Korista et al. (1993) who found 16 out of 72 objects (22%) showed multiple-troughs.
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FIGURE 3.1: Top-Panel: Geometric mean composite spectrum of objects (1019) rejected due to having
multiple trough features (solid line) fit with a reddened DRS QSO composite (dashed line).
Middle and lower panels: example spectra of individual objects rejected at this stage. The
dashed vertical lines indicates the location of the ghost-zone.

(dashed line). The non-BALQSO composite is the geometric mean of all of the quasar spectra in the
SDSS DRS quasar catalogue in the redshift range 1.7<z<4.2 excluding those objects which are also in the
BALQSO catalogue of Scaringi et al. 2009, and reddened to fit to the continuum windows in the multi-
trough composite spectrum using the SMC extinction law of Pei 1992. For completeness, the middle and
lower panels show two example spectra rejected at his stage. We note that our multi-trough composite
spectrum shows no evidence for coherent structure within the C 1v trough. This suggests that the posi-
tions of the various absorption systems in the individual spectra are in general uncorrelated, that is they
do not contain a large number of ghost candidates that happen to show additional peaks within the absorp-
tion. This is consistent with the hypothesis that these multiple-trough spectra are the result of multiple

unconnected absorbing systems.

For the 258 objects which show a single peak in their C 1V absorption we make a further cut to remove

those objects (189) which show peaks outside of the ghost-zone as defined by North et al. 2006. The
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FIGURE 3.2: Top-Panel: Geometric mean composite spectrum of objects (189) rejected due to having
double-trough, ghost-like features, that appear outside of the ghost zone (solid line) fit with
a reddened DR5 composite (dashed line). Middle and lower panels: example spectra of
individual objects rejected at this stage. The dashed vertical lines indicate the location of the
ghost-zone.
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FIGURE 3.3: Top-Panel: Geometric mean composite spectrum of objects (26) rejected due to having insuf-
ficient absorption either side of the ghost feature. Middle and lower panels: example spectra
of individual objects rejected at this stage. The dashed vertical lines indicate the location of
the ghost-zone.
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FIGURE 3.4: Top-Panel: Geometric mean composite spectrum of our ghost-candidate sample of 43 ob-
jects. Middle and lower panels: example spectra of individual objects making up this sample.
The dashed vertical lines indicate the location of the ghost-zone.

ghost zone edges are 5900 km s~! blue-ward of the peaks of the doublet of the emission line in question
(in this work C 1V) this zone is then expanded to take into account redshift errors by multiplying these
boundaries by 1£Az/(1 4 zmed), where zpeq is the median redshift of our sample (z,,eq =2.14), and Az
is the average redshift error (Az =0.01). This results in a ghost zone extending between A1513.2 A and
A1525.4 A for C 1v. Our single-peak composite comprising 189 objects whose peak lies outside of the
ghost-zone is shown in Figure 3.2 (upper panel, solid line). The middle and lower panels show example
spectra of objects rejected at this stage. Each object shows a clear peak located just outside of the limits of

the ghost zone.

Interestingly, this composite spectrum shows some evidence of a feature at the low velocity edge of the
ghost zone. One possible explanation for this feature is that these objects are genuine ghost-candidates
with poorly assigned redshifts. However, on closer inspection of the objects rejected at this stage we find

no evidence for features outside of the ghost zone due to random redshift errors. Alternative explanations
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FIGURE 3.5: A flow diagram showing the number of objects rejected at each stage of the ghost selection

algorithm..

for the origin of this feature include, (i) intrinsically weaker absorption at lower velocities, or (ii) an abrupt

change in the intensity of the (overlying) emission at these velocities.

We make one further cut to remove those objects which do not show significant broad absorption either

side of the ghost feature extending from 3000 to 9000 km s~! blue-ward of the emission-line. This cut is

chosen to eliminate objects with deep narrow absorption features whose alignment mimics the presence of

a ghost feature. Figure 3.3 (upper panel, solid line) displays the composite spectrum of all objects rejected

at this stage, while in the middle and lower panels, we give examples of individual objects rejected by

this cut. Though the composite spectrum shows a clear feature within the ghost zone, it is not smooth,
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instead displaying sharp narrow features, whose separation is larger than the doublet separation of C 1V.
This reflects both the narrowness of the absorption features (since intrinsically broad humps would be
smoothed out in the averaging process yielding low contrast features) which make up this composite, and
in addition small differences in their velocities relative to the rest-frame of the source. These differences
may result from these features being unrelated to the ghost formation mechanism and appearing in the
ghost zone by chance though we cannot preclude the fact that some of the objects rejected at this stage are

indeed true ghost-candidates.

Our final sample of 43 ghost-candidate objects comprises the largest sample of objects exhibiting the ghost
of Ly-« and the first to allow a detailed statistical analysis of the properties of these objects. Figure 3.4
shows the geometric mean composite ghost-candidate spectrum (solid line), together with a non-BALQSO
composite spectrum (dashed line), and two example ghost-candidate spectra (middle and lower panels).
Our final ghost-candidate composite spectrum displays a clear smooth double-trough structure located
firmly within the ghost zone of a relatively broad absorption trough. Visual comparison of this composite
with that formed from objects rejected at the previous stage (i.e. those with insufficient absorption ei-
ther side of the ghost-zone), indicates that our final sample displays on average narrower Ly-« and C 1V
emission-lines, stronger Ly-a emission and deeper N v absorption (fulfilling 3 of Arav’s criteria for form-
ing observable ghost features), as well as broader Si IV absorption, and suggests that we are indeed isolating
those objects most likely to form observable ghost features. Figure 3.5 is a flow-chart summarising the

various cuts made in the creation of our ghost-candidate sample.

3.3 Selecting a Comparison Sample

Of the 43 strong ghost-candidates, 21 are at large enough redshift = > 2.15 to place Ly-a above the
atmospheric cut-off and thus allow us to test for each object all of the criteria deemed necessary for ghost-
formation. These are listed in the upper half of Table 3.1. For the remainder, their redshifts are too low
to allow a direct measurement of the strength and width of the Ly-a emission-line. For these objects we

estimate the strength and width of the Ly-a emission-line using the C IV emission-line as a surrogate, and
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substantiated by known correlations between the two lines (see e.g. Wilkes 1984, Ulrich 1989). These
objects are listed in the lower half of Table 3.1. For completeness, we have also compiled a sample
of BALQSOs showing no evidence for a ghost feature or multiple trough. This allows us to compare
the relative frequency with which the ghost-formation criteria are met amongst BALQSOs both with and
without ghost features. In order to create such a sample we have performed a number of cuts on the Scaringi
et al. 2009 BALQSO sample. As for our ghost-candidate sample we first select for S/N>4, and then select
those objects with z > 2.15 to allow inspection of the N v and Ly-a emission-lines necessary to test for
the presence of strong narrow Ly-« emission and strong N V absorption. The remaining spectra are then
visually inspected and any object showing multiple absorption troughs or any other hint of a ghost feature
are removed from the sample. We also remove those objects which do not show significant absorption
between 3000 and 9000 km s . This leaves just 26 objects showing significant C 1V absorption between
3000 and 9000 km s~! with no evidence for a ghost feature or multiple trough. One of these objects
SDSS J101056.68+355833.3 shows evidence for a ghost feature in the Si IV absorption line (see A5) and
is therefore also removed from our comparison sample leaving just 25 objects. A summary of the rejection
cuts made in the creation of our comparison sample is given in Figure 3.6. The geometric mean composite
spectrum of our comparison sample is indicated by the dotted line in Figure 3.7. Aside from substantially
weaker N V absorption, the strengths and widths of the emission-lines in the comparison sample composite
spectrum match those of the ghost candidate composite spectrum remarkably well. The main difference
between these two composite spectra appears to be the absence of the low-velocity absorption trough in
the comparison sample spectrum. We do not believe this difference arises from the way in which the two

samples were selected.

In section 3.4 we use our ghost-candidate sample to test, where possible, the criteria set out by Arav
1996 required by radiative acceleration models to produce an observable ghost feature. We compare the
relative frequency with which our ghost candidate spectra meet the criteria necessary for the formation of

observable ghost features with our non-ghost comparison sample.
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FIGURE 3.6: Flow diagram showing the number of objects rejected at each step in our comparison sample
selection algorithm.
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3.4 Testing the criteria for the formation of observable ghost fea-
tures

In this section we present the results of testing the criteria for the formation of observable ghost features.
We first concentrate on the sample of 21 ghost-candidate objects for which all of the criteria may be tested
and compare these results with those obtained using our non-ghost comparison sample. We then move on

to our remaining objects and test where possible whether these objects satisfy the necessary criteria.

3.4.1 Significant C 1v broad absorption line

All of the objects in our ghost candidate sample will clearly show significant absorption in the region
between 3000 and 9000 km s~! blue-ward of the C IV emission line as this is required in order to see any
potential ghost feature. This criterion is required purely because in order to effect the out-flowing C 1v
ions in an observable way this outflow must reach significant optical depth and appear as a BAL trough
within the spectrum. Our comparison sample has also been chosen to exhibit strong broad absorption, so

naturally also fulfils this criterion.

3.4.2 Strong Intrinsic Ly-a emission

In order for the effects of Ly-« radiation on N V to cause a significant increase in the radiation pressure
on the outflow as a whole the Ly-a emission line must be intrinsically strong. However, since the ghost
of Ly-« is produced by scattering Ly-a photons it can be extremely difficult to measure the strength of
the intrinsic Ly-a emission-line. Hence Arav et al. 1995 modified this criterion to allow the C Iv and N v
emission-lines to be used in situations where the Ly-a emission-line was either significantly absorbed,
or had insufficient spectral coverage. This modified criterion requires Ly-« emission to be at least 300%

above the continuum and/or both C 1v and N V to be at least 100% above the continuum? . They note that

3We note that measuring the strength of a line according to its peak flux can be misleading, since it implies that the underlying
line profiles are similar for all objects (and thus the total flux in the line simply scales with the peak flux). For example, a comparison
between the C IV emission-line of the composite spectra in Figure 3.7 suggests that both our ghost-candidate and comparison samples
display a narrower underlying C 1V emission-line. If the widths of the other emission-lines scale with the C 1V emission-line width,
then we would expect both the Ly-a and N v emission-lines to be similarly narrow.
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FIGURE 3.7: Comparison between the geometric mean composites formed from (i) 21 ghost-candidates
with z > 2.15 (solid line), (ii) 25 BALs with featureless broad absorption troughs (dotted
line), and (iii) non-BALQSOs from the DRS QSO catalogue (dashed line).

‘the latter criterion is hardly ideal but observations of non-BAL quasars show that the line strengths roughly
scale together’ (Arav et al. 1995). Here we isolate the continuum emission using the SPECFIT package
in IRAF. We model the continuum as a reddened power law and fit to the continuum in regions free of
contaminating emission- and absorption- lines, where possible. This can be particularly difficult for objects
with the highest velocity out-flows as there are few emission/absorption line-free regions. Furthermore, we
have not attempted to fit for the continuum short-ward of A1280A as this region is typically so absorbed
and the line-emission so highly blended that no clean continuum regions can be identified. Instead, we fix
the continuum strength at short wavelengths to that measured between A\1315-1350A. This approach is
chosen to avoid overestimating the strength of the broad absorption, at the expense of overestimating the

strength of the line-emission in a few cases.

In objects whose spectra cover the Ly-a region, 86% (18/21) of the ghost candidate sample meet the
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criterion for strong emission-lines compared to 88% (22/25) of the comparison sample. Inspection of the
composite spectra for the two samples (Figure 3.7), indicates that the strength of the Ly-« emission-line
(relative to the continuum) is broadly similar in the two samples, and both are weaker relative to the non-
BALQSO composite, due to the presence of strong N v and Ly-a absorption. For the other lines, the
N v emission-line appears stronger on average in our ghost-candidate and comparison samples relative to
non-BALQSOs, while there appears little difference in the strength of the C 1v emission-line, though we

note that in so far as we can measure them, their emission-line widths appear to be narrower on average.

3.4.3 Narrow emission-lines

Models of outflows accelerated by radiative line driving produced by Arav & Begelman 1994 and Arav
et al. 1995 suggest that once the line widths exceed 3500 km s~! (FWHM) potential ghost features be-
come undetectable. This is because broader emission-lines will result in a broader, lower contrast feature
(since the core of the line, where most of the scattering occurs, is weaker relative to the wings in a broad
emission-line c.f a narrow emission-line) which is difficult to detect particularly in low S/N data. Unfor-
tunately, determining the width of the underlying emission-lines in BALQSOs is extremely difficult as the
broad absorption in these objects prevents accurate measurements of the shape and strength of the under-
lying emission-lines and continuum. Given how our ghost-candidate sample was selected we expect all
of the ghost-candidates to show significant absorption in the blue wing of Ly-«, N v and C 1v, while our

comparison sample was chosen to exhibit strong relatively featureless absorption in the blue wing of C 1v.

Since we cannot make an accurate measurement of the width of the Ly-a emission-line we instead attempt
to estimate its likely width using the C 1V emission-line width as a surrogate. For the majority of sources,
C 1v is severely absorbed, so we estimate its underlying un-absorbed width using model fits to the red
wing of the emission-line. We use the same underlying fit for the continuum as was used to measure the
emission-line strength (section 3.4.2). We fit the red-wing with a two-component model, a Gaussian core
and Lorentzian wings, with the central wavelengths fixed together but allowed to vary slightly from the rest

wavelength of C 1v. We allow the strength and width of the two components to vary independently and
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fit to the red-wing taking care to avoid those regions of the spectrum contaminated by broad He 11 A1640
and [O 111] A1663 emission. The measured width is taken to be the FWHM of the composite fit. If the
measured FWHM <3500 km s~ !, then the object meets the criterion for the formation of an observable

ghost feature.

For our 21 ghost-candidates with z>2.15, only 12 (57%) have FWHM (C 1v) < 3500 km s~!. In the
remainder, those for which the C 1v width can actually be measured (17 objects), 8/17 (47%) also meet
this criterion. This fraction is similar to that found for our comparison sample where 12 out of the 20
objects (60%) for which C 1v width measurements can be made, also meet this criterion (see Table 3.2
for details). Taking the average of all of the FWHM measured for the ghost candidates gives an average
FWHM of 33454842 km s~ ! which is similar to the upper limit proposed by Arav 1996 and to the average
FWHM of C 1v found for the comparison sample (353441160 km s~!). A K-S test on these populations
shows no significant difference between the ghost and comparison samples. The difficulty in fitting the
C 1V line in many of these objects results in large uncertainties in the estimated widths, however it is clear
that several of our ghost candidates have emission that is wider than the 3500 km s ~! upper limit proposed
by Arav 1996. There are a number of possible explanations for this. Firstly, C Iv may be a relatively
poor surrogate for the width of Ly-«. Alternatively, our sample may suffer from contamination by objects
in which the potential ghost feature is produced by a chance alignment of multiple absorption systems or
through other mechanisms unrelated to radiative acceleration. If the potential ghost-features are indeed due
to line-locking, then it may in-fact be possible to produce an observable ghost feature from emission-lines

with widths in excess of 3500 km s 1.

3.4.4 Strong N Vv broad absorption line

As described in section 3.1, the ghost feature is produced by the increased radiation pressure on out-flowing
N v ions by Ly-a photons. Since in this model the N Vv ions scatter a significant fraction of the incident

flux, strong N Vv absorption is a pre-requisite.
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In order to measure the strength of absorption due to N vV we use a modified Balnicity index (Weymann
et al. 1991). We take the continuum to be equal to the mean flux between A\13 15-1330A, and require that
the flux drops to below 90% of this value continuously for > 1000 km s~ between 0 and 7000 km s~!
blue-ward of the N V emission line. We use the 7000 km s~! limit to avoid contamination by absorption
due to Ly-a. Any object with a non-zero value for this measure is considered to show strong N v broad

absorption.

Significant N v absorption is measured in all 21 objects from our ghost candidate sample whose redshift
allows detection of N v absorption. Only 44% (11/25) of our comparison sample satisfy this criterion.
The geometric composites of Figure 3.7, confirm that our ghost-candidate sample displays significantly
stronger N V absorption on average than our comparison sample. Moreover, the broadly similar N v
emission-line strengths of the ghost-candidate and comparison sample, emphasises the increased impor-

tance of N v absorption in the ghost-candidate spectra.

3.4.5 Little far-UV flux

Photo-ionisation models suggest that the far UV spectra of quasars contain a significant number of emission-
lines between A200 and A\1000A that will contribute to the radiation pressure on any BAL outflow (Korista
et al. 1993). In order for a ghost feature to be observed the radiation pressure of Ly-a on the N V ions in
the outflow must be at least comparable in strength to the radiation pressure on all other ions in the outflow.
This led Arav to suggest that the far-UV continuum must therefore be necessarily weak in objects showing
ghost features. Absorption of far-UV photons both within the host galaxy as well as within our own galaxy
preclude direct measurement of the far-UV continuum. However Arav et al. 1995 note that the strength of
the He 11 A\1640 A emission-line can be used as a surrogate for the far-UV ionising continuum. A strong
He 11 line suggests a similarly strong far-UV flux and vice-versa as this line is produced by photons with

energies corresponding to A\228A(~54 eV).

However, the He 11 emission-line strength is notoriously difficult to measure even in high quality spectra.
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This is because of its close proximity to the [O 1IJA1663 emission-line, as well as its location near the
red-wing of C 1v, which may extend to relatively high velocities. Thus isolating the broad He 11 com-
ponent generally requires multi-component fitting (see e.g. Goad & Koratkar 1998) which without prior

information (for example, variability data), is rather subjective.

Since the quality (in terms of S/N) of the individual spectra in both our ghost-candidate and comparison
samples is relatively low, we do not attempt to fit to the individual line components. Instead, we use our
non-BALQSO composite spectrum as a template for the region of interest, and scale each spectrum to
this template, by minimising the residual flux in the region of interest. Our optimisation routine fits for
the underlying continuum in both spectra, and adjusts for both redshift errors and the scale factor over
the region of interest (nominally A\1600-1680A). Since both spectra are first normalised to the flux in
the continuum band between A\1700—1750A, if for the sake of simplicity we assume that the He 11 and
[O 1] emission line strengths scale together, then the derived scaling factor between the ghost-candidate
and non-BAL QSO spectra is a measure of the ratio of their He 11 EWs. Figure 3.8 shows an example of
a fit. In the top panel we show the non-BALQSO composite (solid line) and a ghost-candidate spectrum
(dotted line). In the middle panel we show the spectra together with their continuum fits spanning the
C 1v-He 1I region, while in the lower panel we show a close-up of the non-BALQSO composite and the
scaled ghost-candidate spectrum after removal of the underlying continuum. The residual flux under the
He 11-[O 111] lines is indicated by the dot-dashed line. We caution that this fitting process is sensitive to
(i) small redshift errors between the spectra, (ii) an appropriate choice of continuum bands (in general the
choice of the continuum bands depend on the width of the C 1V absorption trough, and most importantly
(iii) the S/N of the spectra. Consequently the error on the scale factor is generally quite large. We have
visually inspected the results of the fitting process for all of our ghost-candidate and comparison spectra
to verify that the fitting procedure has converged correctly, adjusting the continuum bands, and region
over which the spectra are scaled when necessary. In Table 3.1 we list the He 1I scale factors, that is, the
multiplication factor necessary to produce the same equivalent width in the ghost-candidate spectrum. A
number less than 1 indicates that the ghost-candidate spectrum has larger equivalent width in the line in

the region of He II than the non-BALQSO spectrum. Conversely, numbers greater than 1 indicate that
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FIGURE 3.8: An illustration of our method for estimating the He 11 strength. Upper panel — non-BALQSO
composite (solid line) and an example ghost-candidate spectrum (dashed line). Middle panel
— model fits to the underlying continua. Lower panel — non-BALQSO composite (solid line)
and scaled ghost-candidate spectrum, after subtraction of the underlying continuum. The
residual flux is indicated by the dot-dashed line.

the ghost candidate has a proportionately weaker He II line. In order to determine error estimates on the
derived scale factors, after determining a best-fit solution, we fix all parameters apart from the scale factor,
and then minimise on this parameter only. We then calculate the 90% confidence interval on this one
interesting parameter from the best-fit model by varying the scale factor until the x? value has increased
by 2.71. Both the best-fit scale factor and its range (based on the 90% confidence interval), are given in

Tables 3.1 and 3.2.

For our sample of 21 ghost-candidates for which all criteria can be tested, 5 indicate a significantly weaker
He 11 EW, suggesting a weaker than average UV continuum. Only 5 objects show evidence for a stronger

than average He 11 EW. For the rest, there is no significant difference (within the errors) in their He 11
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EWs when compared to the non-BALQSO composite. For the 22 ghost-candidates for which only some
of the criteria can be tested, 5 show evidence for a weaker than average He 11 EWs, 6 indicate stronger
than average He 11 EWs, and the rest indicate no significant difference in the He 1 EW when compared
to the non-BALQSO composite. Thus only 11/43 (25%) of our ghost-candidate sample appear to satisfy
the criteria for a weak UV continuum. Repeating this test on our non-ghost BALQSO comparison sample
8 objects indicate weaker than average He 11 EW, 9 objects have stronger than average He 11 EW, and 6
objects show no discernible difference in their He 11 EW relative to the non-BALQSO composite. For the
remaining 2 objects, the fits did not converge, though visual inspection of one of these shows no evidence

for significant He II emission.

3.4.6 The width of the ghost feature

If we ignore the likely complex interaction between the Ly-a photons and NV ions (ie. we assume the
optical depth in the flow is effectively constant with velocity), then naively one might expect that the
ghost-feature should be at least as broad as the Ly-« emission-line responsible for its formation. We note
that in fact scattering is likely dominated by the line core where the optical depth is larger. By requiring that
any observed ghost feature is at least as broad as Ly-«, we can further refine our ghost-candidate sample
to leave only the best ghost-candidates. While the width of any ghost-feature is relatively easy to measure
(unless the S/N is low), we are once again limited by the accuracy to which we can measure the width of
Ly-«, as this emission is absorbed in the process by which the ghost is formed. Here we again make use of
the width of the C 1V emission-line (see section 3.4.3) as a surrogate for the width of Ly-«.. We isolate the
ghost feature by removing the underlying absorption trough by fitting a simple function (cubic spline). We
then fit a single Gaussian to the ghost feature to provide an estimate of its width. The measured widths are
listed in Table 3.1. We find no correlation between the width of the ghost feature and the width of the C 1v
emission-line (Figure 3.9). Instead, we find that in the vast majority of cases the ghost feature is narrower

than the C 1v emission-line (the solid line in Figure 3.9 is FWHM(C 1v)=FWHM(ghost).

If we require that the FWHM of the ghost feature matches that of the C v emission-line to within
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FWHM of the ghost feature and the C IV emission line
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FIGURE 3.9: FWHM (km s~ !) of the C 1V emission-line and the ghost feature. The solid line shows
FWHM(C 1v)=FWHM(ghost).

1500 km s~ then 11/20 (for one object we are unable to make emission-line width measurements) of
our ghost-candidates for which all ghost-formation criteria can be tested also match this criterion. For
our remaining ghost-candidates 8/17 (5 objects have no emission-line width information) also match this
criterion. Of the 11 candidates with similar ghost and C 1v widths for which all the criteria are testable
all 11 show N Vv absorption, 10 show strong emission lines, 9 have narrow C 1V emission but only 2 show
evidence for weaker than average He 11 emission. Of these two one has C 1v FWHM of 4040 km s ! while

the other fails the criteria for strong emission lines.

3.5 Summary of the results of testing Arav’s criteria

For the 43 objects in our ghost candidate sample, 21 are at large enough redshift to allow us to test all of
the criteria necessary for the formation of an observable ghost feature. Of these 21/21 satisfy the condition

for strong N Vv absorption. 18/21 also satisfy the condition for strong intrinsic Ly-« emission. However,
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less than half of the objects (12/21) satisfy the condition for narrow emission-lines, and even fewer (5/21)
show weaker than average He 11 EW. While 11/21 objects satisfy the first 3 criteria, no single object meets
all of the requirements for the formation of an observable ghost feature. For the remaining 22 objects, only
3 objects pass 2 of the first 3 criteria, and of these all show stronger than average He 11. Of the 5 objects
which indicate weaker than average He 11 strengths, only one can be tested for any of the other criteria, in

this case, the width of the emission-line, which it fails.

None of the objects in our ghost-candidate sample are present in the samples produced by Arav 1996
or Korista et al. 1993 due to differences in the redshift ranges over which they were constructed. North
et al. (2006) identified 7 strong ghost-candidate spectra in DR3 of the SDSS. 6 of those objects are also
in our sample of 43 ghost-candidates. The other, SDSS J142050.34-002553.1. has an assigned redshift
of 2.085 in DR5 compared to the 2.103 used by North et al. 2006 and is therefore rejected by our ghost
zone cut. Only one of North et al.’s ghost zone final cut is of sufficient redshift to test all of the criteria
for the formation of an observable ghost feature SDSS J110623.52-004326.0. This object fails the narrow
emission-line requirement. For the other 5 objects, 3 fail the test for narrow emission-lines, and 4 fail the

test for weaker than average He 11 EW.

For our non-ghost comparison sample 12/25 meet the criterion for strong N v absorption. 20/25 meet the
requirement of strong Ly «v, while 12/22 meet the narrow emission-line width constraint. 9/25 objects show
evidence for weaker than average He 1I strengths. However, only 3 objects meet 3 out of 4 criteria, and
none of these meet the weaker than average He 11 strength. Thus, none of the objects in our comparison

sample meet all of the criteria necessary for the formation of an observable ghost feature.

A comparison between our ghost-candidate and non-ghost samples suggests that the main difference be-
tween them lies in the strength of the absorption, with our ghost candidate sample displaying more objects
with strong N v absorption. Comparison of the geometric mean composite spectra of these two samples,
and their ratio (Figure 3.12 dashed (ghost-candidate) and dotted (non-ghost comparison spectra) lines, in-

dicates that the ghost-candidate composite shows significantly stronger absorption at lower velocities in
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FIGURE 3.10: Spectra of 11 ghost candidates from the best-candidate sample for which all of Arav’s cri-

teria can be tested.

all of the strong lines Ly-a, N v, Si 1v and C 1v.
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Object Name z Strong Nv | Strong Ly o | Narrow lines He 1 EW FWHM
BAL emission FWHM (kms—1) | scale factor Ghost (km s~ 1)

024514.93-004101.9 2.802 \/ \/ X(3624) X1.06 (0.89-1.31) 2646
080621.45+191441.0 2.272 \/ X X(4307) \/1.58 (1.23-2.17) 1785
083749.59+3641454 | 3.416 Vv X \/(2807) V/2.67 (2.05-3.73) 2005
084316.93+050640.1 2.409 \/ \/ \/(2690) X0.96 (0.85-1.11) 1744
085104.05+051539.8 3.213 \/ \/ X(4324) \/1.56 (1.31-1.93) 1013
090430.49+343108.9 3.408 \/ \/ X(4067) X0.89 (0.78-1.00) 1696
092557.52+044035.9 2.266 \/ \/ X(5219) \/1.41 (1.09-2.07) 1248
093742.27+403351.2 | 2.258 Vv Vv V/(2725) X1.00 (0.81-1.23) 1125
094427.27+614424.6 | 2.337 Vv Vv V/(2426) X0.76 (0.88-0.87) 782
094454.85+481403.5 2.291 \/ \/ \/ (2504) X0.65 (0.55-0.72) 1833
101844.45+544015.6 3.253 \/ \/ \/(2729) X0.43 (0.37-0.53) 2168
103450.21+313326.1 2.496 \/ X X(3943) X1.41 (0.99-2.48)
105058.28+614406.0 2.797 \/ \/ \/(2375) X0.60 (0.53-0.69) 2185
110623.51-004326.0" | 2.443 Vv Vv X(4040) v/ 3.35(>1.82) 2996
114704.47+153243.3 3.081 \/ \/ \/(3258) X0.89 (0.79-1.00) 771
131505.19+603716.4 2.330 \/ \/ X(3976) X0.97 (0.83-1.18) 1313
134818.03+423205.1 3.066 \/ \/ ? X0.89 (0.73-1.14) 944
142244.45+382330.6 | 3.728 Vv Vv V/(2146) X1.16 (0.93-1.51) 2505
144032.04+060554.1 | 2.297 v v V(2723) X0.89 (0.79-1.00) 1337
162657.47+405848.0 3.051 \/ \/ \/ (2520) X0.49 (0.44-0.55) 1333
170322.41+231243.3 2.634 \/ \/ \/(2138) X0.93 (0.79-1.05) 1032
005109.45+001636.3 2.036 ? ? X(4850) X1.30 (0.94-2.00) 2800
023252.80-001351.1F 2.033 ? ? X(4016) X0.94 (0.82-1.09) 709
033048.50-002819.6" 1.779 ? ? ? \/ > 2.00 1977
081158.10+343624.1 2.106 ? \/ \/(3147) X1.13 (0.86-1.63) 4395
082006.60+522158.7 2.015 ? ? \/(3217) 779 2660
091109.46+410155.2 | 2.128 ? v X(4062) X0.56 (0.49-0.64) 1006
091313.09+411014.2 1.737 ? ? ? \/3.61 (2.62-5.72) 2607
092221.25+084312.8 | 1.969 ? ? ? v/ >1.430 1398
102908.06+365155.2 1.750 ? ? X(3870) X0.31 (0.28-0.34) 2432
110736.67+000329.4 1.741 ? ? \/(2443) X1.18 (1.06-1.31) 2041
111255.70+040600.5 1.989 ? ? X(3706) X0.96 (0.85-1.08) 1055
113831.42+351725.3 2.118 ? \/ \/(2422) X0.78 (0.69-0.89) 1336
122107.07+074437.0 1.900 ? ? \/(3222) X0.91 (0.77-1.08) 503
132304.58-003856.5" 1.827 ? ? X(4133) X1.09 (0.95-1.28) 2077
133428.06-012349.0 1.876 ? ? ? V(@NDE 1616
134458.82+483457.5 2.052 ? ? ? X0.89 (0.73-1.12) 1046
141843.95+373750.8 1.782 ? ? X(3596) X0.38 (0.33-0.44)
155505.10+442151.3 1.798 ? ? X(4425) \/1.90 (1.51-2.59) 1386
160335.43+225612.9 2.079 ? \/ \/ (2479) X0.68 (0.60-0.78) 2614
163231.60+294929.7 1.905 ? ? \/ (2587) X0.61 (0.54-0.66) 2140
170056.85+602639.77 | 2.123 ? Vv X(4708) X1.15 (0.99-1.35) 1913
172001.31+621245.7" | 1.760 ? ? V/(2528) X1.73 (1.24-2.95) 2034

Table 3.1: Our Ghost sample and the results of testing Arav’s criteria along with the FWHM of the ghost
feature. The objects above the line have z>2.15 and show Ly-« emission in their SDSS spectra.
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Object Name Redshift | Strong N v | Strong Ly a | Narrow lines He 11 EW

BAL emission FWHM (km s—!) | scale factor
013724.43-082419.9 | 2.5663 X vV V(3174) X 0.39 (0.35-0.44)
014648.52-001051.8 | 2.3853 Vv vV V/(2186) X 0.83 (0.77-1.38)
021219.54+141739.1 | 2.1902 vV X X(6457) X 0.94 (0.82-1.18)
024413.76-000447.5 | 2.7925 vV vV X(3804) V/ 2.72 (>2.46)
031331.22-070422.8 | 2.7548 Vv X ? v/ 3.35(2.43-5.56)
081906.14+394813.8 | 3.2071 X vV X(4142) X 0.43 (0.39-0.47)
084348.68+445226.9 | 2.5821 X vV X(4024) X 1.06 (0.89-1.30)
084554.24+423003.5 | 2.5568 X vV V/(2378) v/ 3.92 (>1.69)
090115.18+371822.8 | 2.6173 X vV V/(2322) X 0.30 (0.27-0.33)
093804.52+120011.4 | 2.2273 X X ? v/ 2.03 (1.59-2.79)
095220.88+371622.9 | 3.0928 Vv V V(3331) X 0.80 (0.66—1.00)
101324.20+064900.3 | 2.7675 Vv X ? V> 4.07
101420.52+325931.9 | 2.3935 X vV V/(3256) X 0.41 (0.37-0.45)
104245.48+365642.2 | 2.8545 vV vV \/(2235) X 0.44 (0.40-0.50)
110928.51+092403.8 | 2.1539 X vV \/(3452) X 0.49 (0.43-0.55)
111437.25+503445.9 | 2.2075 X vV X v/ >3.63
115901.75+065619.0 | 2.1906 Vv V X X 1.02 (0.79-1.43)
135559.03-002413.7 | 2.3438 X vV V/(3180) v/ 1.30 (1.11-1.53)
135912.20+450338.1 | 2.2794 X vV X(3802) X 0.95 (0.68-1.58)
141225.35+041951.9 | 2.3882 vV vV X(4748) v/ 0.72 (0.60-0.89)
143559.60+034153.7 | 2.4646 Vv X X(4003) X 1.05 (0.85-1.32)
164148.19+223225.2 | 2.5061 X vV V/(2347) X 1.12 (1.00-1.46)
165816.78+231653.7 | 2.5753 X vV X(6305) v/ 1.88 (1.26-3.66)
214113.05-003545.8 | 2.2329 X vV V/(3099) X 0.49 (0.43-0.54)
223841.88+142154.9 | 2.2898 vV vV \/(2488) X 0.47 (0.43-0.52)

Table 3.2: As for Table 1, indicating our comparison sample of 25 objects selected to have broad absorption
and no ghost-features and the results of testing Arav’s criteria for ghost formation.

t Objects identified by North et al 2006 as their best ghost-candidates, their Ghost Candidate Final Cut

(GCFC).
@ Poor continuum fit.

b He 11 absorbed.

¢ He II too weak to be measured.
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FIGURE 3.13: 11 Ghost candidates for which only some of Arav’s criteria can be tested.
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FIGURE 3.14: Another 11 Ghost candidates for which only some of Arav’s criteria can be tested.
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FIGURE 3.15: SDSS J101056.68+355833.3: A possible Si IV ghost showing no evidence of a C 1V feature
along with close ups in velocity space of the C 1v (middle) and Si 1v(top) ghost regions.
Vertical lines represent the ghost zones.

3.6 SDSS J101056.68+355833.3: Si IV ghost?

This is an object selected for our comparison sample as it shows no hint of a ghost feature within the
deep broad C 1v absorption. The spectrum is shown in Figure 3.15 along with the flux in velocity
space relative to C 1v and Si IV showing clearly the potential ghost feature in the Si IV absorption.
SDSS J101056.68+355833.3 meets the criteria for strong emission due to C IV and N V emission ex-
ceeding 100% of the continuum flux at their peak, shows clear N v absorption, has C v FWHM measured
as 3483 km s~ ! and an EW of He I measured to be 3.584-0.82 A. These measurements place this object
very close to the boundary on several criteria and it would not be surprising to see a ghost feature in this
object. While no ghost feature can be seen in the C 1V trough, there is a clear feature within the Si 1v trough
(~6200km s~ ') within the ghost zone. Due to the greater separation of the Si 1v doublet (1933 km s—!)
in comparison to the C 1V doublet (498km s—!) a ghost feature in the Si IV would be expected to be wider
and weaker. This larger doublet separation is the reason for the wider ghost zone in the S 1v BAL trough.

The absence of a C 1V feature could be due to an extremely high optical depth in the flow such that the flow
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remains optically thick even with the decrease in optical depth caused by the acceleration due to N V ions.
However the absorption troughs of C 1v and Si 1V look very similar with the exception of the potential
ghost feature suggesting the optical depths are similar. There is a slight hint of an additional feature within
the Si IV at ~8200km s~—! which is in the appropriate region to be due to the lower wavelength doublet

feature from Si IV.

3.7 On the reality of the ghost phenomenon

The results of testing Arav’s criteria on our ghost candidate sample are inconclusive. This raises the
question of the reality of the ghost phenomenon. As previous samples suggest only weak evidence for
an excess of peaks in the ghost region (Korista et al. 1993) this section looks at a number of ways to test
for such an excess. In section 3.7.1 we examine the frequency with which peaks occur in regions outside
of the ghost-zone by performing the same analysis used to find ghost-candidates using fake ghost-zones.
Section 3.7.2 looks for evidence of a ghost feature in residual intensity composite spectra of BALQSOs
which have not been selected to exhibit ghost features. The presence of a preferred velocity for peaks
within absorption troughs is examined in section 3.7.3. Section 3.7.4 looks at evidence for line-locking
features which are not tied to the systematic velocity by lining up the spectra with the start of the lowest
velocity absorption component. A K-S test is used to search for evidence of a difference in the distribution
of residual intensity in bins either side of the ghost-zone with that within the ghost zone and a Monte Carlo

simulation used in section 3.7.6 to perform this search in a different way.

3.7.1 Fake Ghost zones

In order to test whether peaks are more common within the ghost-zone than elsewhere, we repeat the ghost
selection method using two “fake” ghost-zones (red-ward and blue-ward of the original ghost-zone), in a
similar fashion to North et al. (2006). These zones are created in precisely the same way as the ghost-zone

except that the red zone is centred at 4000 km s ~* while the blue zone is centred at 8000 km s~! blue-ward
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of the C 1v emission-line. Of the 258 single peaked objects, 82 have peaks within the “fake” red zone and
50 have peaks within the fake “blue-zone”. Since the original ghost-zone contained 69 objects with single
peaks, the evidence for an excess of objects with peaks at a preferred velocity is weak. That is, single

peaks within the ghost zone are no more likely than single peaks at other velocities.

We have also examined the link, if any, between the peaks within the C IV absorption trough and N v
absorption. In order to select N v BALs we use a modified Balnicity index (Weymann 1991). We take
the continuum to be equal to the mean flux between A\1315-1330A, and require that the flux drops to
below 90% of this value continuously for > 1000 km s~! between 0 and 7000 km s~* blue-ward of the
N v emission line. In order to perform this test we require objects with redshifts in excess of 2.15. From
a sample of 1747 objects with z>2.15, we find 1258 N v BALs and 489 N Vv non-BALs. 27% (340) of
the N v BALs show multiple troughs in their C 1v absorption compared to only 15.5% (76) of the N v
non-BALs. Similarly, 7.6% (95) of the N v BALs and only 3.1% (15) of the N vV non-BALs show a single
peak in the C 1V absorption trough. Among the N vV non-BALs we find : i) two objects with single peaks
within the ghost-zone, ii) two objects with a single peak in the fake blue zone, and iii) no objects with
a single peak in the fake red zone. For the N v BALs, we find : i) 26 objects with single peaks within
the ghost-zone, ii) 14 with single peaks within the fake blue zone, and iii) 33 with single peaks within
the fake red zone. While these results indicate a strong link between the presence of N v absorption and
the mechanism responsible for producing features within the C 1V absorption trough, line-locking between

Ly-a and NV does not appear to be the dominant mechanism.

In summary, N v BALs are more likely to have multiple troughs within the C 1V absorption than N Vv
non-BALs (factor of 2). Further, N v BALs are also more likely to display single-peaks within their C 1v
absorption than N vV non-BALs. Approximately 25% of the single peaked objects are located within the
ghost-zone. However, similar numbers are found in both the blue and red fake ghost zones. Thus while
strong N Vv absorption appears to be a strong requirement for the appearance of features within the C 1v

absorption trough of BALQSOs, there is no preferred velocity for the location of these features.
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FIGURE 3.16: Geometric mean composite residual intensity spectra of two randomly selected BALQSO
samples (without replacement).

3.7.2 Random sampling

We have computed geometric mean residual intensity spectra (the ratio of the geometric mean BALQSO
composite divided by a geometric mean non-BALQSO composite spectrum) for two random samples
(without replacement) taken from the BALQSO catalogue of Scaringi et al. (2009) (Figure 3.16, sample
1 (solid line), sample 2 (dashed line)). These samples (consisting of 1776 objects each) were generated
by sorting the BALQSO catalogue into RA order, and then selecting even-numbered objects for the first
sample, and odd-numbered objects for the second sample. The mean residual intensity spectra for both
samples are virtually indistinguishable, aside from a small difference (~15%) in the residual intensity
in the velocity range 3900—7800 km s~! blue-ward of line centre, which intriguingly, is precisely where
the purported ghost feature should be found. We have checked to see whether there exists an excess of
ghost-candidate spectra in either sample, and find that the ghost candidates are spread evenly amongst the
samples, with 21 in sample A and 22 in sample B. While there are small apparent differences in the mean
residual intensity spectrum in the region of the ghost-feature, neither sample shows convincing evidence

of a double-trough feature.
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3.7.3 A preferred velocity for peaks?

Here we attempt to address whether there exists any substantive evidence for absorption components at
preferred velocities. If ghost features are relatively common, we would expect an excess abundance of
peaks within the absorption trough at velocities 5900 km s~! blue-ward of line centre. To address this
question we have performed two additional tests. In these tests we work with fluxes instead of residual
intensities to avoid complications introduced by uncertainties in fitting the C 1V emission-line blue-ward of
line centre. In the first, we take the LVQ BALQSO sample of Scaringi et al. 2009, and compare the fluxes
in 3 adjacent velocity bins (A, B and C) each with widths of 1000 km s~ !, where B is the reference bin and
A and C represent the adjacent bins. Sliding these bins from a velocity of 0-30,000 km s ~! blue-ward of
C1v rest, we record the number of times the mean flux in the central bin (bin B) exceeds the mean flux in
adjacent bins A and C by more than 3 o. To show the effects of selecting different bin-widths over which
the fluxes are measured, we repeat this exercise for bin widths of 500 and 1500 km s~1. The results of this
procedure are shown in Figure 3.17 (upper left panel). The distribution of peaks shows a prominent peak
at zero velocity, which we associate with the location of the C 1v emission-line peak. Ignoring this feature,
the peak distribution is a generally smooth function of velocity with no indication of an excess number
of peaks at 5900 km s~! blue-ward of line centre. The same analysis performed on our ghost candidate
sample, displays a similar peak at zero velocity, and in addition further peaks at around 6000 km s~!
and 11,000 km s~!. While the numbers of peaks at higher velocities is only marginally less than that at

5900 km s~! these secondary peaks tend to be smaller and in many cases line up with the edge of the

absorption trough.

We have also performed a variation on this method in which instead of measuring the intensities within
each bin, we measure the mean gradient of the intensities within each of the bins. A peak is recorded if
and only if the gradient in bin A is positive, the gradient in bin A is greater than the gradient in bin B, the
gradient in bin B is greater than gradient of C, and the gradient in bin C is negative. Figure 3.17 lower
panels shows the result of this test. Again, the peak at zero velocity we associate with the peak of the C 1v

emission-line. Thereafter the distribution of the locations of the peaks follows a smooth broad function
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FIGURE 3.17: Distribution functions showing the incidence of peaks as a function of velocity blue-ward
of C 1V rest wavelength (see text for details). Upper left panel - LVQ BALQSOs, peak
distribution functions (solid line 500 km s~ bins, dotted line 1000 kms~! bins, dashed
lines 1500 km s~ ! bins. Upper right panel - as for upper left for the ghost-candidate sample.
Lower panels - Distribution of peaks measured using the gradient of the spectra (left- all
BALQSOs, right- ghost-candidates).

with a maximum at approximately 15,000 km/s. As with the previous test, varying the bin widths between

500-1500 km s~ does not significantly alter the results.

These additional tests suggest that for the general BALQSO population, there is no substantive evidence
that there exist preferred velocities for the location of peaks within the broad absorption troughs of BALQ-
SOs. Thus if ghosts are real they are certainly rare, as was first suggested by Arav. We note that the
incidence of single peaks (or double troughs) in our sample 258/3552 (7%) is significantly smaller than

that found by Korista et al. 1993 (22%), likely a result of the small number statistics of this earlier study.

3.7.4 Appearance of double-troughs at other velocities

In the second test we verify whether there exist associated troughs (via line-locking) at velocities other
than systemic. We do this by aligning each spectrum according to the location of the red-edge of the first

BAL trough and thereby search for evidence of a bi-modal distribution of sub-troughs. Here, the red-edge
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FIGURE 3.18: Residual intensity composite spectrum compiled after aligning all spectra to the position of
the first (lowest velocity) absorption trough. We see no indication of a second trough at the
known separation of Ly-a—N V.

is defined as in Korista et al. (1993) to be where the residual intensity falls below 0.75 and remains below
this level for more than 1000 km s—!. The resultant geometric mean residual intensity spectrum is shown
in Figure 3.18. As one might expect, the residual intensity is somewhat steeper at lower velocities, a result
of aligning the first troughs in velocity space. However, the remainder of the spectrum is a smooth function
of velocity, with no indication of additional sub-troughs. Thus, as with Korista et al. (1993) we find no

evidence for line-locking features at velocities other than systemic.

Unlike Korista et al. (1993) the distribution of velocities of the first trough peaks at velocities between
1500-2000 km s~! blue-ward of line-centre, thereafter the number of objects contributing to each velocity
bin shows a smooth linear decline. Thus while there appears a preference for the onset of BALs toward
lower velocities, there is no indication of other preferred blue-ward velocities. This again suggests that
the incidence of the double-trough signature among the BALQSO population as a whole is generally low.
We note that the distribution of redshifted troughs are similarly peaked toward lower velocities and may

indicate a preferred launch radius for the out-flowing gas.
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FIGURE 3.20: Residual intensity spectra of (i) the multi-trough sample, (ii) the single peak sample, and

(iii) ghost-candidate sample. See text for details
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K-S probabilities x 100%
BALQSO Sample Sample | Sub-trough | Sub-trough
Sample Size 1 2
LVQ BALs 3552 102 5.9
MTS 1019 5%1073 23.8
MTS A 510 1.2 34.9
MTS B 509 2.1 4.1
Single Peak Sample 258 3.7 41.4
Ghost Zone Sample 69 0.2 0.1

Table 3.3: K-S tests on the multi-trough phenomenon

3.7.5 K-S test

In our third test, we compute the mean residual intensities in 3 separate velocity bins, one centred on the
expected location of any ghost-feature, the other taken from bins either side of this feature, ie. velocity bins
at 4000-5000 km s 1, 5500-6500 km s ! (the reference bin), and 10000—11000 km s~! respectively. We
then use the Kolmogorov-Smirnov (KS) test to check whether the distribution of residual intensities within
each of these velocity bins belongs to the same population as the reference bin. The residual intensity
spectra we use for this test are (i) the total sample of BALQSOs from Scaringi et al. (2009), the randomly
selected samples 1 and 2 described above, our Multi-trough sample from rejection cut 2, our single peak
sample from rejection cut 3 and our candidate ghost sample. The results of this test are presented in

Table 3.7.5.

Table 3.7.5 gives the probability that the K-S statistic of the sub-trough with the reference trough (i.e. the
ghost zone) would be exceeded by chance if they were drawn from the same population. That is, lower
K-S probabilities indicate more significant differences between the chosen velocity bin and the reference
bin. Our analysis shows that only for our ghost sample do both sub-troughs 1 and 2 indicate significant
differences from the reference bin (K-S probabilities less than 0.1%). This is as expected, since members
of this sample were selected precisely because they showed significant ghost-like features. The single peak
sample shows no evidence that the residual intensity of the ghost zone is drawn from a different population
to that of sub-trough 2. This suggests that the single peak sample does not have a systematic peak and that

the position of peaks within the absorption is random and unrelated to Ly-a-N V line locking.
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BALQSO Sample <D > Monte Carlo
Probability x 100%

LVQ BALs -0.01197 98.88

MTS -0.03918 99.8

Single Peak Sample | 0.007355 35.8

Ghost Zone Sample | 0.16932 0.0

Table 3.4: Monte Carlo simulations of the double trough phenomenon

3.7.6 A Monte Carlo test for ghosts

Korista et al. (1993) described one further test for an excess of double-trough features bracketing the
Ly-a-N v line-locking region, which we repeat here for completeness. In this Monte Carlo simulation,
we test how frequently the depth of the double-trough structure is exceeded by a random arrangement of
residual intensity differences among each of the 3 velocity bins (see Korista et al. 1993 for details). For
each spectrum, we can form 6 residual intensity differences from 3 velocity bins. For each spectrum in our
BALQSO catalogue we randomly pick 2 from the 6 possible residual intensity differences and calculate
their mean value, i.e. an average residual intensity difference. We then define < D >,4nd0m to represent
the mean of these average intensity differences across our BALQSO sample. < D >,4ndom 1S then
compared to < D >, formed by averaging the mean residual intensity differences between sub-troughs
1 and 2 with the reference bin, again averaged across our whole sample. < D > can take on any value
between 1. Values of < D > near +1 indicate a strong double-trough structure. Conversely, a value
of < D > near —1 indicates a strong trough at the position of the reference bin. Values near zero are

indicative of a smooth trough passing through the velocity bins.

To test how frequently a double-trough structure having a contrast at least as large as that observed in the
sample mean could arise by chance, we repeat this process 10,000 times for each sample, and determine the
number of times < D >, 4ndom €Xxceeds < D >, normalised to 10,000. The results of these simulations

are shown in Table 3.7.6.
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Since we only find strong evidence for the double-trough structure within our ghost zone sample (chosen
for precisely that reason), we conclude that there is indeed no strong evidence for an excess of objects
with sub-troughs bracketing the ghost-zone among the BALQSO population at large. Indeed, the high
probabilities found for both the LVQ sample and for the multi-trough sample, strongly suggest that multi-
trough features are randomly distributed in velocity. We therefore conclude that many of the objects
previously identified as strong ghost-candidates in previous studies may simply be multi-trough interlopers

masquerading as ghosts due to the chance alignment of multiple un-associated absorption systems.

3.8 Summary

The evidence presented in this chapter suggests that features within the ghost zone are no more common
than features at other velocities. It also suggests that those objects with features in the ghost zone do
not meet the criteria set out by Arav et al. 1995 significantly more often than objects without features,
with the exception of the greater number of N v BALs within the ghost-candidate sample. However N v
absorption also appears to be more common amongst objects with features at other velocities suggesting
that the presence of features in the C v BALs may be related in some way to N V absorption but that the
mechanism behind this relationship is not based on the radiative line driving interaction between the N v
absorbers and the Ly-a emission. In conclusion there is no substantive evidence that the features seen at
around 5900 kms " are created by the effects of radiative line driving or that these features are anything

more than the chance alignment of multiple absorbing systems.



Chapter 4

High S/N moderate resolution
spectroscopic observations of
ghost-candidate spectra with GMOS
and WHT

The majority of the ghost candidates in DRS of the SDSS are relatively low signal to noise (S/N<10 per
pixel in more than half of the ghost candidates). This does not dramatically effect the measurement of the
strength and width of the strongest emission lines (e.g. Ly-a, C 1v). However constraining the strength of
the far-UV continuum, via the He II emission line strength, is virtually impossible in low S/N data as the
line is weak in most quasars (EW~0.5 A see Vanden Berk et al. 2001) and expected to be weaker still in

the ghost candidates (Arav 1996).

In order to improve the accuracy of the measurement of the He II strength, in addition to allowing confir-
mation of the other tests of Arav’s criteria, we obtained moderate resolution, broad-band, long-slit spectra
of 11 ghost candidate objects, of which 8 are present in the ghost candidate final cut as presented in Chap-
ter 3. 8 of the 11 targets were observed using the William Herschel Telescope during the nights of the 26"
and 27" May 2008. The remaining 3 spectra were obtained as queue scheduled observations taken using

the Gemini North telescope during the 2008 A semester in March.

88
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The reduction of these data is described in detail in this chapter. The resultant spectra are presented here.
Any changes seen in these spectra compared with the SDSS spectra are discussed and Arav’s criteria tested

using the higher S/N WHT data.

4.1 The William Herschel Telescope and Intermediate Dispersion
Spectrograph and Imaging System

The William Herschel Telescope (WHT) is a 4.2m optical telescope and forms part of the Isaac New-
ton group of telescopes situated at the Observatorio de la Roque de los Muchachos on La Palma. The
observations described here were taken using both the red and blue arms of the Intermediate Dispersion

Spectrograph and Imaging System (ISIS) mounted at the Cassegrain focus.

4.1.1 1ISIS

ISIS is a double armed spectrograph which splits the source light into red and blue beams using a dichroic.
A dichroic material is one which has different optical properties for different wavelengths of light. Using
specifically designed dichroic materials incoming light can be split into two beams of differing wave-
lengths. This allows simultaneous broad-band spectra to be taken in the red and blue ends of the visible
spectrum. The detectors can then be separately optimised, resulting in higher sensitivity at both red and
blue wavelengths and allowing broader spectral coverage. The blue arm uses an EEV12 CCD detector
which is a thinned anti-reflection (AR) coated 4096x2048 pixel array with 13.5 micron pixels. The red
arm utilises the RED+ CCD detector which is also AR coated and comprises 4096x2048 pixels, each 15

microns across.
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4.2 WHT Observations and Data reduction

4.2.1 WHT Sample Selection

At the time of writing the telescope proposal for these observations the ghost candidate catalogue was
in an early form based on somewhat arbitrary selection criteria. This early catalogue was used to se-
lect objects for follow up observations. Objects were selected for follow up for a variety of reasons.
SDSS J113831.42+351725.3 and SDSS J170056.85+602639.7 were included as the greater spectral cov-
erage in the blue of the WHT, compared to the SDSS telescope, allows these observations to cover
the Ly-a and N Vv region and test for the presence of N vV absorption. SDSS J101844.45+544015.6,
SDSS J114704.47+153243.3, SDSS J134458.82+483457.5 and SDSS J162657.47+405848.0 are included
as they were considered amongst the best candidates at the time of writing the proposal and higher signal to
noise spectra would allow more accurate testing of the He 11 emission line strength, as well as the strength
and width of other emission lines (Ly-a, N v, C 1V). As the observing schedule was not favourable to the
RA’s of our chosen targets SDSS J164152.30+305851.7 and SDSS J212412.60+095923.3 are included,
despite not being in the ghost candidate final cut at the time of the proposal. A full list of targets, along

with the details of the observations taken, is given in Table 4.1.

4.2.2 Instrumental Set Up

The observations use the 5700 dichroic as, although the response in the crossover region is more com-
plicated than the 5300 dichroic, the former provides the least disruption to the regions of interest in our
target spectra, namely the C IV emission and absorption line region, the N vV emission and absorption line
region and the Ly-a and He 11 emission line regions. The dichroic response shown in Figure 4.1 is taken
from http://www.ing.iac.es/Astronomy/instruments/isis/isis_dich.html. The
response of the blue side crosses that of the red side at around 5575A and the response towards this point
is quite complicated, especially on the red side. This may cause some problems with the calibration in this

region so any features close to this point should be treated carefully.



Target Redshift Filter(s) lj:r)iigl(;s‘(lsrf Airmass P;ltr::tactlc %1%11 © O‘Zs;:g:d
SDSS101844.45+544015.6 3.25 R158B and R158R 1500 1.23 126.71 | 118.94 108.0
SDSS101844.45+544015.6 3.25 R158B and R158R 1500 1.28 118.80 | 111.83 108.0
SDSS101844.45+544015.6 3.25 R158B and R158R 1500 1.26 95.51 | 95.51 90.0
SDSS113831.42+351725.3 2.11 R158B and R158R 1200 1.10 99.58 | 95.53 90.0
SDSS113831.42+351725.3 2.11 R158B and R158R 1200 1.14 9547 | 92.10 90.0
SDSS113831.42+351725.3 2.11 R158B and R158R 1200 1.19 92.05 | 89.10 90.0
SDSS114704.47+153243.3 3.08 R158B and R158R 1200 1.25 61.68 | 63.28 60.0
SDSS114704.47+153243.3 3.08 R158B and R158R 1200 1.33 63.31 | 64.38 60.0
SDSS134458.82+483457.5 2.05 R158B and R158R 1500 1.18 119.45 | 111.93 105.0
SDSS134458.82+483457.5 2.05 R158B and R158R 1500 1.24 111.86 | 105.37 105.0
SDSS134458.82+483457.5 2.05 R158B and R158R 1500 1.31 105.30 | 99.56 105.0
SDSS162657.47+405848.0 3.05 R158B and R158R 1400 1.02 188.94 | 165.21 122.0
SDSS162657.47+405848.0 3.05 R158B and R158R 1400 1.03 164.85 | 144.52 122.0
SDSS162657.47+405848.0 3.05 R158B and R158R 1400 1.04 144.23 | 129.29 122.0
SDSS162657.47+405848.0 3.05 R158B and R158R 1400 1.06 129.09 | 118.37 122.0
SDSS164152.30+305851.7 2.00 R158B and R158R 1500 1.03 99.90 | 93.85 90.0
SDSS164152.30+305851.7 2.00 R158B and R158R 1500 1.05 93.79 | 90.03 90.0
SDSS164152.30+305851.7 2.00 R158B and R158R 1500 1.09 89.98 | 87.08 90.0
SDSS170056.85+602639.7 2.12 R158B and R158R 1400 1.22 148.86 | 140.49 135.0
SDSS170056.85+602639.7 2.12 R158B and R158R 1400 1.25 140.36 | 132.55 135.0
SDSS170056.85+602639.7 2.12 R158B and R158R 1400 1.29 132.42 | 125.16 135.0
SDSS212412.60+095923.3 | 1.9137 | R158B and R158R 1200 1.22 305.61 | 309.06 305.0
SDSS212412.60+095923.3 | 1.9137 | R158B and R158R 1200 1.16 309.12 | 313.71 305.0
SDSS212412.60+095923.3 | 1.9137 | R158B and R158R 1200 1.12 313.79 | 31991 305.0

Table 4.1: WHT observation targets, filters and exposure times.
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FIGURE 4.1: Dichroic response for the 5700 dichroic presented for the blue and red arms of the de-
tector. Found at http://www.ing.iac.es/Astronomy/instruments/isis/
isis_dich.html.

The lowest resolution gratings were chosen to maximise throughput as high resolution is not required to

resolve the ghost features, which are typically around 2000kms ~*

wide. These gratings are the R158B
(158 lines mm~') with a dispersion of around 1.6 A/pixel, depending on the observing conditions, us-
ing the EEV12 CCD detector in the blue arm. This set up provides spectra in the wavelength range
3500 A<A<5700 A. The R158R (158 lines mm~') provides a dispersion of approximately 1.8 A/pixel
using the RED+ CCD detector in the red arm. This observing set up provides spectra in the range
5500 A<A<9000 A. The resolution of these spectra corresponds to around 200 kms~, easily enough
to resolve ghost features as well as allowing reasonably accurate line-width measurements. The RED+

detector is relatively unaffected by fringing in the regions of interest. Figure 4.2 shows that the fringing

modulation of the RED+ detector using the R158R grating is of the order 1% below 9000 A.

The target observations were obtained using a long-slit of width 1.5 arc-seconds, wide enough to capture
the vast majority of source light in typical observing conditions for the site. In order to minimise slit losses

for the standard star observations the slit width for these observations was increased to 5 arc-seconds.

4.2.3 WHT Observations

The data described in this section were obtained over the nights of the 26" and 27t* May 2008 on the
WHT. Zero second bias exposures were taken at the beginning of each night along with flat-fields obtained

using short exposures allowing a lamp to illuminate the dome. Twilight sky flat-field observations were
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FIGURE 4.2: Fringing modulation for the RED+ detector using the R158 grating that was used for these
observations. Taken from http://www.ing.iac.es/Engineering/detectors/

g3_ultra_red+.html.



CHAPTER 4. OBSERVATIONS OF GHOST-CANDIDATE SPECTRA WITH GMOS AND WHT 94

also obtained at the beginning of each night. The twilight flats are much more difficult to take as the sky
brightness varies rapidly at twilight. Twilight flats have some advantages over dome flats as the light enters
the telescope in the same way as for the science observations. This allows an illumination correction to be
performed. These flat-field observations will be used to correct for any variation in the sensitivity of the
CCD introduced by differing illumination or pixel response, they were all taken in both the red and blue

arm using the instrumental set up used for the target observations.

After pointing the telescope and before taking the observations of each target and calibration object, arc
lamp spectra were taken in order to accurately calibrate the wavelength scale. Each target is observed on
multiple occasions to minimise problems caused by cosmic ray impacts. Standard stars were observed
before the target observations at approximately the same airmass as our targets in order to minimise the
effects of atmospheric extinction when performing flux calibrations. The standard star observations were

taken using a 5 arc second slit in order to avoid losing flux.

As the amount of refraction of light in the atmosphere is wavelength dependent spectra can be effected
by slit-losses (Filippenko 1982). Blue-light suffers more refraction than red light and will therefore be
offset from the true object position by a larger amount, resulting in blue light being lost from the spectrum.
This problem can be minimised by using a wider slit, by observing only at low airmass or by observing
close to the parallactic angle, the angle at which the slit is normal to the horizon resulting in atmospheric
refraction being along the axis of the slit. Increasing the slit width results in an increase in the background
light leading to a lower signal to noise ratio and is therefore undesirable. Observing close to zenith is
clearly preferable, as it also reduces problems caused by atmospheric extinction, but is not possible for
many of our targets as they did not appear at high elevations. The majority of targets were observed within
10 degrees of the parallactic angle. Only SDSS J162657.47+405848.0 is observed at a large angle to the
parallactic and this object is close to zenith during the observations so slit-losses should be minimal as the
incoming light is almost normal to the atmosphere resulting in only a minimal amount of refraction. The

observed angle and the parallactic angle at the start and end of the observation are given in Table 4.1.
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4.2.4 Data Reduction

In order to produce accurate wavelength and flux calibrated spectra from these data a number of data
reduction steps are required. These steps were carried out using a variety of IRAF (http://iraf.noao.edu/)

packages.

Debiassing and flat-fielding

Debiasing and flat-fielding were performed using the ccdred package (Valdes 1988) in IRAF. The zero
exposure time images were combined, using the zerocombine routine to take the mean of each pixel, and
the resulting bias image subtracted from the rest of the images, an example of a bias image is shown
in Figure. 4.3. The red-arm has a typical bias level of 3923 ADU and standard deviation of 1.9 in the

combined image, the blue-arm has mean 2436 ADU and standard deviation 5.3.

Bias subtracted dome flat-field images were then combined using the flatcombine routine. This combined
flat-field image was fit with a simple function to remove the variation due to the spectrum of the lamp
used to illuminate the dome. This was performed using the response routine which produces an image
representing the response of the detector to a uniform field. All of the bias subtracted images are divided
by this flat-field response image to correct for variations in the response of the detector with position. An
example of a flat-field image is given in Figure 4.4 and an example of a response fit is shown in Figure 4.5.
The variations in flat-field image can be seen in the response fit, pixel number in the image is increasing
to the right. The response fit shows the rapid drop off in sensitivity caused by the dichroic response on the

right, and the lack of reflection from the telescope at short wavelengths on the left.

Once the images have been debiased and dome flat-field corrected, sections in the cross-dispersion dimen-
sion (i.e. spatial cuts) are examined to ensure that the illumination is close to uniform across the CCD.
Figure 4.6 shows that the dome flat-fields have done a good job and the twilight flats are not required to

correct for the illumination of the CCD by the telescope.
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Starlink GAIA::Skycat biasl.fit
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FIGURE 4.3: An example of a bias image taken using WHT.
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FIGURE 4.4: An example of a dome flat image taken using WHT.

NOAO/IRAF V2.14EXPORT cecl7@speed.star.le.ac.uk Thu 17:50:37 10-Sep-2009
func=spline3, order=6, low_rej=550, high_rej=0, niterate=1, grow=0
total=2100, sample=601, rejected=0, deleted=0, RMS= 798.9
Fit the normalization spectrum for FLAT
lampflat blue
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FIGURE 4.5: An example of a response fit to a flat-field image. The bar on the bottom shows the region
used for the fit, which is a 6! order cubic spline.
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NOAO/IRAF V2.14EXPORT cecl7@speed.star.le.ac.uk Fri 12:23:18 20-Nov-200
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FIGURE 4.6: A cross-section of a flat-field corrected image, showing that the flux is close to uniform across
the image.

NOAO/IRAF V2.14EXPORT cecl7@speed.star.le.ac.uk Thu 10:53:49 17-Sep-2009
Image=cfz1147a, Sum of lines 635-644
Define and Edit Apertures
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FIGURE 4.7: An example of the aperture used to extract a WHT spectra. The aperture is labelled one and
bounded by the bar. The lines at the bottom on either side show the background regions.
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4.2.5 Extracting 1-d spectra

One dimensional object spectra were extracted from the 2-d bias and flat-field corrected images using the
apall tool which outputs a spectrum, background spectrum and background subtracted spectrum in addition
to an error spectrum. This tool was used interactively to fit an appropriate aperture width and background
region such that the flux of the target is contained within the aperture, an example of an aperture and

background region is shown in Figure 4.7.

The apertures were chosen to ensure that the majority of flux from the target is contained within the aperture
without introducing unnecessary noise by including regions of only background flux, the exact placement
of the apertures is somewhat arbitrary but the differences in the final spectra introduced by small changes

to the aperture boundaries are minimal.

The background regions are chosen to be obviously outside of the profile of the spectrum, as well as not
including any regions of obvious excess flux caused by additional objects or cosmic rays. A linear fit

between these background regions is used to estimate the background flux within the aperture.

The aperture is then traced along the object spectrum to take into account any movement of the spectra
across the detector, this fit is usually almost linear and I have typically used a 2™ order cubic spline fit. An
example trace is shown in Figure 4.8 this shows that while the spectra is not quite parallel to the detector the
drift is very small (= 6 pixels across 1250 in this case). The aperture remains of the same size throughout

the trace only the centre of the aperture is varied.

Wavelength Calibration

Arc lamp spectra were taken throughout the night before and after observations of each target and standard
comparison star. The lamps used were Cu-Ar and Cu-Ne arc lamps and exposure times were 2.0 seconds in
the red-arm and 20.0 seconds in the blue-arm. These exposure times were used as they provide good signal

to noise without the brightest lines being saturated. An example arc observation is shown in Figure 4.9. Arc
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NOAO/IRAF V2.14EXPORT cecl7@speed.star.le.ac.uk Thu 10:56:07 17-Sep-2009
func=spline3, order=2, low_rej=3, high_rej=3, niterate=0, grow=0
total=128, sample=128, rejected=0, deleted=5, RMS=0.06871
Aperture 1 of cfzll147a
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FIGURE 4.8: Example of a trace along the aperture of a WHT spectra. the diagonal crosses are points
which have been excluded from the fit, which was a 2™¢ order cubic spline.
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Starlink GAIA::Skycat z1018arcl.fits
arclamp blue 1067 2100
cecl? Sep 10, 2009 at 17:26:28

FIGURE 4.9: An arc lamp image taken using the CuAr and CuNe arc lamps.



CHAPTER 4. OBSERVATIONS OF GHOST-CANDIDATE SPECTRA WITH GMOS AND WHT 100

T I T T T T I T T T T I T T T T I T T T T I T
6x104 - -
L 7246.18 |
u 6402.24 1
’;54X 104 - 6678.2 ]
a
N L 4
%
5
E‘ - -
I 8424.64 |
2%104 - 9122.96 |
MMA 9657.78
0 L AU U | b o JJ.
1500 2000 2500 3000 3500

pixel number

FIGURE 4.10: An extracted arc lamp spectra.

spectra are extracted using apall with the same aperture and trace that was used for the target observation

they will be used to calibrate. An example of an extracted arc spectrum is shown in Figure 4.10.

After extracting the arc lamp spectra, lines of known wavelength within these spectra were manually
identified and marked using the identify routine. Some of the prominent lines in Figure 4.10 have been
labelled with their wavelength in A. Many more lines are identified and used by the identify routine to
produce a map of wavelength as a function of pixel number by fitting a simple function to the identified

points. This dispersion solution is used with the dispcor package to produce wavelength calibrated spectra.

Flux Calibration and Extinction Correction

The spectrophotometric standard stars were reduced in the same manner as the target spectra. An example

of a reduced wavelength calibrated standard spectrum is given in Figure 4.11. The IRAF tool standard was



CHAPTER 4. OBSERVATIONS OF GHOST-CANDIDATE SPECTRA WITH GMOS AND WHT 101

8x104

6x104

x104

Flux LADU)

2x104

6000 7000 8000 9000
Wavelength &

FIGURE 4.11: A wavelength calibrated standard star spectrum used to produce a sensitivity function.
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FIGURE 4.12: An example WHT sensitivity function (sensitivity is in units of 2.5LoglO[counts /
(ergs/cm?)]).
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used taking as input the standard star spectrum and the tabulated fluxes in various wavelength ranges as well
as the exposure time and airmass and producing a sensitivity value for each of the tabulated wavelengths.
These sensitivity values were then used in the sensfunc routine and fit with a low order (typically order=5)
cubic spline function to produce a continuous sensitivity function (like the one shown in Figure 4.12)
allowing the target spectra to be flux calibrated. Outlying points produced by absorption features were
removed prior to the fitting of the sensitivity function in order to avoid small scale rapid variation in the

sensitivity function.

The calibrate tool was used to flux calibrate and extinction correct the target spectra using the sensitivity
function created from the standard star spectrum taken before the target at a similar airmass. The extinction
correction uses the La Palma extinction data to remove the effect of absorption within the atmosphere.
Each observation is calibrated separately and they are then combined, removing cosmic rays using the

sigma clipping algorithm in the scombine tool.

The dichroic response will also have some impact on the spectra. However, as this response is coupled
with the detector response and instrument throughput and partially corrected for during the flux calibration
no attempt to correct for the dichroic response has been made. For this reason there may be significant
discrepancies in the flux calibration between the red end of the blue arm spectra and the blue end of the

red arm spectra.

The method used to combine spectra from the red and blue arms of the instrument depends on the quality
of the spectra in the crossover region. For example SDSS J113831.42+351725.3 and

SDSS J134458.82+483457.5 are simply joined together at 5600 A as the spectra match closely in the
crossover region. Red and blue spectra of SDSS J114704.47+153243.3 are combined by taking the mean,
weighted by the errors, of the two spectra between 5500 and 5600 A. All of the other objects have their

spectra combined using an error weighted mean between 5550 and 5600 A.
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4.2.6 SDSS Flux Calibration

The SDSS spectra shown in previous chapters have all been the versions released in data release 5 (DR5
Adelman-McCarthy et al. 2007). Later releases DR6 (Adelman-McCarthy et al. 2008) and DR7 (Abazajian
et al. 2009) have contained re-calibrated versions of these spectra with some changes in the flux and
wavelength calibration. Of particular note is the change in the flux calibration presented in DR6. In this
release the spectrophotometric fluxes were matched to the point-spread function of the plate at the time of
the observations, whereas in previous releases they had been matched to the fiber magnitudes. This change
results in a significant increase in the published fluxes (30 to 40% in the majority of objects presented

here).

I would note that the DR7 spectra (which use the DR6 method of flux calibration, with some minor mod-
ification in some cases) are on average around 40% brighter than the WHT follow up spectra whilst the
DRS5 spectra match the WHT fluxes to within a few percent in the majority of cases. Whilst it is possible
that these objects have dimmed between the time of the SDSS observations and the follow up WHT obser-
vations it seems more likely that the re-calibration present in Adelman-McCarthy et al. 2008 has produced
less accurate fluxes than those presented in DRS, or that there is some systematic error in the flux calibra-
tion of the WHT data. The observing conditions for the WHT observations were not ideal and the absolute
fluxes are likely to only be accurate to around 10%. Both DR5 and DR7 versions of the SDSS spectra are

presented in this Chapter.

4.2.7 Object Spectra

Due to the differences between the DR5 and DR7 versions of the SDSS spectra of these objects the WHT
spectra are shown in this section along with both of these versions of the SDSS spectra. In addition to
these plots, plots of the C 1V and Si IV absorption are given in velocity space to allow easy comparison
between the absorption in these lines. These absorption plots are shown along with a scaled version of

the DR7 SDSS spectra to allow comparison of the shape of any features within the absorption in the
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two observations. I also present continuum normalised plots of the SDSS DR5 and WHT spectra in
the rest-frame wavelengths to highlight any changes in the shape or equivalent width of absorption and
emission lines. The crossover region for the 5700 dichroic occurs at 5575 A and is marked with a dashed
line in plots which cover this region. Fluxes at wavelengths within =50 A of this point are subject to
significant uncertainties. The WHT spectra of SDSS J101844.45+544015.6, SDSS J114704.47+153243.3,
SDSS J134458.82+483457.5 and SDSS J164152.30+305851.7 are shown after a small correction to the
wavelength calibration performed by cross-correlating the spectra with the SDSS DRS spectra of the same

objects.

SDSS J101844.45+544015.6

This object was observed on both the 26" and 27" of May 2008 as it set early in the night and was not
visible for long enough to produce a significantly improved signal to noise spectrum with observations
from a single night. Two observations were taken on the 26" of May, one at an airmass of 1.23 and the
other at an airmass of 1.28, and one the following night at an airmass of 1.26. The observed standard star

was SP1036+433 and was observed at an airmass of 1.07 on the first night and 1.10 on the second.

Both SDSS DRS and DR7 spectra are shown in Figure 4.13 with the top panel showing the DR7 spectrum
and the lower panel the DR5 version. The WHT spectrum is plotted as the solid line in both panels. This
object has a redshift of 3.25 according to the SDSS and the major emission lines are labelled on the DRS
plot in the lower panel. Figure 4.13 clearly shows the increased signal to noise ratio within the WHT
spectrum. The S/N in the WHT spectrum measured between 1700 and 1750 A in the rest-frame of the
source is 9.8 per pixel. The SDSS DR7 spectrum has higher resolution than the WHT spectrum so in
order to compare the S/N the SDSS DR7 spectrum is binned to the same resolution as the WHT spectrum,
the S/N is then measured to be 4.8 per WHT pixel. The higher quality of the WHT spectrum and the
possible change in the flux of the object are the only significant differences between the WHT and SDSS
spectra. This can be seen more clearly in Figure 4.14 which shows the WHT and SDSS DRS spectra in

the source rest-frame and normalised to continuum fits. The degree to which this object has dimmed is
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difficult to establish due to the significant variation in flux calibration presented by the SDSS, however as
more than 6 years(= 1.4 years in the rest frame) have passed between the SDSS observation on the 17" of
April 2002 and the WHT observation it would not be unreasonable to see significant flux changes (O Brien

et al. 1988).

The rest-frame equivalent widths of the prominent emission lines are measured by fitting a reddened power
law to the continuum and summing any excess flux in the region of the emission line. The C 1v EW is
measured between 1530 and 1575 A in the source rest-frame and the Si 1v EW is measured in the rest-
frame between 1380 and 1420 A. This method is used to measure the C 1v and Si Iv EWs throughout this
chapter. The DR5 and DR7 SDSS spectra give C 1v EWs of 66.74+0.8 A and 66.3+0.8 A respectively.
The quoted errors on this measurement are the statistical errors only. The true error will be larger, with
the largest contribution arising from inaccurate continuum placement. The C 1V emission in the WHT
spectrum has rest-frame EW of 74.54-0.3 A suggesting that the strength of the emission line has increased
and/or the continuum flux has fallen. The Si IV emission line tells a similar story with rest-frame EWs of
39.8+1.0 A and 38.61.1A measured from the SDSS observations compared with 45.040.5 A from the

WHT data.

The C 1V emission line FWHM for the WHT observation is 3730470 kms~! which is similar to the
38204250 kms ~! measured from the DR7 SDSS spectrum and comparable to the 3500 kms ~! upper limit
proposed by Arav 1996. This measurement is taken by removing the continuum fit to calculate the EWs
and then fitting a Gaussian to the unabsorbed parts of the emission line and minimising x2. This method is
used to calculate FWHM of the C 1V lines throughout this Chapter. The errors on the FWHM measurement
are the the statistical errors found by fixing the strength and centre of the Gaussian component and varying
the width until the x? value increases by 2.73. The true error on the FWHM will include significant
contribution from errors in the continuum placement, as well as the choice of regions to exclude as being
absorbed, and is therefore difficult to quantify. The absorption troughs of both C 1v and Si 1V are shown
in Figure 4.15. The SDSS spectrum shown in Figure 4.15 is the DR7 version as the improved reduction

produces cleaner spectra. There is some evidence for a small increase in absorption due to C 1V between
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FIGURE 4.13: WHT spectrum of SDSS J101844.45+544015.6 (solid) along with the DR7 (top panel-
dotted) and DRS5 (bottom panel-dotted) versions of the SDSS spectrum of the same object
the vertical dashed line represents the crossover between the red and blue arms of ISIS at

5575 A.

9000 and 10000 kms—!. However the structure of the absorption remains almost identical elsewhere in the

C 1v trough and throughout the Si IV trough.

The WHT spectrum still shows strong N v absorption as well as strong emission lines. The He I emission
line is fit with a scaled version of the He 11 emission from the DR5 composite in the same way as in
+0.3

Chapter 3. The emission is stronger in this object than the composite by a factor of 2.117 55 which is

consistent with the 1.96£0.49 found from the DRS SDSS spectrum.
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FIGURE 4.14: Continuum normalised spectra of SDSS J101844.45+544015.6 from the SDSS DRS (dot-
ted) and WHT (solid) observations

Py AP RN B PRI B P BRI I, <~ SN

Observed Flux (10-17 ergs/s/cm?/R)

0
3x104 2.5x10% 2x10* 1.5x10% 104 5000 0
Velocity (kms™!) relative to C IV (top) and Si IV(bottom)

FIGURE4.15: C 1v (top) and Si 1V (bottom) absorption troughs in velocity space of
SDSS J101844.45+544015.6 from the SDSS DR7 (dotted and scaled) and WHT
(solid) observations
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SDSS J113831.42+351725.3

Figure 4.16 shows significant changes to the spectrum of this object between the SDSS observation taken
on the 3rd May 2005 and the WHT spectrum which was obtained on the 27th May 2008 3.07 years later
(0.98 years in the source rest frame). Both DR5 and DR7 versions of the SDSS spectra are shown in
Figure 4.16 with the major emission lines labelled on the DRS5 plot in the bottom panel. This object is at
redshift 2.11 so all of the information relevant to the testing of Arav’s criteria is contained within the blue
arm of the ISIS observations. The standard star used to flux calibrate this spectrum was observed at an

airmass of 1.07 slightly lower than the target, which was observed between 1.10 and 1.19.

The WHT spectrum clearly shows higher S/N than both the SDSS spectra, when measured between 1700
and 1750 A in the rest-frame (35.0 per pixel compared to 16.4 per WHT pixel measured from the SDSS
DR7 spectrum binned to match the WHT resolution as for the previous object). The WHT observation also
shows clear broad absorption due to N v that was not covered by the SDSS observations. However the most
important difference from the point of view of this study occurs in the C 1v BAL trough. The absorption
blueward of the potential ghost feature identified in the SDSS spectrum has almost completely disappeared.
This suggests that this absorption is not related to the trough redward of the feature which remains at a
similar depth, although this may be due to the lower velocity trough remaining on the saturated part of
the curve of growth. The C 1v and Si 1V absorption troughs are shown in velocity space in Figure 4.18.
The SDSS spectrum in this figure is the DR7 version and has been scaled to match the WHT flux between
1700 and 1750 A in the rest-frame of the source. Based upon the WHT spectrum one would conclude that
this object is not a good ghost candidate and it would certainly not be selected as such on the basis of this

spectrum.

Both the C 1v and Si 1V emission lines show reduced equivalent widths in the WHT spectrum, this is clearly
seen in the continuum normalised spectra from the WHT and SDSS DRS spectra shown in Figure 4.17 .
The equivalent width of C 1V is measured to be 41.040.2 A in the WHT spectrum around 20% less than

the 51.140.4 A and 46.1+0.3 A in the DRS and DR7 SDSS spectra respectively. The equivalent width
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FIGURE 4.16: WHT spectrum of SDSS J113831.42+351725.3 (solid) along with the DR7 (top panel-
dotted) and DRS5 (bottom panel-dotted) versions of the SDSS spectrum of the same object.
The vertical dashed line represents the crossover between the red and blue arms of ISIS at
5575 A.

of Si 1v is 31.940.2 A in the WHT spectrum falling between the 24.04-0.4 and 27.440.3 found in the
SDSS DRS and DR7 spectra. Whilst this object is no longer considered to be a good ghost candidate
it is worth noting that the decrease in the strength of the C 1v emission line, relative to the continuum,
results in this object failing Arav’s criteria for strong emission lines. The FWHM of the C 1V emission
line is measured to be 35304130 kms~! which straddles the limit suggested by Arav 1996. The SDSS
spectra have FWHM measured as 38304150 kms~! from DRS5 and 33304150 kms—! from DR7. The
He 11 emission line region is of similar strength to that found in the DR5 composite, the emission in the
WHT spectrum requires a scaling factor of 0.96+0.1 (the DR5 SDSS spectrum needs a scaling factor of

0.9840.20). A more detailed analysis of the changes seen in this object is presented in Chapter 5.
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FIGURE 4.17: Continuum normalised spectra of SDSS J113831.42+351725.3 from the SDSS DRS (dot-
ted) and WHT (solid) observations

15

Observed Flux (10-17 ergs/s/cm?2/R)

10

LA L L L e o

0
3x104 2.5x10% 2x10* 1.5x10% 104 5000 0
Velocity (kms™!) relative to C IV (top) and Si IV(bottom)

FIGURE 4.18: C 1V (top) and Si 1V (bottom) absorption in velocity space for the WHT (solid) and SDSS
DR7 (dotted and scaled) spectra of SDSS J113831.42+351725.3
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SDSS J114704.47+153243.3

The SDSS observation of this object was taken on the 19" of December 2004 around 3 and a half years
prior to the WHT follow up observations obtained on the 26" May 2008. At the redshift of this source,
3.08, this corresponds to 0.86 years in the source rest-frame. The WHT spectrum is produced from two
observations obtained at an airmass of 1.25 and 1.33, the standard star spectrum used for these observations

was taken at an airmass of 1.15.

Figure 4.19 shows the WHT follow up observation of SDSS J114704.47+153243.3 along with the DRS5
SDSS spectra in the bottom panel and the DR7 version in the top panel. The dashed line shows the dichroic
crossover and prominent emission lines are labelled in the bottom panel. Figure 4.20 shows continuum
normalised WHT and SDSS DRS spectra in the source rest-frame. It is clear from this figure that there is
little change in the shape of C IV absorption or emission components. The apparent change in the Si 1V
emission could be due to the dichroic response as this emission is relatively close to the crossover region.
The S/N in the WHT spectrum measured between 1700 and 1750 A in the rest-frame is 15.9 per pixel
compared to the 11.4 measured from the same region of the SDSS DR7 spectrum after binning to the same

resolution as the WHT spectrum.

The EW of emission in C IV is measured as 60.84-0.3 A and 62.3+0.4 A in the SDSS DR5 and DR7 spectra
and is around 10% lower at 54.940.1 A in the WHT follow up, again the errors quoted are statistical and
the true error on these values will be largely due to the placement of the continuum. The Si IV emission

has an EW of 45.5+0.4 A and 46.8+0.5 A in the SDSS spectra and 42.5+0.2 A in the WHT spectra.

Fig. 4.21 shows the C 1v and Si IV absorption regions in velocity space for the WHT follow up spectrum
along with the SDSS DR7 observation which has been scaled to match the flux of the follow up spectra
in the rest frame region between 1700 and 1750 A. This allows easier comparison of the shape of the
absorption features. The figure shows no great difference in the shape of the C 1V emission or absorption.

As the Si 1V absorption is both fairly complex and likely to be affected by the dichroic response it is
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FIGURE 4.19: WHT spectrum of SDSS J114704.47+153243.3 (solid) along with the DR7 (top panel-
dotted) and DRS5 (bottom panel-dotted) versions of the SDSS spectrum of the same object.
The vertical dashed line represents the crossover between the red and blue arms of ISIS at

5575 A.

difficult to draw any firm conclusions regarding this absorption, however it seems unlikely that any change

is particularly large.

The FWHM of the C 1V emission line is measured from the WHT spectrum to be 3730440 kms ! com-
pared to the 3210490 kms ~! measured from the DR5 SDSS spectrum and the 3410+150 kms ! from the
SDSS DR7 spectrum. The WHT measurement exceeds the 3500 kms~! limit set by Arav 1996 however
the ’true’ error on this value may be much larger than the 40 kms ™! statistical error. The WHT spectrum
also shows strong N v absorption and has N v and C IV emission lines which meet the criteria for strong
emission. The He II region is well fit by the DR5 composite which has it’s emission scaled by a factor
of 0.92’:8:(1)3) consistent with the object having He 11 emission of average strength. This is also true of the

0.9679-1% measured from the DRS SDSS spectrum.
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FIGURE 4.20: Continuum normalised spectra of SDSS J114704.47+153243.3 from the SDSS DRS (dot-
ted) and WHT (solid) observations
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FIGURE4.21: C 1v (top) and Si 1V (bottom) absorption troughs in velocity space of
SDSS J114704.47+153243.3 from the SDSS DR7 (dotted and scaled) and WHT
(solid) observations.
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SDSS J134458.82+483457.5

Figure 4.22 shows both the DR7 and DRS5 versions the SDSS spectrum of SDSS J134458.82+483457.5,
taken on the 7t" of April 2003, along with the follow up WHT spectrum taken on the 27" of May 2008.
The redshift of this object is given by the SDSS as 2.05 so the 5.13 years between the observations cor-
responds to 1.68 years in the source rest-frame. The standard SP1321+363, which is used in the flux
calibration of the WHT spectrum, was observed at an airmass of 1.12, slightly lower than the airmass of
the target observations that range from 1.18 to 1.31, as this object was setting rapidly at the time of the ob-
servations. The differences around the N v emission line are unlikely to be real changes as the sensitivity

of the WHT observations at this point is low.

The SDSS spectrum is extremely noisy making it difficult to judge which features in the absorption trough
are real and which are simply the result of noise. The WHT spectrum has a S/N of 22.1 per pixel between
1700 and 1750 A. After binning the SDSS DR7 spectrum to match the resolution of the WHT spectrum the
S/N measured in the same region is 10.6 per WHT pixel. In order to more easily compare the emission and
absorption in the WHT and SDSS DRS spectra they are plotted normalised to the continuum in Figure 4.23.
There appears to be little change in the C 1V emission line. The Si IV emission line in the WHT spectrum
extends further to the blue although this is almost certainly due to changes in the absorption. The blue end

of these spectra show large differences but this region is highly uncertain in both spectra.

The equivalent width of the C 1V emission line is measured to be 52.040.5 A and 58.24-0.6 A in the
DR5 and DR7 SDSS spectra respectively and 53.9+3.1 A in the WHT spectrum. The Si IV emission
line has an EW measured as 46.140.6 A and 45.04:0.6 A for the SDSS spectra and 43.642.6 A in the
WHT spectrum. There seems to be some evidence for increased high velocity absorption due to Si 1V and
C 1v in the WHT spectrum. The C 1v and Si IV absorption troughs are shown in Figure 4.24, they are
shown in velocity space to allow easier comparison between the features in the C IV and Si IV absorption.
Figure 4.24 includes the DR7 SDSS spectrum due to the improved calibration of this data release. The

additional structure in the C 1v BAL, appearing at around 12000, 15000 and 20000 kms~! would have
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resulted in this object being rejected at the Single Peak stage of our candidate selection on the basis of
the WHT spectrum alone. The Si 1V absorption seems to have moved to higher velocity, from ~4000 and
6000 kms~! to ~6000 and 8000 kms~—!. As well as becoming stronger, there is also some evidence for

additional absorption at around 22000 kms~".

The WHT spectrum of this object fails a number of Arav’s criteria. The C 1V and N Vv emission lines are
very weak and the C IV emission line has a FWHM measured to be 49004250 kms~! well in excess of
the 3500 kms ! limit suggested by Arav 1996. There is insufficient spectral coverage to allow testing
of either the strength of Ly-a emission or the strength of N v absorption. The He II emission region
requires the DRS composite emission in this region to be scaled by a factor of 1.344-0.90, which precludes
determination of the strength of the far-UV continuum. The WHT spectrum shows additional features
within the absorption, it also fails two of Arav’s tests while the others are inconclusive or untestable in this
spectrum. This suggests that the ghost candidate feature is not produced by the mechanism proposed by

Arav.
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FIGURE 4.22: WHT spectrum of SDSS J134458.82+483457.5 (solid) along with DR7 (top panel-dotted)
and DRS (bottom panel-dotted) versions of the SDSS spectrum of the same object.
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FIGURE 4.23: Continuum normalised spectra of SDSS J134458.82+483457.5 from the SDSS DRS (dot-
ted) and WHT (solid) observations
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FIGURE 4.24: C 1V (top) and Si 1V (bottom) absorption in velocity space for the WHT (solid) and SDSS
DR7 (dotted and scaled) spectra of SDSS J134458.82+483457.5.
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SDSS J162657.47+405848.0

This object was observed during a period of very good (sub arc-second) seeing, close to zenith. To min-
imise background flux the slit used was narrowed to 1.3 arc-seconds. The standard, SP1626+36 was
observed using a 3 arc-second slit at an airmass of between 1.01 and 1.02, the airmass of the target obser-
vations increased from 1.02 to 1.06 during the 4 observations. The WHT spectrum shown in Figure 4.25
along with SDSS spectra taken over 6 years earlier on the 15" of April 2002 from DR7 (top) and DR5
(bottom). The source is at redshift 3.05 so the gap between observations is 1.51 years in the source rest-
frame. The WHT spectrum has a S/N measured between 1700 and 1750 A in the source rest-frame to be
11.8 per pixel compared to 10.5 per WHT pixel measured from the DR7 SDSS spectrum after binning to

match the WHT resolution.

Figure 4.26 shows the WHT and SDSS DRS spectra in the rest-frame, normalised to the continuum. This
allows easy comparison of the shape of emission and absorption features and their equivalent widths. The
rest-frame equivalent width of the C 1V emission line is measured to be 63.140.1 A and 61.940.4 A in
the DR5 and DR7 SDSS spectra respectively and 59.24+0.1 A in the WHT spectrum. The Si IV emis-
sion line has an EW measured in the rest-frame as 32.8+0.1 A and 31.2+0.4 A for the SDSS spectra
and 31.4+0.2 A in the WHT spectrum. The slight decrease in the EW of C 1V emission is not clear in
Figure 4.27, which shows the absorption line regions for the C 1v and Si 1V lines in velocity space. The
SDSS DR7 spectra shown in Figure 4.27 has been normalised to the WHT spectra in the region between
1700 and 1750 A in the rest frame, the greater flux in the WHT observation in this figure is likely to be
due to differences in the normalisation region as the shape of the absorption and emission in C IV is very
similar. Any changes in the Si IV emission line should be treated tentatively as this region may be affected
by the dichroic response, the crossover region occurs within the Si IV absorption trough and is marked in

Figure 4.25 by the vertical dashed line.

The WHT spectrum of this object clearly meets the criteria for strong emission lines set out by Arav 1996

as do both DRS5 and DR7 versions of the SDSS spectrum. The FWHM of the C IV emission line is
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FIGURE 4.25: WHT spectrum of SDSS J162657.47+405848.0 (solid) along with the DR7 (top panel-
dotted) and DRS5 (bottom panel-dotted) versions of the SDSS spectrum of the same object.
The vertical dashed line represents the crossover between the red and blue arms of ISIS at
5575 A.

measured to be 2345425 kms !, somewhat narrower than the 2750475 kms~! measured from the SDSS
DR7 spectrum and the 3110420 kms ! measured from the SDSS DRS5 spectrum. All of these values fall
below the 3500 kms~" upper limit proposed by Arav 1996. The He II emission line region in the WHT
spectrum is well fit by a DRS composite which has this region scaled by a factor 1.58’:8:12 compared
to 1.26£0.19 in the DRS SDSS spectrum, suggesting that this object has slightly stronger than average

He 11 emission and that the far-UV resonance lines are likely to contribute significantly to the radiative

acceleration of the broad absorption lines.
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FIGURE 4.26: Continuum normalised spectra of SDSS J162657.47+405848.0 from the SDSS DRS (dot-
ted) and WHT (solid) observations
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FIGURE4.27: C 1v (top) and Si 1V (bottom) absorption troughs in velocity space of
SDSS J162657.47+405848.0 from the SDSS DR7 (dotted and scaled) and WHT
(solid) observations.
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SDSS J170056.85+602639.7

Figure 4.28 shows the WHT spectrum of this object along with the SDSS DR7 spectrum in the top panel
and the DRS5 spectrum in the lower panel. The SDSS observation was taken on the 1% of June 2000 almost
8 years (2.56 years in the source rest-frame, at redshift 2.12) before the WHT spectrum. The standard
star used to flux calibrate the WHT data for this spectrum was observed before the target observations at
an airmass of 1.19 and after them at an airmass of 1.31 and the average of the two resulting sensitivity

functions used. The airmass of the target observations range from 1.22 to 1.29.

Figure 4.29 shows the continuum normalised WHT and SDSS DRS spectra in the source rest-frame. This
allows easy comparison of the shape and EW of emission and absorption features and clearly shows the
higher S/N in the WHT spectrum. The WHT spectrum has S/N~36.3 between 1700 and 1750 A in the
source rest frame compared to 17.8 in the same region of the DR7 SDSS spectrum, after binning this
spectrum to match the resolution of the WHT spectrum. The equivalent width of the C 1v emission
line is measured to be 39.34-0.3 A and 39.140.3 A in the DRS and DR7 SDSS spectra respectively and
35.140.1 A in the WHT spectrum. The Si IV emission line has an EW measured as 22.1+0.3 A and
20.54-0.3 A for the SDSS spectra and 24.84-0.1 A in the WHT spectrum. The C 1V line does appear to be

somewhat weaker in the WHT spectrum as does the N Vv emission line.

The WHT spectrum has increased spectral coverage in the blue end showing clear N v broad absorption
along with a narrow remnant of the Ly-a emission line. Other than the additional coverage and greater
S/N in the WHT spectrum there is little difference in the shape of the spectra. This is also true for the
absorption troughs of C 1V and Si IV which are shown in velocity space in Figure 4.30. The SDSS spectra
in this figure is the DR7 version and has been scaled to match the flux of the WHT spectrum between 1700

and 1750 A in the source rest-frame.

The FWHM of the C 1v emission line in the WHT spectrum is found to be 6390470 kms ™!, similar to

the 66804270 kms ! and 66854250 kms~! from the SDSS DR7 and DRS5 spectra respectively. These
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FIGURE 4.28: WHT spectrum of SDSS J170056.85+602639.7 (solid) along with the DR7 (top panel-
dotted) and DRS5 (bottom panel-dotted) versions of the SDSS spectrum of the same object.
The vertical dashed line represents the crossover between the red and blue arms of ISIS at

5575 A.

values are all well above the 3500 kms ! upper limit proposed by Arav 1996 and whilst the measurements
are effected by difficulties in pinpointing the line centre due to absorption there is little doubt that C 1v
emission in this object is broad. The WHT spectrum of this object fails Arav’s test for strong emission
lines as the C IV emission line peak flux is less than the continuum flux. The He II emission line region is
fit by using a modified composite spectrum scaled in the same way as described in Chapter 3. The scaling
factor required for this to be a good fit to the WHT spectrum is 1.16J_r8: ﬁ’ suggesting the He II emission
in this object is fairly close to average strength. The only one of Arav’s criteria that is met by the WHT
spectrum is the requirement for strong broad N Vv absorption suggesting the feature in the C 1V absorption

of this object is produced by a mechanism other than that proposed by Arav.
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FIGURE 4.29: Continuum normalised spectra of SDSS J170056.85+602639.7 from the SDSS DRS5 (dot-
ted) and WHT (solid) observations
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FIGURE4.30: C 1v (top) and Si 1V (bottom) absorption troughs in velocity space of
SDSS J170056.85+602639.7 from the SDSS DR7 (dotted and scaled) and WHT
(solid) observations.
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SDSS J164152.30+305851.7

This object was rejected at the single peak stage of our ghost candidate selection as the potential ghost
feature is extremely weak and of low S/N in the SDSS spectrum. The WHT spectrum taken on the 27"
May 2008 is shown in Figure 4.31 along with the DR7 (top) and DRS (bottom) versions of the SDSS

spectrum obtained on 22™% May 2003, 1.67 years earlier in the source rest-frame at redshift 2.00.

The WHT spectrum has a S/N per pixel of 62.2 measured between 1700 and 1750 A in the source rest-
frame compared to 10.6 from the same region of the DR7 SDSS spectrum, measured after binning the
SDSS spectrum to match the resolution of the WHT spectrum. Due to the extremely deep and broad ab-
sorption in this object it is extremely difficult to identify the continuum, particularly short-ward of C 1v.
Uncertainties in the measured continuum strength will result in large errors on equivalent width measure-
ments, which are difficult to quantify and not accounted for. Figure 4.32 shows the WHT and SDSS DRS5
spectra in the source rest-frame normalised to the continuum. This allows easier comparison of the shape
and EW of absorption and emission features. The C 1v EW is measured as 32.440.3 A and 28.9+0.2 A in
the SDSS DR7 and DRS spectra and 32.740.2 A in the WHT spectrum. The Si v EW is measured as

16.840.2 A and 25.54-0.3 A in the SDSS compared with 23.3+0.1 A in the WHT spectrum.

The C 1v and Si 1V absorption is shown in Figure 4.33 and shows a complex structure which combined
with the relatively low signal to noise ratio in the SDSS observation makes it difficult to pinpoint any
change within this absorption. The WHT spectrum shows three clear peaks within the C IV absorption,
the highest velocity of which may be due to a cosmic ray or similar noise spike. However, the separation
of the other peaks (~1500 kms~1) is too large for them to be caused by the C 1v doublet and strongly
suggests that this is not a ghost feature. The additional coverage in the blue of the WHT spectrum clearly

shows N v absorption with two separate absorbing components.
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FIGURE 4.31: WHT spectrum of SDSS J164152.30+305851.7 (solid) along with the DR7 (top panel-
dotted) and DRS5 (bottom panel-dotted) versions of the SDSS spectrum of the same object.
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FIGURE 4.32: Continuum normalised spectra of SDSS J164152.30+305851.7 from the SDSS DRS (dot-
ted) and WHT (solid) observations
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FIGURE4.33: C 1v (top) and Si 1V (bottom) absorption troughs in velocity space of
SDSS J164152.30+305851.7 from the SDSS DR7 (dotted and scaled) and WHT
(solid) observations.
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SDSS J212412.60+095923.3

This object was rejected at the single peak stage of the ghost candidate selection due to the identification of
two peaks within the ghost zone. However, the WHT spectra shown as the solid line in Figure 4.34 shows
a single feature that is much broader than those present in the SDSS spectra. Both the DR7 (top) and DRS5

(bottom) versions of the SDSS spectra, which was observed on 11"

July 2002, are shown in Figure 4.34.
The 5.87 years between observations corresponds to 2.02 years in the source rest frame at a redshift of

1.91.

The WHT spectrum has a S/N per pixel of 14.6 measured between 1700 and 1750 A in the source rest-
frame compared to 9.6 from the same region of the DR7 SDSS spectrum after binning this spectrum to
match the WHT resolution. Figure 4.35 shows the WHT and SDSS DRS5 spectra in the source rest-frame
normalised to the continuum. This allows easier comparison of the shape and EW of absorption and
emission features. There is no evidence for a change in the EW of the C 1V or Si IV emission lines with
the former being measured as 59.3+0.5 A and 60.9+0.1 A in the DR7 and DRS SDSS spectra respectively
and 62.0+1.3 A in the WHT spectrum. The Si IV emission line EW is measured as 39.440.7 A and

46.440.1 A in the SDSS spectra and 47.6+1.2 A in the WHT spectrum.

The greater coverage of the blue end of the visible spectrum in the WHT reveals strong N v and Ly-«
emission lines separated by a strong N Vv broad absorption line. The absorption due to C 1v and Si IV
is shown in velocity space in Figure 4.36. The two separate features seen in the SDSS DR7 spectrum at
approximately 4000 and 5000 kms™—! appear to have been replaced by a single wider and stronger feature
by the time the WHT observation was taken. The merging of these two features may be a result of the
improved S/N in the WHT spectrum. In any case the single feature makes a much more convincing case to
be a ghost feature than those seen in the SDSS spectra. However there is not very much absorption either
side of this feature, which would result in it being rejected at the final stage of the ghost selection process

on the basis of the WHT spectrum alone.
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WHT spectrum of SDSS J212412.60+095923.3 (solid) along with the DR7 (top panel-
dotted) and DRS5 (bottom panel-dotted) versions of the SDSS spectrum of the same object.
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FIGURE 4.35: Continuum normalised spectra of SDSS J212412.60+095923.3 from the SDSS DRS5 (dot-
ted) and WHT (solid) observations
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FIGURE4.36: C 1v (top) and Si 1V (bottom) absorption troughs in velocity space of
SDSS J1212412.60+095923.3 from the SDSS DR7 (dotted and scaled) and WHT
(solid) observations.
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4.3 Gemini Observations and Data Reduction

4.3.1 The Gemini Observatory

The Gemini observatory consists of two 8.1m telescopes, Gemini South situated on the summit of Cerro
Pachon in Chile and Gemini North on Mauna Kea, Hawaii. The observations presented here were taken
with the Gemini North telescope in queue mode by Gemini staff using the Gemini Multi-Object Spectro-
graph (GMOS) mounted at the Cassegrain focus. The GMOSs enable long-slit spectroscopy on both the
Gemini-North and Gemini-South telescopes and were built as a collaboration of the Astronomy Technol-
ogy Centre at the ROE, the University of Durham in the UK, and the Herzberg Institute of Astrophysics in

Canada.

4.3.2 Sample Selection

As the Gemini telescopes have a significantly larger area than the WHT our targets for these observations
are generally fainter and higher redshift objects. This is also influenced by the GMOS detector on Gemini
North which is not very sensitive in the blue-end of the visible spectrum. Therefore in order to view the
Lyman-a and N Vv emission we require higher redshift objects than would be the case with the WHT. The
candidates were selected due to their high redshift as well as having relatively low signal to noise ratios in

their SDSS spectra, allowing Gemini observations to be a significant improvement.

Only those objects for which reasonable spectra could be taken during poor observing conditions were in-
cluded, leaving the three objects presented within this section. Of these objects, SDSS J115007.65+542737.1
has since been removed from our final candidate list, a consequence of insufficient absorption blue-ward

of the ghost feature.
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4.3.3 Instrumental Set Up

Queue scheduled observations were taken in the long-slit spectroscopy set up using a 1.5 arc sec slit. The
GG455 filter was used for observations of all the targets in the blue end of the spectra along with the B600
(600 lines mm ') dispersing grating with a blaze wavelength of 461nm. Redder observations were taken
of SDSS J115007.65+542737.1 and SDSS J142244.45+382330.6 using the OG515 filter and R400 (400
lines mm~1!) grating which has a blaze wavelength of 764nm. The GMOS North detector consists of 3
CCDs each 2048x4068 13.5 micron pixels separated by 0.5mm. Dark current in these CCDs is negligible
for our observations. Due to the presence of gaps within the detectors each target was observed using
two different central wavelengths shifted by approximately 10 A for each observational set up, in order to

ensure no gaps are present in the final spectrum.

4.3.4 Observed data

The list of target observations is given in Table 4.2 along with the filter and disperser set-up, central
wavelength, airmass and exposure time. These observations were taken over a number of nights during
March 2008 as part of the 2008A semester. In addition to the target observations Gemini also provide
calibration frames. These include a bias frame taken on the 24" Feb 2008, lamp flats observed either
directly before or directly after the target observations, using identical instrumental set-up, as well as
observations of the standard star HZ44 using both instrumental set-ups. The standard was observed on the
27" March at an airmass of 1.689 using the R400 grating and on the 28" March at an airmass of 1.641
using the B600 grating. It is not ideal to have standard observations observed on different nights to the

target observations or at such high airmass and this may limit the accuracy of the flux calibration process.

4.3.5 Data Reduction

Gemini provide an IRAF package for the reduction of long-slit GMOS data (http://www.gemini.edu/sciops/data-

and-results/processing-software). I have used version 1.10 of this package for some of the data reduction
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Table 4.2: GMOS observations

Target Filter | Disperser ?g&??g WavCele;;[;il (A) Airmass
SDSS085104.05+051539.8 | GG455 B600 600 5700 1.035
SDSS085104.05+051539.8 | GG455 B600 600 5700 1.034
SDSS085104.05+051539.8 | GG455 B600 600 5700 1.034
SDSS085104.05+051539.8 | GG455 B600 600 5800 1.038
SDSS085104.05+051539.8 | GG455 B600 600 5800 1.044
SDSS085104.05+051539.8 | GG455 B600 600 5800 1.052
SDSS115007.65+542737.1 | GG455 B600 600 5700 1.242
SDSS115007.65+542737.1 | GG455 B600 600 5700 1.253
SDSS115007.65+542737.1 | GG455 B600 600 5700 1.267
SDSS115007.65+542737.1 | GG455 B600 600 5800 1.286
SDSS115007.65+542737.1 | GG455 B600 600 5800 1.305
SDSS115007.65+542737.1 | GG455 B600 600 5800 1.326
SDSS115007.65+542737.1 | OG515 R400 600 7300 1.214
SDSS115007.65+542737.1 | OG515 R400 600 7300 1.214
SDSS115007.65+542737.1 | OG515 R400 600 7300 1.215
SDSS115007.65+542737.1 | OG515 R400 600 7400 1.219
SDSS115007.65+542737.1 | OG515 R400 600 7400 1.224
SDSS115007.65+542737.1 | OG515 R400 600 7400 1.231
SDSS142244.45+4382330.6 | GG455 B600 600 5700 1.055
SDSS142244.45+4382330.6 | GG455 B600 600 5700 1.057
SDSS142244.45+4382330.6 | GG455 B600 600 5700 1.061
SDSS142244.45+4382330.6 | OG515 R400 600 7300 1.055
SDSS142244.45+4382330.6 | OG515 R400 600 7300 1.055
SDSS142244.45+4382330.6 | OG515 R400 600 7300 1.056
SDSS142244.45+382330.6 | OG515 R400 600 7400 1.060
SDSS142244.45+382330.6 | OG515 R400 600 7400 1.065
SDSS142244.45+382330.6 | OG515 R400 600 7400 1.072
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but due to problems with the wavelength calibration part some data reduction steps use different IRAF
packages. All observations and calibration data were processed using the gprepare task which checks the
header files to ensure they have all of the relevant keywords necessary for the rest of the data reduction.
gprepare also adds a mask definition file, which marks the position of the slit on the detector preparing the

files for further reduction routines within the gemini package.

Chip Gaps

The reason that Gemini data require a specific data reduction package is that the data contains gaps which
are present due to the detector being split into 3 CCDs, simply combining them will result in discontinuities
in bias and flat frames and could lead to calibration problems. The gmosaic routine stitches the 3 CCDs
together into a single image appropriately accounting for the chip gaps to ensure that the process does not

introduce discontinuities in the spectra.

Debiasing and flat-fielding

The gbias routine takes the bias frame after it has been through gprepare and gmosaic and uses it to produce
a single continuous bias image. The unprocessed bias images provided with the Gemini data are shown
in Figures 4.37 to 4.39. The mean bias value in the three sections is quite different, it is 752.54+2.1 ADU
for the first, 611.3+0.6 ADU for the second and 373.84+0.7 ADU for the third section. The gbias routine
combines the three images into a single bias frame for use with gsreduce to bias correct all of the science

frames.

gsflat takes a flat-field image, like that shown in Figure 4.40 and uses it to produce a flat-field response
such as that shown in Figure 4.41 appropriately accounting for the spectrum of the lamp used to produce
the flat-field. The gsreduce routine is called using the appropriate bias and flat-field response images to
produce debiassed and flat-field corrected 2-d spectra in a single image with no gaps. The package does

this by removing the bias level from the images after they have been processed by gprepare, and then
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FIGURE 4.37: The first section of the Gemini bias image.

FIGURE 4.38: The second section of the Gemini bias image.

FIGURE 4.39: The third section of the Gemini bias image.

dividing the remaining image by the flat-field response.

Further data reduction steps using the gemini IRAF package encountered problems, however 1-d spec-
tra can be extracted from these 2-d spectra in the same manner as for the WHT observations, as the 2d
images at this stage have been appropriately processed to remove the effects of CCD noise and variable

illumination.
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Starlink GAIA::Skycat 570flatim.fits
8:51:02.991 5:15:38.08 J2000

cecl? Sep 28, 2009 at 13:03:40

FIGURE 4.40: A Gemini flat-field image.

Starlink GAIA::Skycat 570flat.fits
GCALflat 5700.046 1152
cecl? Sep 28, 2009 at 12:52:35

FIGURE 4.41: A Gemini flat-field response image produced by gsflat.
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4.3.6 Extracting 1-d spectra

The apall task was used to extract spectra from the bias and flat-field corrected observations as well as
the arc lamp and standard star spectra. An aperture and background region are fit to the 2-d image and
then traced along the chip in exactly the same way as for the WHT observations. The spectra are extracted
from these apertures along with variance spectra for the target observations, and the background region
subtracted from the observed spectra of the targets and standards, as determined from a linear fit between
background regions either side of the object spectrum. The arc spectra do not require absolute fluxes and

as the spectra covers the entire chip, no background subtraction is used when extracting arc spectra.

Wavelength Calibration

The identify task is used on the extracted CuAr arc spectra in order to tag the emission lines with their
wavelengths. An example arc spectrum with some major emission lines marked is shown in Figure 4.42.
This allows the routine to fit a simple function, typically almost linear and in all these cases fit with a 2™¢
order cubic spline, representing the wavelength as a function of position. This function is then used with

the dispcor routine to wavelength calibrate the target and standard spectra.

Flux Calibration and Extinction Correction

The standard observation provided with the Gemini data was taken at an airmass of above 1.6 which is
substantially higher than the airmass of the targets and may lead to inaccuracies in the flux calibration.
Sensitivity functions are produced using the standard and sensfunc routines. The standard routine takes
the wavelength calibrated standard spectra and uses tabulated fluxes for the star to produce a series of
sensitivity points. These points are passed on to the sensfunc routine which fits a simple function to them
producing a continuous sensitivity function. The derived sensitivity function for the R400 disperser and
OG515 filter is shown in Figure 4.43. The sensitivity function for the B600 disperser and GG455 filter is

shown in Figure 4.44.
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FIGURE 4.42: An Arc Lamp spectrum produced using the B600 grating and GG455 filter
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NOAO/IRAF V2.14EXPORT cecl7@speed.star.le.ac.uk Fri 15:37:01 25-Sep-200
[730sens]: Sensitivity function for all apertures INDEF ap:1 beam:1
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FIGURE 4.43: GMOS sensitivity function using the R400 grating and OG515 filter (in units of
2.5Log10[counts/s/A/ ergs/cm?/s/A]).
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FIGURE 4.44: GMOS sensitivity function using the B600 grating and GG455 filter (in units of
2.5L0g10[counts/s/A/ ergs/ch/s/A]).
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4.3.7 Object Spectra

Gemini spectra are indicated as solid lines in the following section with the SDSS DRS (lower panel) and
DR7 (upper panel) spectra indicated by dotted lines. All spectra are shown in the observed frame and the
major emission lines are labelled (lower panel). The C 1v and Si IV absorption regions are also shown in
velocity space, and continuum normalised Gemini and SDSS spectra are shown in the source rest-frame.

Arav’s criteria are tested and the results presented along with measurements of the C 1v and Si Iv EW.

SDSS J085104.05+051539.8

Figure 4.45 shows the Gemini spectra observed at an airmass of approximately 1.04 on the 24" of March
2008 along with both the DR5 (bottom) and DR7 (top) versions of the SDSS spectrum observed on the
315t of January 2003. The source has a redshift of 3.21 so the 5.15 years between observations corresponds

to 1.22 years in the source rest-frame.

The S/N of the SDSS DR7 spectrum is 15.5 per pixel measured between 1580 and 1620 A in the source
rest-frame (as the Gemini spectra does not cover 1700 to 1750 A). As the Gemini spectrum is slightly
higher resolution it is binned into the same resolution as the SDSS spectrum to compare the S/N which
is then measured to be 50.9 per SDSS pixel. Other than this increased S/N there are very few significant
differences between the shapes of the SDSS and Gemini spectra. This is shown more effectively by Fig-
ure 4.46 which gives the Gemini and SDSS DRS spectra in the source rest-frame normalised by dividing
through by a reddened power law fit to the continuum. The EW of the C 1V emission line is measured to
be 52.640.3 A in the Gemini spectrum compared to 56.540.3 A and 53.840.3 A in the SDSS DRS and
DR7 spectra respectively. The Si IV emission line has EW of 43.740.3 A in the Gemini spectrum and

45.240.4 A and 42.24-0.4 A in the SDSS spectra.

Figure 4.47 shows the absorption troughs of the C 1v and Si 1V lines in velocity space, the SDSS spectra

in this plot is the DR7 version and has been scaled to match the flux of the Gemini spectrum between 1580
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and 1620 A in the rest-frame. This plot shows some evidence for stronger Si IV absorption between 3000
and 10000 kms~! which is not reflected in the C IV absorption at these velocities. The C IV absorption is
however stronger between 14000 and 18000 kms~! as well as between 22000 and 24000 kms~!. These
additional troughs would have resulted in this object being rejected at the single peak stage of the ghost
selection process, however the ghost feature in this object and the absorption directly surrounding it remain

essentially unchanged.

The red side of the C 1V emission line in the Gemini spectrum is fit with a Gaussian profile. This fit gives
a FWHM of 37704180 kms !, slightly lower than the 43404180 kms~! and 40304190 kms~" from the
SDSS DR5 and DR7 spectra, but still larger than the 3500 kms ! upper limit proposed by Arav. The Ly-«
emission in the Gemini spectrum is strong enough for this object to pass the test for strong emission lines
despite relatively weak C IV emission. The He II emission line region is well fit to the same region of a
composite spectrum when the composite is multiplied by a factor 0.49+£0.21. This weak He 11 emission
suggests that the far-UV continuum may be similarly weak resulting in the resonance lines in this region

contributing little to the radiative acceleration of the broad absorption lines as is required by Arav’s models.
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FIGURE 4.45: Gemini spectrum of SDSS J085104.05+051539.8 (both panels solid) along with SDSS spec-
trum of the same object (both dashed DR5-bottom panel. DR7-top panel).
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FIGURE 4.46: Continuum normalised Gemini (solid) and SDSS DRS5 (dotted) spectra of
SDSS J085104.05+051539.8
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FIGURE 4.47: C 1v (top) and Si IV (bottom) absorption in velocity space for the Gemini (solid) and SDSS
DR?7 (dotted and scaled) spectra of SDSS J085104.05+051539.8.
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SDSS J115007.65+542737.1

The Gemini spectrum of this object was observed at an airmass of 1.22 on the 16" of March 2008 and is
shown in Figure 4.48 along with the DRS5 (bottom) and DR7 (top) versions of the SDSS spectrum observed
on the 30" of April 2003. The 4.88 years between observations corresponds to 1.08 years in the source

rest-frame at redshift 3.52.

The S/N of the Gemini observation is measured between 1705 and 1750 A in the source rest-frame, since
this spectrum is absorbed below 1705 A. The measured S/N is 15.0 per pixel compared to 6.3 per pixel
in the same region of the SDSS DRS spectrum. The Gemini spectrum is brighter than both the SDSS
reductions but shows little difference in the spectral shape (the absorption at ~7600 A is due to prob-
lems with the removal of the Oxygen A-band sky line and is also present in the Gemini spectrum of
SDSS J142244.45+352330.6 (Figure 4.51)). In order to compare the shape of the spectra the Gemini and
SDSS DRS5 spectra are shown in Figure 4.49 in the source rest-frame and normalised to a reddened power
law fit to the continuum. The EW of the C 1V emission line is measured to be 66.5+0.4 A in the Gemini
spectrum compared to 71.5+0.4 A and 69.640.4 A in the SDSS DRS and DR7 spectra respectively. The
Si 1V emission line has EW of 40.5+0.2 A in the Gemini spectrum and 47.140.4 A and 45.0+0.4 A in the

SDSS spectra.

Figure 4.50 shows the C 1v and Si 1V absorption troughs in velocity space. The SDSS spectrum in this
figure is a scaled version of the DR7 reduction matched to the Gemini flux between 1705 and 1750 A in
the source rest-frame. There is little change in either the C 1v or Si IV absorption. The Gemini spectrum
confirms that the multiple features seen in the Si IV absorption are real and are not due to noise within the

SDSS spectrum.

The red side of the C IV emission line is fit with a Gaussian in the same manner as for previous objects.
These fits provide C v FWHM measurements of 53904-180 kms~! in the Gemini spectrum, slightly lower

than the 55104190 kms~—! from the SDSS DR7 spectra but still significantly broader than the proposed
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FIGURE 4.48: Gemini spectrum of SDSS J115007.65+542737.1 (both panels solid) along with SDSS spec-
trum of the same object (both dashed DR5-bottom panel. DR7-top panel).

3500 kms ! limit.

The C 1v emission line peak in the Gemini spectrum is 98+12% of the continuum flux, so it is not clear
whether or not it meets Arav’s criteria for strong emission lines. This criteria is met by the SDSS DRS5
spectrum. The He II emission strength is measured in the same way as for the Gemini spectrum of
SDSS J085104.05+051539.8 and found to be 0.47+0.20 times the strength in the composite spectrum,

suggesting the far-UV continuum in this object is relatively weak.

The failure of this spectrum to meet two of Arav’s criteria combined with the relatively narrow band
of absorption blueward of the potential ghost feature strongly suggest that this feature was not created

by radiative acceleration and that is is more likely to be a chance alignment of two separate absorbing

outflows.
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FIGURE 4.49: Continuum normalised Gemini (solid) and SDSS DRS (dotted) spectra of
SDSS J115007.65+542737.1
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FIGURE 4.50: C 1V (top) and Si IV (bottom) absorption in velocity space for the Gemini (solid) and SDSS
DR?7 (dotted and scaled) spectra of SDSS J115007.65+542737.1.
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SDSS J142244.45+382330.6

Figure 4.51 shows both the DR5 (bottom) and DR7 (top) versions of the SDSS spectrum of this object

observed on the 20%"

of March 2004 along with the follow up Gemini spectrum. The Gemini observations
were taken on the 26! of March 2008 at an airmass of 1.06. The 4 years and 6 days between observations

corresponds to 0.85 years in the source rest-frame at redshift 3.73.

The Gemini spectra has a S/N ratio of 26.8 per SDSS pixel measured between 1700 and 1750 A in the
source rest-frame after binning into the same resolution as the SDSS DR7 spectrum which has S/N of 5.7
per pixel. As mentioned with regard to the previous object the absorption at ~7600 A is due to problems
with sky line subtraction and is not intrinsic to the object. The Gemini spectrum is very similar to the
SDSS spectra other than a change in the N v emission line which appears to be around 30% brighter at it’s
peak when compared to the continuum. This increased N V strength is clearly visible in Figure 4.52 which

shows the Gemini and SDSS DRS5 spectra normalised to a continuum fit in the source rest-frame.

Figure 4.53 shows the C 1v and Si 1V absorption troughs in velocity space for the Gemini spectrum and
a version of the DR7 SDSS spectrum scaled to match the Gemini flux between 1700 and 1750 A in the
source rest-frame. The lowest velocity Si IV absorption trough seems to have disappeared. There is little
change to the rest of the Si 1V absorption this change is likely to be due to the absorber moving out of the
line of sight. The rest-frame EW of the C IV emission line is 58.34-0.4 A in the Gemini spectrum compared
to 55.9£0.4 A in SDSS DRS5 and 55.0+0.5 A in SDSS DR7. Si 1V rest-frame EWs are 38.0+0.3 A and

37.540.3 A in the DRS and DR7 SDSS spectra and 27.240.3 A in the Gemini spectrum.

The FWHM of C 1V in the Gemini spectrum is measured by fitting a Gaussian to the red side of the
emission and found to be 32804120 kms ! which is larger than the 29504130 kms~! found from the
DR7 spectrum but still below the 3500 kms ~* limit proposed by Arav. The emission lines meet the criteria
for strong emission in both the Gemini and SDSS spectra and N v absorption is clearly present. The He 11

emission line is fit in the same manner as for the other objects and found to be 0.75+0.24 times the strength
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FIGURE 4.51: Gemini spectrum of SDSS J142244.45+352330.6 (both panels solid) along with SDSS spec-
trum of the same object (both dashed DR5-bottom panel. DR7-top panel).

of the emission in the composite. This is very marginal evidence for weaker He 1T but does suggest that
the far-UV continuum is unlikely to be unusually strong. The Gemini spectrum meets all of the criteria

making this object one of the more convincing ghost candidates.
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FIGURE 4.52: Continuum normalised Gemini (solid) and SDSS DRS (dotted) spectra of
SDSS J142244.45+352330.6
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FIGURE 4.53: C 1V (top) and Si IV (bottom) absorption in velocity space for the Gemini (solid) and SDSS
DR?7 (dotted and scaled) spectra of SDSS J142244.45+352330.6.
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4.4 Ghosts and Arav’s Criteria

After inspecting both SDSS and the follow up spectra of the objects presented in this Chapter I would
conclude, based purely on the C 1v absorption trough that 6 of these objects remain good ghost candi-
dates. These 6 objects are SDSS 1018+5440, SDSS 1147+1532, SDSS 1626+4058 and SDSS 1700+6026
observed with the WHT and SDSS 0851+0515 and SDSS 1422+3823 observed using Gemini North.
SDSS J2124+0959 shows two separate peaks within the absorption in it’s SDSS spectra, however the
WHT follow up observation shows only a single peak. The improved S/N ratio in the WHT spec-
trum of SDSS J1344+4834 reveals complex multi-component absorption suggesting that the candidate
ghost feature is likely to be due to a chance alignment of absorbing components. SDSSJ 1138+3517 is
clearly not a good ghost candidate as the WHT spectrum shows no ghost feature. SDSS 1641+3058 and
SDSS 1150+5427 were not considered to be worth a place in the GCFC and the follow up spectra do not

improve their case for inclusion.

Arav’s criteria have been tested for all of the objects presented in this chapter and the results are sum-
marised in Table 4.3. In this section I will discuss the results of these tests for the 6 ghost candidates

mentioned above.

SDSS 1700+6026 fails to meet the criteria for strong emission lines based on the WHT spectrum with both
N v and C 1V peak fluxes falling below the required level. In addition the C IV emission in this object has
a FWHM far above the 3500 kms ! limit proposed by Arav. I would therefore suggest that the feature in

this object is unlikely to be produced by the method proposed by Arav 1996.

SDSS 1018+5440 has C 1v FWHM measured to be 3730+70 kms ! from the WHT observation, however
errors from the continuum placement and the significant impact of absorption on the shape of the emission
line mean that the underlying C IV emission in this object may be narrower than this value. The He 11
emission in this object is approximately twice as strong as in the DRS quasar composite. This suggests

that the far-UV continuum in this object is likely to be stronger than average casting doubt on the ghost



CHAPTER 4. OBSERVATIONS OF GHOST-CANDIDATE SPECTRA WITH GMOS AND WHT 150

nature of the feature within the C 1v absorption.

SDSS 1147+1532 meets the criteria for strong emission and has He 11 emission of approximately average
strength. The FWHM of the C 1V emission line in the WHT observation is 3730470 kms~" although
for the same reasons given for SDSS 1018+5440 this does not necessarily mean the true width of the

underlying emission fails Arav’s criteria.

SDSS 085140515 shows strong Ly-a emission and has relatively weak He 11 suggesting the far-UV con-
tinuum will contribute less than average to radiative acceleration of outflowing C 1V ions. However the
FWHM of the C 1V emission line is 37704180 kms ! as measured from the Gemini observation. The C 1V
emission line in this object is poorly fit by a Gaussian which will make this measurement less accurate,
combined with the reasons given previously the emission lines may be narrow enough for the feature in

the C 1v absorption trough to be produced via radiative acceleration.

SDSS 1626+4058 has strong narrow emission lines. The He 11 emission in this object is marginally stronger
than average suggesting a slightly stronger far-UV continuum. However this criteria is not clearly defined
and the error on the He 11 measurement is large so I would not rule out the possibility that the feature in

this object is the ghost of Ly-a.

SDSS 1422+3823 has strong narrow emission lines and the SDSS spectra shows He II emission of average
or slightly below average strength. The He II emission in the Gemini spectrum is masked by absorption
due to a sky line. This object is the most promising ghost candidate for which follow up observations have

been obtained.

4.5 Summary

Follow up spectra of 11 ghost candidates, 8 of which are in the GCFC from Chapter 3 have been presented.

8 of these objects were observed using the WHT and 3 using Gemini North. Arav’s criteria have, where
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possible, been tested on these spectra and the results of these tests are summarised in Table 4.3. 6 of these
objects still show strong evidence for a ghost feature. Of these 6 all show N Vv absorption and all except
SDSS1700+6026 meet the criteria for strong emission. 4 of these 6 objects have C 1Iv FWHM measured
between 3200 and 3800 kms !, SDSS1626+4058 is the only object that shows C IV emission clearly
narrower than 3500 kms~! and SDSS1700+6026 shows C TV emission clearly broader than this. The He 11
emission line strength is not accurately defined in these objects but it appears to be of average strength in

most of them.

The majority of the observed objects show no notable differences between the shape of the SDSS and
follow up spectra. However the absorption blue-ward of the potential ghost feature in SDSS1138+3517
has weakened considerably in the WHT observation whilst the emission red-ward of the ghost zone re-
mains at a similar level to the SDSS observation (see Figure 4.18). The C 1V absorption has also changed
in SDSS 212440959, the SDSS observation shows two peaks within this absorption whilst in the WHT
follow up observation the peaks have joined and a single much broader feature is seen (Figure 4.36).
Chapter 5 looks in more detail at the changes which have occurred in SDSS J113831.42+351725.3 and the

information that this can give us regarding the location and physical conditions of the absorbing material.
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Chapter 5

SDSS J113831.42+351725.3

Observations of SDSS J113831.42+351725.3 taken several years apart show clear changes in the struc-
ture of the broad absorption within this object (see figure 5.1). In order to easily compare the emission
and absorption lines in the spectra they are fit with a power law continuum to which they are scaled (see
Figure 5.1). This allows easy visual identification of the changes to the EW of the absorption and emission-
line features. Similar variabilities in broad absorption line strengths have been reported in the literature
(Barlow 1993, Hamann et al. 2008). In order to distinguish between changes in the covering fraction,
caused by absorbing clouds moving in and out of the line of sight, and changes in the ionisation of the
absorbing material requires accurate estimates of the underlying continuum and emission lines. These
estimates will allow constraints to be placed on the ionic column density of a variety of species. In general
the complexity of the absorption will prevent accurate determination of the level of saturation which would
lead to gas covering fraction estimates. This means that the majority of the constraints on column den-
sities will be lower limits. These lower limits can be used together with photo-ionisation calculations to
provide valuable information about the metallicity, hydrogen column density, ionisation state and location
of the absorbing gas within this object as well as any changes in the ionisation state of the gas between

observations.

Once these parameters (Zg, Ng, ng, U, r) have been determined it will be possible to estimate the

mass outflow rate, Mout, which can be compared to the accretion rate, calculated from an estimate of

153
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FIGURE 5.1: Continuum scaling the SDSS and WHT observations of SDSS J1138+3517. The top panel
shows the continuum fits (dashed) to the data (solid), the upper middle panel shows the
spectra scaled with the continuum subtracted. The lower middle panel shows the ratio of the
WHT spectrum to the SDSS spectrum after they have been scaled and continuum normalised.
The lower panel shows the continuum normalised spectra allowing changes to the EW to be

easily seen. The SDSS data (and fit) are shown in red and the WHT data in black.
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the black hole mass, and the Eddington accretion rate. Outflows may be important in quenching star
formation in their host galaxy (Scannapieco et al. 2005, Springel et al. 2005) as well as on a larger scale by
providing heating to gas within galaxy clusters preventing cooling flows (Di Matteo et al. 2005, Briiggen
& Kaiser 2002, Ruszkowski & Begelman 2002). Combining Mout with the observed outflow velocity will
allow the kinetic luminosity to be calculated. The magnitude of this parameter can be used to determine

the potential impact of the outflow on the environment around the AGN.

5.1 Observations

SDSS J113831.42+351725.3 was observed on the 3rd of May 2005, 3 years and 24 days before the WHT
follow up observations taken on May 27th 2008. This gap corresponds to 0.98 years in the rest frame of the
source (z=2.12). The SDSS observation has a signal-to-noise ratio per pixel of ~10.5 measured between
1700 and 1750 A in the rest-frame of the source. The resolution of the SDSS data is approximately
140 kms~! per 2 pixel resolution element. The WHT observation has a signal-to-noise ratio of 35.0 per
pixel also measured between 1700 and 1750 A in the source rest-frame and a resolution of approximately
450 kms—!. Further details of the WHT observations and their reduction can be found in Chapter 4,

section 4.2.

5.2 Constraining ionic column densities

Column densities for the absorbing ions are estimated using a variety of different methods. Firstly by
using curve of growth analysis as described in section 5.2.2. Secondly by fitting doublet components
with Gaussian velocity distributions. The column density of each component can then be obtained from
equation 5.2.3 using the width and peak optical depth of the component fit. This method is described in
detail in section 5.2.3. Thirdly the column density can be estimated by direct integration of the apparent
optical depth profile as described by Savage & Sembach (1991) and in section 5.2.4 of this thesis. All

of these methods produce lower limits on the optical depth as they assume complete coverage of the
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continuum source. Decreasing the covering fraction will require higher optical depths for the covering
gas and larger column densities. Larger optical depths and column densities will also be required if some
of the observed flux within the absorption trough results from scattering off gas which is not covered by
the outflowing material. These methods, which rely on the apparent optical depth have been shown to
be a poor approximation for a number of BAL outflow troughs, which show highly saturated absorption
and/or partial coverage (Telfer et al. 1998, Churchill et al. 1999, Ganguly et al. 1999). In order to take
into account variation in the properties of the absorber as a function of line of sight velocity two different
models were used. Section 5.2.5 describes a partial covering model. This model assumes an homogeneous
absorbing material but in this case this material only covers part of the source, the rest of the source is
covered by gas with 7=0. The covering fraction estimated using this technique can then be used to modify
the equivalent width of absorption and apply the curve of growth method to the modified EWs. A more
complex alternative to partial covering is to assume that the optical depth follows a power law distribution
(e.g. an inhomogeneous absorber model). The details of this model are discussed in section 5.2.6 and by
de Kool et al. 2002a and Arav et al. 2005. However before any measurement of the absorption can take
place an accurate underlying emission-line template is required as in the majority of sources the absorption

also covers the broad emission-line region.

5.2.1 Fitting the underlying continuum and line emission

In order to model the underlying emission (and hence determine the pseudo-continuum) 12 different quasar
composites have been used to fit the regions in the SDSS and WHT spectra which are least effected by
emission or absorption. All 12 composites have been produced by taking the geometric mean of a quasar
sub-sample after first putting the spectra into their rest-frame and normalising to unity between 1700 and
1750 A. The 12 quasar sub-samples are compiled from DR5 of the SDSS and comprise quasars with
redshifts between 1.7 and 4.2. Four of these composites are made up of the lower, lower-middle, upper-
middle and upper quartile of C IV emission equivalent width as measured by the SDSS. Four are formed
from the four quartiles of C Iv FWHM and four from the four quartiles of C 1v peak flux relative to the

continuum (see Figure 5.2 for all of these composite spectra). These composites are modified by allowing
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the slope, scale and amount of reddening due to dust (assumed to follow the SMC extinction curve of
Pei 1992) to vary in the same manner as in section 2.1 of Chapter 2. Once the continuum has been fit
the emission line regions of the composites are scaled by multiplying the flux above the continuum by a
common factor and minimising x? over the part or parts of the emission line that appear to be unabsorbed.
The regions used for both the linear fit and the calculation of Y2 for the fit to the various lines are given
in Table 5.1. The scaled composite which best fits the emission line region (this is the lowest line width
composite for both the C 1v and Si 1V lines in the SDSS spectra) is used to provide an initial intensity, [,

prior to the absorption. I is used in the determination of residual intensity, R (equation 5.2.1)

= 2.1
R To (5.2.1)

where [ is the intensity entering the absorber and I is the intensity exiting the absorber and optical depth,

7 (equation 5.2.2).

T =1n(=2) (5.2.2)

For the WHT spectrum none of the composites provide a particularly good fit to the emission line region
and instead a simple Gaussian emission line is used to provide estimates of I. The fits used are shown
in Figures 5.3 to 5.6 along with the x? values from the contributing regions and the resulting residual

intensity plot.
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FIGURE 5.2: Top, composites composed of the four quartiles of C 1v EW (the lowest EW is in black,
then red then blue and the largest EW in green). Middle, Composites composed of the four
quartiles of C 1v peak flux relative to the continuum (largest in green then blue, red and
smallest in black). Lower panel, Composites composed of the four quartiles of C 1Iv FWHM
(largest in green then blue, red and smallest in black).
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Table 5.1: Wavelength boundaries used to scale the composite emission lines

Emission Emission Region SDSS Fit
Line Start | Finish Region
C1v AN1549A | 1460A | 1600A | 1546.4-1579.5A
Si1v AA1400A | 1360A | 1440A | 1396.1-1419.5A
Mg 11 AA2800A | 2700A | 2900A | 2785.0-2820.5A
NV AA1240A | 1230A | 1300A | 1241.0-1280.0A
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FIGURE 5.3: Continuum and emission line fits to the C 1V emission and absorption region of the SDSS

spectrum of SDSS1138+3517. The top panel shows the fit (red line) to the data (black line).
The middle panel shows the x? values for the region used to fit the emission line. The lower
panel shows the resulting residual intensity spectrum.
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FIGURE 5.4: Continuum and emission line fits to the Si IV emission and absorption region of the SDSS
spectrum of SDSS1138+3517. Panels as for fig. 5.3.
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FIGURE 5.5: Continuum and emission line fits to the C IV emission and absorption region of the WHT
spectrum of SDSS1138+3517. Panels as for fig. 5.3.
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FIGURE 5.6: Continuum and emission line fits to the Si IV emission and absorption region of the WHT
spectrum of SDSS1138+3517. Panels as for fig. 5.3.
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5.2.2 The Curve of Growth

The curve of growth (Spitzer 1978) is the name given to the relationship between the equivalent width of
absorption, the ionised column density of the absorber and the peak optical depth. Historically equivalent
widths have been widely used because they are independent of the instrument used to measure them.
However, as the flux absorbed by a volume of gas depends upon the amount of flux entering that volume,
the equivalent width of absorption does not grow linearly with increasing optical depth. By assuming
that the gas has a Maxwellian line of sight velocity distribution and that the absorption cross-section per
ion follows a Lorentzian distribution, it can be shown that the wavelength dependence of the absorption
cross section follows a Voigt profile. This profile is dominated by the Gaussian component close to line
centre, known as the ’Doppler core’. As the Lorentzian component drops more slowly than the Gaussian
component it will dominate far from the core creating extended damping wings’. A line is said to be
unsaturated if the residual intensity at line centre is non-negligible. At low optical depths (79 << 1) the
equivalent width is proportional to the optical depth at line centre. This is called the linear part of the curve
of growth as the equivalent width grows linearly with peak optical depth for a given value of b, where b
represents the Doppler parameter and is a measure of the velocity width of the absorption. As the optical
depth increases the residual intensity at line centre drops to essentially zero. In this region of the curve of
growth the equivalent width of absorption grows as log(7p)/2. This is a very slow function of 7. This
region is known as the saturated part of the curve of growth. At very large optical depth the absorption
in the Doppler core is completely saturated and the increase in equivalent width with peak optical depth

/

results from the damping wings. This results in the equivalent width growing with 7'(} 2, and consequently

this region is known as the damping or square-root part of the curve of growth.

Doublet emission lines are normally used to determine the position on the curve of growth as they provide
two different measures of the strength of absorption where the ratio of the oscillator strengths is theoreti-
cally known and the density of the ions must be the same (as the lines are from the same ion). We therefore
require equivalent width measurements for each of the doublet components. The optical depth, and there-

fore the equivalent width, depends on the line oscillator strength, f, as well as the ionised column, N,
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and Doppler parameter, b, and by using this dependence it is possible to determine where on the curve
of growth the absorber lies. This can be determined by comparing the equivalent width derived from the
curve of growth for given values of N and b to the measured values. By minimising x? one can then find
the best fitting values of N and b. Unfortunately for SDSS J1138+3517 the C 1v absorbing components are
considerably broader than the doublet separation, and therefore the individual doublets cannot be easily
resolved. However Si 1V absorption in the WHT spectrum shows a clearly resolved doublet. The stronger
component has an EW of 2.1840.2 A and the weaker component has an EW of 1.49+0.1 A. The curve
of growth analysis described above yields a b value of 215J_r28 kms~! and an ionised column density of
4027579 10" cm~2. The best fitting curve of growth for Si 1V in this observation is shown in Figure 5.7
along with the measured equivalent widths and their calculated column densities. The errors on the b and
N values are calculated by fixing all of the other parameters to their best fit values and varying the re-
maining parameter until x2 has increased by 2.71 resulting in a 90% confidence interval on one interesting
parameter. The same analysis has not been attempted on the SDSS Si 1V absorption as the absorption is
more complex with multiple overlapping components making it very difficult to isolate individual compo-
nents from which EWs can be measured. It is clear from Figure 5.7 that the Si v absorption is on the linear
part of the curve of growth. However only a modest increase in the column density would result in the line
moving onto the saturated region. As the SDSS observation shows significantly more Si IV absorption it is

quite likely that this absorption is saturated.

5.2.3 Multi-component fitting

If the absorbing material follows the assumptions made in the curve of growth analysis, the ionic column

density, NV, is related to the Doppler parameter, b, and optical depth at line centre, 7, by equation 5.2.3

mec b
me2 flg

(5.2.3)

where m. is the electron mass, c the speed of light, e the charge of an electron, f the oscillator strength of
the transition, and \q the rest wavelength of the transition. This equation allows the column density to be

estimated by fitting Gaussian optical depth profiles to the absorbing components provided that the optical
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FIGURE 5.7: The curve of growth for Si IV absorption in SDSS1138+3517. The x-axis is the log of the
Column density multiplied by the wavelength () in cm and the oscillator strength, f. The
y-axis is the equivalent width of absorption divided by the wavelength. The circles mark the
position of the two doublet components of Si IV on the curve. The errors on these positions
are not included on this plot as they are less than 0.1 on each axis.
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depth is small enough that the Gaussian component dominates over the damping wings. The column
density will be underestimated by equation 5.2.3 if the source is only partially covered by the absorber as

the optical depth will be underestimated.

The absorption is fit using multiple Gaussian components allowing the ratio of the doublet line-strengths
to vary between 1 and 2. These limits are chosen because the ratio of oscillator strengths for the Si 1v and
C 1v doublets will result in the stronger component having an optical depth that is twice as large as the
weaker component. However if partial covering is present the derived optical depths will be significantly
smaller than the true optical depth and the measured peak optical depths will move closer together. We
vary the optical depth, line-strength ratio, outflow velocity and velocity width of each component in order
to minimise y2. In the majority of observed lines fitting the absorption requires multiple components. The
separation of the C 1v doublet is only 493 kms~! which is comparable to the width of the components and
the resolution of the data making it difficult to treat the doublets individually. The greater separation of the
Si 1v doublet allows more information on the doublet ratio and therefore the saturation of the absorption to
be obtained. However in the SDSS spectra the absorption due to both C 1v and Si 1V is complex and deep
suggesting saturation is important even if coverage of the continuum source is complete. The complexity of
the absorption in the SDSS spectra requires several overlapping components. The absorption components
and the resulting fits are shown in Figures 5.8 to 5.11. Equation 5.2.3 is used to calculate the column
density for each of the doublets for all components. The total column density of the ion is calculated
by summing the larger of the two doublet column densities for each component. As the optical depth and
therefore the column density may be larger due to partial covering this column density is a lower limit only.
Table 5.2 indicates the components used to fit the absorption along with the column density calculated from
equation 5.2.3. The reported errors are the 90% confidence limits on one interesting parameter. The errors
on the column density are based only on the errors on the derived peak optical depth. The details of the

Si 1v and C 1V absorption fits are discussed below.
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Spectrum Line Outflow velocity | Width Column Density
p (kms™1) (kms~1) o (x10%%cm—2)
SDSS C V1549 12570 05375 %
SDSS C Vst 8240650 1 38030 1 1 5550115 | 1.07+0.15
SDSS C V1510 0.90£0.15 0.65+0.12
SDSS C V1551 975£70 640:£30 09015 15 1.291703%
SDSS CIVrorarL 236103
SDSS Si V1303 2307557 0.10479-075
SDSS Si 1V 1402 1820£15 200515} 5 3007 0.207+0.024
SDSS Si 1V1393 08702 0.03670 077
SDSS Si V1402 2890:£40 200£30°1 500,15 | 0.045+0.015
SDSS Si 1V1393 420 | 1.35£0.15 [ 0.1357501%
SDSS Si V1402 4280450 M550 | 2102 0.24110572
SDSS Si1V1393 0.55+0.15 | 0.017%0.007
SDSS Si 1V 1402 541040 1405401 051015 | 003240013
SDSS SilVrorar 0.525+0.055
WHT C V1540 2.10£0.10 0.7740.44
WHT C Vigs1 2080£20 1 325E10 1 5 101010 | 1.53+0.87
WHT C V1540 1.40%0.10 0.47%0.05
WHT C V151 2990£30 1 30020\ 901010 | 0.47+0.07
WHT C V1540 1.60%0.10 1.10+0.07
WHT C IVis51 458020 610£15 1 g5+0.10 1.1740.14
WHT C V1540 0.19£0.02 | 0.086+0.014
WHT C Vg1 8510:£60 1 40050 | 191002 | 0.17140.028
WHT C IV1540 0.18+0.03 | 0.130+0.027
WHT C Vg1 983090 1 64080 | 101000 | 0.144:£0.034
WHT | C IVToTAL | | | 3.49+0.89
WHT Si1Vi393 0.85+0.05 | 0.0574+0.0044
WHT Si 1V 1402 192020 300£151 6 5540.05 | 0.0743+0.0077
WHT SilVroraL 0.0743+0.0077
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Table 5.2: Details of the components used to fit the absorption in the SDSS and WHT spectra of
SDSS J1138+3517
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Si1v

The SDSS Si 1v fit is shown in Figure 5.8. The fit is complex and comprises a minimum of 4 doublet
components with outflow velocities ranging from 1820415 kms~! up to 5410440 kms~—!. There are
additional Si 1V absorption components at higher velocities, but they are much weaker than the lower
velocity features and will not alter the column density measurements by a significant amount. These 4
doublet absorption components vary in column density from 3.241.3x10"3cm™2 to 2.44-0.4x 10 4cm—2
and are labelled 1 to 4 near the peak optical depth of each doublet component in order to show which
components are linked. The lowest velocity component shows evidence of saturation with the peak optical
depth of the two components measured to be above 2. The low residual intensities are strong evidence that
this part of the absorber covers more than 90% of the continuum source. The total column density of Si IV
measured from these components is 5.25+0.55x 10'4cm~2. Figure 5.8 shows evidence that component
3 is in fact two components (see the higher velocity doublet of this component), however adding more
components to the fit does not greatly reduce the resulting x? value or add much insight into what is

happening beyond confirming the fact that this outflow is complex.

The WHT Si 1v fit shown in Figure 5.9 is a single component fit only, though there is evidence for a
further absorption component (labelled 2 in Figure 5.9) at higher velocity. The reason why this component
has not been fit is because the lower velocity doublet component is significantly stronger than the higher
velocity one, contrary to what would be expected of absorption due to outflowing Si 1V. The higher velocity
component of the doublet which has been fit is significantly stronger than the lower velocity one suggesting
the absorption is not strongly saturated. The column density required to fit the weaker doublet component
is 7.4340.77x10*3cm ™2 almost ten times lower than the column density calculated from the SDSS fit
and also considerably less than the 4.021072x10'cm =2 suggested by the curve of growth analysis in

section 5.2.2.
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FIGURE 5.8: Gaussian fits to the Si IV absorption in the SDSS spectrum of SDSS J1138+3517. Top panel
shows the residual intensity along with the fit. The four doublet components are labelled 1 to
4 in order of increasing outflow velocity close to the peak optical depth of each doublet. The
lower panel shows the x? values for the fit regions.
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FIGURE 5.9: Gaussian fits to the Si IV absorption in the WHT spectrum. Top panel shows the residual
intensity along with the fit. The fit component is labelled 1 another possible absorption
doublet has been labelled 2. Lower panel shows the x? values for the fit regions.
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Civ

The SDSS C 1V fit is shown in Figure 5.10. As the absorption between 2000 and 6000 kms ~! is completely
saturated the optical depth in this region is unconstrained and the column density can be arbitrarily high.
This requires complete coverage of the continuum source. The two component fit to the higher velocity

absorption suggests a column density of 2.36f8:§ % 10'°cm~2 is responsible for this absorption.

The WHT C 1v fit is shown in Figure 5.11 and includes a three component fit to the lower velocity absorp-
tion with a total column density of 3.174-0.88x 10*5cm~2 for this region. The absorption in this region
requires coverage of greater than 95% of the continuum source. The higher velocity absorption is fit with

a two component model with a column density of 3.1540.44x 10'4cm~—2.

This is almost an order of
magnitude lower than that obtained in the SDSS fit. Assuming the column density of the lower velocity
component scales with that of the higher velocity component this suggests that the column density of the

low velocity component in the SDSS observation is greater than 2x 10'6cm™2. The total column density

for the WHT C 1V absorption fit is 3.4940.89x 105%cm 2.

5.2.4 Estimating the Column Density using analysis of apparent optical depth pro-
files

Savage & Sembach (1991) describe a method of estimating column densities by using the apparent optical
depth, obtained using the observed spectrum which is a convolution of the true spectrum and the instru-
mental spread function. The apparent optical depth can be converted to an estimate of the column density

per unit velocity, N (v), using equation 5.2.4.

mec 1 _3.768 x 1014 (

N(v) = o ﬂT(U) TT v)

(5.2.4)

where ) is in A and N (v) is in atoms cm~2 (kms~1)~'. The total column density, N, can then be obtained



CHAPTER 5. SDSS J1138+3517 172

o
o

Residual Intensity
o o
> o

o
o

0
1.2x104 10 8000 6000 4000 2000
Velocity relative to C IV kms™!

2.5

1.5

XZ

0.5

0
1.2x104 10 8000 6000 4000 2000
Velocity relative to C IV kms™!

FIGURE 5.10: Gaussian fits to the C IV absorption in the SDSS spectrum. Top panel shows the residual
intensity along with the fit. The fit components are labelled 4 and 5, the labels 1,2 and 3
mark the positions of the three components fit to the lower velocity component of the WHT
spectrum and have not been fit for the SDSS data as the residual intensity is so low. The
lower panel shows the x? values for the fit regions.
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FIGURE 5.11: Gaussian fits to the C 1v absorption in the WHT spectrum. The five separate components are
marked on the top panel which shows the components and total fit to the residual intensity.
The lower panel shows the x? values for the fit regions.



CHAPTER 5. SDSS J1138+3517 174

by integrating over the absorbed region as in equation 5.2.5. The advantage of this method is that it is

independent of, and requires no assumptions about, the functional form of the velocity distribution.

MeC

N = T /_OO T(v)dv (5.2.5)

As the absorption present in SDSS J1138+3517 is broad and contains multiple components the problem
is complicated by the overlap between the two doublet features as in general the absorption at a given
wavelength is a combination of absorption from the two doublets at different velocities. This makes it
difficult to access the additional information on saturation that could be obtained from the ratio of the
strength of absorption from each doublet. Integrating over all of the absorption using the values of f and
A appropriate for the weaker of the two lines will result in an appropriate column density for those regions
absorbed by the weaker doublet plus an additional column density due to the absorption from the stronger
component. If saturation does not effect the absorption then the column density estimated for the stronger
component in this way will be approximately double the true column density. Overlapping components
will increase the optical depth. However, as they do so in a linear fashion (i.e. the total optical depth from
overlapping components of optical depth 7; and 79 is equal to 71 + 72) the contribution of each component
to the column density (equation 5.2.5) will be the same as if the components did not overlap. The estimate
based on using only the weaker doublet will therefore be no more than three times the true column density
and 1/3 of this estimate will be a lower limit on the true column density. Any saturation effects or partial
coverage will result in an underestimation of the column density by this method. Table 5.3 shows the
velocities used and the corresponding column densities calculated using the weaker doublet along with the
lower limit on the column density. Only the Si 1V absorption in the WHT spectrum shows a clearly resolved
doublet. The column density per unit velocity calculated for each component is shown in Figure 5.12. The
larger column density measurements are from the weaker component which shows there is some saturation

in this absorption.
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FIGURE 5.12: N(v) calculated for Si 1V absorption in the WHT spectrum using equation 5.2.4. The solid
line is the weaker component and the dashed line is the stronger component

Observation | Emission Line ID Velocity range | Calculated Column Lower Limit On
(kms™1) Density (x10'*cm~2) | Column Density (x 10*#cm™2)
SDSS Si v AN1400 A 0-10000 67.2+6.7 224422
SDSS C1v AA1549 A 0-12000 547+£55 182£18
SDSS Mg 11 AA2800 A 0-12000 3.87+0.4 1.29+0.1
WHT Si v AA1400 A 0-8000 12.0+1.2 4.00£0.4
WHT C1v AA1549 A 0-12000 239.0+£24 79.5+8.0
WHT NV AN1240 A 0-6000 371.0+37 124£12

Table 5.3: Column densities calculated using the apparent optical depth method. The errors are based on a
10% uncertainty in the positioning of the continuum.
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5.2.5 Partial Coverage

The previous methods all implicitly assume that the source is completely covered by a single homogeneous
absorber, however this has been shown to be untrue for a number of broad absorption line quasars (Telfer
et al. 1998; Churchill et al. 1999; Arav et al. 1999a; Arav et al. 1999b). The simplest modification to
complete coverage by a homogeneous absorber is to assume a homogeneous absorber with optical depth
T covering part of the source with the rest of the source passing through material with 7=0. Assuming
the expected two to one ratio of optical depths between the blue and red components of an absorption
line it can be shown that the covering fraction at a given velocity, C'(v) is given by equation 5.2.6, where
Ir(v) is the residual intensity of the red component at a given velocity and I (v) the residual intensity
of the blue component at the same velocity. This equation will give a value for the covering fraction as
long as the residual intensities are in the allowed range Ir(v) > Ig(v) > Ir(v)?. The optical depth of
the red component, 7(v), is then given by equation 5.2.7. In order to perform this analysis the absorption

components must be fully resolved. Thus this analysis is restricted to the WHT Si 1v absorption only.

Cl) = T = 2In() 71 (5.2.6)
T(v) = — {131(“_) ;Rl(i)(”)} (5.2.7)

Before calculating covering fractions and optical depths the data from the blue component is interpolated
into the same velocity space as the red data. The optical depth and covering fraction are calculated between
1200 and 2600 kms ™!, chosen because outside of this velocity range the residual intensities do not fall in
the range Ir(v) > Ip(v) > Ir(v)? and equations 5.2.6 and 5.2.7 are no longer appropriate. The resulting
covering fraction, C'(v), is shown along with the residual intensities, I and Iz, in Figure 5.13. These data
show the common result that the covering fraction follows the shape of the blue absorption suggesting that

the shape of the trough is determined predominantly by variations in the gas covering fraction with velocity,
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FIGURE 5.13: The red and blue points are the measured residual intensities of the red and blue absorption
components of the Si IV absorption from the WHT observation of SDSS J1138+3517. The
black points show the covering fraction calculated from equation 5.2.6 (shown increasing
downwards so that the uncovered fraction is below the points).

rather than velocity dependent variations in the optical depth (Arav et al. 1999b;de Kool et al. 2001). The
average ionised column density of Si 1V based on the optical depth and covering fractions is calculated

from equation 5.2.4 multiplied by the covering fraction. This gives Ng; 117=6.740.2x 10'4cm~2.
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FIGURE 5.14: The black points are the residual intensity of the blue absorption component of the Si 1V
absorption seen in the WHT spectrum of SDSS J1138+3517. The red points are the fit
produced by using a partial coverage model and fitting the data to the red absorption com-
ponent. The error bars on the fit are based on the errors on the covering fraction and not the
errors on the residual intensity of the red absorption component.

If instead of allowing the covering fraction and optical depth to vary with velocity the covering fraction is
assumed to remain constant with velocity, the residual intensity of the blue component can be predicted
from the residual intensity of the red component. The expected value of the blue component can then be
compared to the actual residual intensity in order to find the value of the covering fraction that minimises
x?2. The column density can then be calculated using equation 5.2.4 and modified by multiplying by the
covering fraction. Fitting this absorption gives a covering fraction of 0.560 57 resulting in an ionised
column density of Si IV measured between 1000 and 2600 kms ~* of 6.6 70 T x 10*cm~2. The resulting fit
to the data is shown in Figure 5.14. Using the value of the covering fraction to modify the EW measure-

ments and repeat the curve of growth analysis performed in section 5.2.2 gives an ionised column density

of 7.1£0.7x 10%cm—2 consistent with the results obtained above.
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5.2.6 An inhomogeneous absorber model

An alternative way to model the absorbing material is to assume that the optical depth profile across the
source varies as some function of position. This method was employed by de Kool et al. 2002a and de
Kool et al. 2002b as well as Arav et al. 2005 who showed that the results obtained by using Gaussian and

power law optical depth functions are very similar.

I have therefore followed their procedure and used a model where the optical depth across the source
varies as T = Ty, 2% Where 7,4, 1s the peak optical depth, = is a measurement of the position along the
source (where 0 < x < 1), and a is the power law slope which is always positive. In order to constrain
a a similar method to that used for the partial covering method is employed. The value of a is fixed
and the optical depth calculated for values of 7,4, in 1000 bins across the source, the residual intensity
for each bin and the total residual intensity calculated. The value of 7,,,, Which produces the residual
intensity for each point in the red absorption trough is then found and used to predict the residual intensity
of the corresponding point in the blue absorption trough by assuming the ratio of optical depths takes the
theoretical two to one value. This then allows x? to be calculated and minimised as a function of only a.
Since this analysis also requires resolved doublets it is performed on the WHT Si 1v absorption only. The
+1.0

absorption is best fit by a=3.119, resulting in an ionised column density of 5.57 7§ & x 10*%cm 2. This fit

is shown in Figure 5.15.

Figures 5.16 and 5.17 show how the values of the mean optical depth, 7, calculated based on the power
law model vary from the values of 7 that would be calculated based on a partial covering model. It also
shows how the residual intensities in the blue component differ from what one might expect from complete
coverage by a homogeneous absorber. These differences are shown for a variety of values of the power

law slope and are much larger for steeper slopes.
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FIGURE 5.15: The black points are the residual intensity of the blue absorption component of the Si 1v
absorption seen in the WHT spectrum of SDSS J1138+3517. The red points are the fit
produced by using a inhomogeneous coverage model where the optical depth varies as a
power law across the source. The error bars on the fit are based on the errors on the power
law slope and not the errors on the residual intensity of the red absorption component.



CHAPTER 5. SDSS J1138+3517 181

7 100

T/Tqy

L L L Ll L
0.01 0.1 1 10 100

FIGURE 5.16: The values of the residual intensity observed in the red (I shown in red) and blue (Ip
shown in blue) components of the absorber based on an optical depth model following the
equation given. The magenta line shows the square of the residual intensity in the red (/ 12{)
which is what one would be expected for the residual intensity in the blue if the absorption
was from complete coverage by a homogeneous absorber. The green line shows 1— C,
where C is the covering fraction that would be calculated from a partial coverage model
assuming a homogeneous absorber. Finally the black line shows the ratio of the mean
optical depth in the power law model to the optical depth calculated from a partial coverage
model with the same values of I and Ig.
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FIGURE 5.17: The values of the residual intensity observed in the red (I shown in red) and blue (Ip
shown in blue) components of the absorber based on an optical depth model following the
equation given. The magenta line shows the square of the residual intensity in the red (I3)
which is what one would be expected for the residual intensity in the blue if the absorption
was from complete coverage by a homogeneous absorber. The green line shows 1— C,
where C is the covering fraction that would be calculated from a partial coverage model
assuming a homogeneous absorber. Finally the black line shows the ratio of the mean
optical depth in the power law model to the optical depth calculated from a partial coverage
model with the same values of I and Ig.
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5.2.7 Column Density Estimates

Column densities have been estimated for a number of different absorbers in both SDSS and WHT obser-
vations of SDSS J1138+3517 using a variety of different methods. The estimates obtained are summarised
in Table 5.2.7. Component fitting gives column densities significantly lower than those obtained by direct
integration. As described in section 5.2.4, since the direct integration method gives a firm lower limit, this
value is taken to be the lower limit when it exceeds the values obtained via other methods. Three of these
methods require resolved doublet components and are only testable for the WHT Si 1v data. The curve of
growth analysis is one such method and the column density calculated agrees closely with the value ob-
tained by direct integration. The two methods which do not assume complete coverage of the source give
Si 1V ionised column densities around 50% larger than the lower limits calculated from the other methods
and importantly provide firm upper limits allowing more stringent constraints on the physical conditions

within the gas.

The C 1V absorption requires an ionised column density of greater than 1.82x10'®cm~2 in the SDSS

2 in the WHT observation, both of these limits are based

observation and greater than 7.95x 10'%cm™
on direct integration. The Si 1V absorption in the SDSS observation requires an ionised column den-
sity in excess of 2.24x 10'%cm~?2 and this is again based on direct integration. The WHT Si IV absorp-
tion shows resolved doublet features which allow a more detailed analysis. Using the partial coverage
method the ionised column density required to produce this absorption is 6.6110Tx10'%cm=2. By us-
ing a power law optical depth profile the absorption can be reproduced by an ionised column density of
5.57’:5:% x 10" cm~2. If we assume that the real distribution of gas falls between the partial coverage and
power law models then the absorption is produced by an ionised column density between 5.0x 10'4cm—2
and 7.3x10cm™=2. The Mg II absorption in the SDSS observation requires an ionised column density

in excess of 1.29x10'*cm~2 and the N v absorption in the WHT observation requires an ionised column

density exceeding 1.24x10'%cm 2,



Column Density Estimates (x 10'*cm~2)

Observation | Emission Line Curve of Growth | Fitting Components | Direct Integration | Partial Covering | Power law | Partial Coverage Curve of Growth
SDSS Si 1V AA1400A 5.25+0.55 22.442.2

SDSS C1v AI549A 23.673% 182+18

SDSS Mg 11 AA2800A 1.29+1.3

WHT Si 1V AA1400A 40270710 0.74340.077 4.00+0.4 6.6170 1 557708 7.140.7

WHT C 1V A1549A 34.94£8.9 79.5+8.0

WHT N v AA1240A 124412

Table 5.4: A summary of column density estimates produced by the five different methods described. The Curve of Growth column gives the estimated column density
using the curve of growth analysis in section 5.2.2. The Fitting Components column gives the column density estimated by fitting Gaussian absorption
profiles to the absorption as described in section 5.2.3. The Direct Integration column gives the lower limit on the column density calculated by directly
integrating the apparent optical depth as described in section 5.2.4. The partial coverage column gives the optical depth calculated by partial coverage as
described in section 5.2.5. The power law column gives the column density measured assuming a power law distribution of optical depth as described in
section 5.2.6. The final column gives the column density measured by the curve of growth method using EWs modified to take into account partial coverage.
* This column density is measured from only the higher velocity components. The true column density will be much larger as the lower velocity absorption
is saturated.
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5.3 Changes between the SDSS and WHT observations

It is clear from the ionised column densities that changes have occurred between the SDSS and WHT
observations. From Figure 5.1 it is clear that the C IV and Si 1v absorption has weakened significantly
between the SDSS and WHT observations as is found in section 5.2. The EWs of the C 1v, Si 1V and
N v emission lines have also decreased slightly. Such changes are likely to be due to either a change in
the covering fraction of the outflow or a change in the ionisation state of the gas. In order to examine
the physical conditions within the gas and attempt to explain the changes seen between the observations

section 5.4 looks at photo-ionisation models of the absorbing gas.

5.4 Photo-Ionisation Models

The limits on the ionised column densities derived from the various absorption lines can be used to obtain
information on the physical state and location of the absorbing gas. In order to do this we compute a grid of
photo-ionisation calculations of the gas surrounding the AGN using an appropriate model of the ionising
continuum for this source. These models are computed using version 08.00 of Cloudy (Ferland et al. 1998).
Cloudy is a 1 dimensional code designed to calculate the physical conditions within a non-equilibrium
gas exposed to an external radiation source (Ferland et al. 1998). Cloudy calculates the temperature and
ionisation state of the gas in a large number of zones, starting with the illuminated face of the cloud. Once
these have been calculated for each zone the intensity and shape of the radiation impacting the next zone
can be computed. This allows the temperature and ionisation state of the next zone to be calculated. This
process is continued until either the edge of the cloud is reached or the temperature has dropped below
4000K as at this point the gas will be essentially neutral and not contribute significantly to the ionised
column density of anything other than neutral atoms. A large number of physical processes contribute
to the heating, cooling and ionisation of the gas, and these processes are modelled by calculations within
Cloudy. Hazy, the codes documentation which is available from http://www.nublado.org/ contains the

details of these calculations, which are not discussed here as they are not the subject of this thesis.
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Cloudy calculates emission line strengths, ionisation fractions and ionised columns for various species for
a given hydrogen column density, Ny, gas density, ny, ionisation parameter, U, and the shape of the
ionising continuum. U, the ionisation parameter, is a measure of the ratio of the density of photons of
wavelength <912 A to hydrogen densities at the illuminated face of the cloud and depends on the shape
of the ionising spectrum, the gas density and the distance of the gas from the ionising continuum source
(equation 5.4.1). By using an appropriate quasar spectrum as our ionising source and requiring that the
calculated column densities for absorbing ions meet the limits imposed by the calculations in section 5.2
we can constrain the values of hydrogen column density, gas density and U. The allowed values of U and
ng can then be used to place constraints on the distance between the AGN and the absorbing gas using

equation 5.4.1.
Q(H
U (H)

= 54.1
dmrleng ( )

Q(H) is the total number of hydrogen ionising photons emitted by the ionising continuum per second,

r is the distance from the ionising continuum source, ¢ the speed of light and ny and U the hydrogen

density and ionisation parameter respectively. QQ(H ) can be calculated from the quasar spectrum allowing

the distance to be found from U and ny.

In order to calculate the ionisation state of the gas Cloudy requires as input a spectrum of the ionising
continuum. The spectrum used here is a standard AGN spectrum described by Mathews & Ferland 1987
parameterised by a ’big blue bump’ temperature, T35 of 10°K, an optical to ultraviolet power law slope,
ayy, a hard X-ray power law with a slope ox and apx the spectral index between 2500 A and 2 keV.
Typical values of a7y and acx for quasars are 0.0 and — 1.0 respectively and these values are used through-
out. For apx we estimate the slope from the optical flux using equation 5.4.2 which is equation 12 from
Wilkes et al. 1994. L is the specific intensity at 2500 A in the rest-frame in units of erg s~ Hz~! which

for this object is approximately 1x 103* leading to ar,,, = 1.92 £ 0.09.

aox = (0.11 +0.02)(log(Lo) — 30.5) + (1.53 4 0.02) (5.4.2)
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FIGURE 5.18: The spectral energy distribution of the ionising spectrum used by Cloudy to compute the
models. The vF,, axis is in arbitrary units as the absolute flux Cloudy uses is based on the
input value of the ionisation parameter.

The spectrum used for these calculations has apx=1.9 and is shown in Figure 5.18. Models were also
calculated using cp x=1.6, but the difference in the ionisation fractions and ionised column densities was
found to be small. Cloudy also requires as input the hydrogen gas density and a total hydrogen column
density. For simplicity we assume solar abundances as any deviation from this can be calculated using the
method of Hamann 1997 (see section 5.3). Finally the intensity of the quasar spectrum at the ionised face
of the cloud is fixed by the Ionisation parameter U. Cloudy outputs, amongst other things, the reflected and
transmitted continuum, emission-line intensities as well as the column densities and ionisation fractions of
each ionisation state for a large number of atoms. These are calculated for a range of values of U, Ny and

ng.

5.4.1 Models

Ionised columns for a large number of ions have been calculated for gas with Hydrogen densities of
10°,107,10° and 10'* cm~3 and total Hydrogen gas column densities of 102°, 102!, 10?2, 10?3 and
1024 cm~2 illuminated by the AGN spectrum described in section 5.4 with log; of the ionisation pa-
rameter between -5 and 1. The resulting N+, C3*, Si3* and Mg* ionised column densities are plotted

against ionisation parameter for a selection of these models in Figures 5.19 to 5.28. Also included on these
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FIGURE 5.19: Ionised Column density as a function of ionisation parameter calculated by Cloudy using a
quasar spectrum with Trp=10°K, apx=1.9, ayy=0.0 and ax=-1.0 illuminating gas with
a density of 10° cm™? and a Hydrogen column density of 102° cm~2. The different colours
represent different ionised species, the colour key is in the top left hand corner. The dashed
lines represent the lower limits on column density from the WHT spectrum and the dotted
lines are the lower limits based on the SDSS spectrum. The WHT Si 1v upper and lower
limits are both shown by dashed blue lines, the ionised column of Si 1v should lie between
these lines.

plots are the lower limits for these ions calculated using the absorption in the SDSS and WHT spectra of
SDSS J1138+3517. The colour code shown on the plots is used for both the calculated ionised column
densities and the limits from the SDSS and WHT data. The SDSS limits are shown as dotted lines and are
all lower limits. The WHT limits are shown as dashed lines, the C 1v and N Vv limits are just lower limits

but the Si 1V absorption has both upper and lower limits.
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FIGURE 5.20: Ionised Column density as a function of ionisation parameter with n=10'" cm~3 and

Ng=10%° cm~2. The colour code is in the top left. The dashed lines are WHT lower limits
(except for Si 1V see caption of fig 5.19) and dotted lines are SDSS lower limits.



CHAPTER 5. SDSS J1138+3517 189

[ Mg I Si VeIV a,,=1.9 n,=107 N=102

18 — —

—
o]

log(Column density)
—_
~

—
[AN]

10
-4 -2 0
lonisation Parameter

FIGURE 5.21: Ionised Column density as a function of ionisation parameter with n =107 cm~3 and

Ng=10%! cm2. The colour code is in the top left. The dashed lines are WHT lower
limits (except for Si IV see caption of fig 5.19) and dotted lines are SDSS lower limits.
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FIGURE 5.22: Ionised Column density as a function of ionisation parameter with n 7=10° cm~2 and

Ng=10%' cm~2. The colour code is in the top left. The dashed lines are WHT lower
limits (except for Si IV see caption of fig 5.19) and dotted lines are SDSS lower limits.
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FIGURE 5.23: Ionised Column density as a function of ionisation parameter with n ;=107 cm™3 and

Ng=10%2 cm™2. The colour code is in the top left. The dashed lines are WHT lower
limits (except for Si IV see caption of fig 5.19) and dotted lines are SDSS lower limits.
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FIGURE 5.24: Ionised Column density as a function of ionisation parameter with nz=10° cm~3 and

Ng=10%2 cm~2. The colour code is in the top left. The dashed lines are WHT lower
limits (except for Si IV see caption of fig 5.19) and dotted lines are SDSS lower limits.
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FIGURE 5.25: Ionised Column density as a function of ionisation parameter with n ;=107 cm™3 and

Ng=10%3 cm™2. The colour code is in the top left. The dashed lines are WHT lower
limits (except for Si IV see caption of fig 5.19) and dotted lines are SDSS lower limits.
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FIGURE 5.26: Ionised Column density as a function of ionisation parameter with nz=10° cm~3 and

Ng=10% cm~2. The colour code is in the top left. The dashed lines are WHT lower
limits (except for Si IV see caption of fig 5.19) and dotted lines are SDSS lower limits.
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FIGURE 5.27: Ionised Column density as a function of ionisation parameter with n =107 cm~3 and

Ng=10%* cm™2. The colour code is in the top left. The dashed lines are WHT lower
limits (except for Si IV see caption of fig 5.19) and dotted lines are SDSS lower limits.
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FIGURE 5.28: Ionised Column density as a function of ionisation parameter with nz=10° cm~3 and

Ng=10** cm~2. The colour code is in the top left. The dashed lines are WHT lower
limits (except for Si IV see caption of fig 5.19) and dotted lines are SDSS lower limits.
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5.4.2 Constraints on the physical conditions within the absorbing clouds

Using the limits on the ionised column densities from the SDSS and WHT spectra it is possible to place
limits on U, Ny and ng. In order for a model to be plausible it must be able to simultaneously satisfy
the limits on ionised columns for the various species at some range of the ionisation parameter. Once
limits have been placed on U and n g it is possible to calculate the total ionising photon flux, Q(H ) using
the input spectrum fixed to match the measured flux in the observations. Q(H) can then be used along
with limits on U and npy to place limits on the distance, r, between the ionising source and the absorbing
material using equation 5.4.1. This section will look at the two observations in turn before discussing
possible causes of the changes described in section 5.3. The mass and kinetic luminosity of the outflow

are discussed in section 5.5.

SDSS

As only lower limits on the ionised column densities of Si 1v, C 1V and Mg 1I are found from the SDSS
spectra there are a wide range of parameters that are capable of satisfying these limits. The Si v and
C 1V limits require Hydrogen column densities, N7, in excess of 102%cm~2. With Ny=10?cm~2 the
ionised columns of these species do not exceed the lower limits for any value of log19(U) as can be
seen in Figures 5.19 and 5.20. With Ny=10%'cm~2 the SDSS limits allow values of logo(U) ranging
from —2.6 to —1.9 (see Figures 5.21 and 5.22). This range is slightly effected by changes in the gas
density, n g, with the lower limit decreasing from —2.4 to —2.6 as gas density increases. The upper limit
also decreases with increasing density from —1.9 to —2.0. The upper limit on log10(U) is set by the
ionised column density of Mg II and increases significantly with Ng. Itis —1.0 at Niz=10%2 cm™3 (see
Figures 5.23 and 5.24), 0.0 at Ngz=1023 cm 2 (see Figures 5.25 and 5.26) and above 1.0 at N;;=10%4 cm—3
(see Figures 5.27 and 5.28). The lower limit, set by the ionised column density of C 1V, does not change
drastically as Ny increases. Using equation 5.4.1 and log10(U)=—2.6 gives a distance to the ionising
source of 4.7+0.2 x 1021n;,16/ >cm = ISOOiIOnI}z/ 2 pc where ngg¢ is the hydrogen density in units of

10% cm—3. As this is based on a lower limit for U the material could be closer to the source, at higher U.
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WHT

Using the covering fraction and inhomogeneous absorber model it is possible to place both upper and lower
limits on the ionised column density of Si 1V at the time of the WHT observation. Having both upper and
lower limits places much more stringent constraints on the possible range of U at given Ny and ny. The
Si IV limits used are the lower limit from the power law optical depth model and the upper limit from the
partial coverage model. These limits provide stringent constraints on the value of U at given Ny, with
two regions in U providing appropriate values. The lower U of these bands remains fairly constant with
Ny giving limits —3.3 < log19(U) < —3.0, this is because the position of the low U region is determined
by the value of U at which there are enough ionising photons to produce the required ions. The allowed
high U region is typically very narrow and increases as N increases as the more material present the
higher values of U that will allow the appropriate ions to be formed within a cloud. The lower region of
U for which the Si 1V limits are met is not at high enough ionisation parameter for the C 1v or N v lower
limits to be met. This is not the case for the higher U region. None of the Nz=102cm~2 models are
able to provide enough absorbing material to be consistent with the lower limit on N v absorption. With
Npg=102*cm~2 the value of log10(U) is constrained to be between —1.8 and —1.6. This provides a lower
limit of log10(U)=—1.8 for the WHT data as higher values of Ny move the region for which the Si 1v
limits are met to higher U. As both C 1v and N V are more highly ionised than Si 1V they are produced
marginally closer to the ionising continuum and will therefore produce larger ionised column densities at
higher values of Ny and U (see Figures 5.23 to 5.28). This means that when the Si IV limits are met by the
higher U values the limits on C 1V and N v will also be met. Consequently this means that increasing the
value of Ny to an arbitrarily high value is not ruled out by these limits, the models simply require larger
and larger values of U. We therefore only have a lower limit on the value of [og10(U). Using this limit
(log10(U) > —1.8) in equation 5.4.1 along with the value of Q(H) calculated for the input spectrum by
Cloudy the distance of the absorbing material from the cloud is calculated to be 1.8+0.1 x 1021”1_{16/ *cm

= 600i5n;116/ 2 pc where n 6 is the hydrogen density in units of 10° cm 3. Again this limit is based on

a lower limit on U, higher values of U will give a smaller distance so this is an upper limit.
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Are the observations consistent with a change in ionisation parameter?

The change in the absorption within this object has two obvious possible causes. One is that material has
moved out of the line of sight between the observations and the other is a change in the ionisation of the
outflow. We can use the ionised column densities of C IV and Si IV to measure the size of any change in
ionisation parameter by assuming that the ratio of C to Si remains constant. The ratio of C IV to Si IV in
the outflow will then depend on the value of U (and to a lesser degree Ny and ny). The ratio of C to Si

abundances can be calculated using equation 5.4.3 which is equation 2 from Hamann 1997.

[%] = log [%} + log {%] + log (%)@ (5.4.3)

Assuming that these lower limits on the ionised columns of C 1v and Si IV are accurate column density
measurements, which is a very weak assumption, and that the metallicity doesn’t change this allows the
change in the ionisation parameter between observations to be estimated by plotting [%] as a function of U
for given values of Ny, ng. This has been done for the full range of these values calculated in section 5.4,
however as the plots are all extremely similar only two are included here in Figures 5.29 and 5.30. From
these figures it is clear the the ionisation parameter is larger at the time of the WHT observation. However,
this may be due to the C 1V column density being significantly underestimated for the SDSS observation

as it appears to be highly saturated.

The lower limit on the Si 1V ionised column density from the SDSS observation is larger than the upper
limit from the WHT observation, the ionised column density of C 1V has also decreased between the SDSS
and WHT observations. The values of U for which the limits are met for the WHT observations suggest
that the Si1v and C 1V absorption would decrease with an increase in U. This is consistent with the finding
from the C and Si ratio that U increases between the SDSS and WHT observations. If the value of U has
increased between the two observations then one would expect to see an increase in the luminosity of the
UV continuum. It is difficult to tell whether this is indeed the case due to problems with the flux calibration
between the SDSS DRS and DR7 data and the WHT observations. These issues have been discussed in
Chapter 4. In addition an increase in U would result in a decrease in the ionised column density responsible

for the C 1v, Si 1V and N Vv emission lines in the BLR, if the ionisation state in this region is similar to that
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FIGURE 5.29: [%} as calculated from equation 5.4.3 using ionisation fractions computed with Nz =107,
ng=1021. The dashed line is based on the WHT Column density lower limits and the solid
line on the SDSS lower limits.
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in the outflow. Such a decrease in emission line EW is evident in Figure 5.1. This suggests that an increase

in ionisation parameter caused by a change in the luminosity is consistent with the observations.

5.5 Mass of the outflow

The lower limits on U have given upper limits on the distance from the ionising source, a lower limit on
this distance can be implied by the absorption of the broad C 1v and Si IV lines. As some of the underlying
emission line flux is absorbed the absorbing material must lie outside of the broad line region. The size of
the broad emission-line region can be estimated using the luminosity of the source at 1450 A from scaling
relationships derived for nearby AGN (Kaspi et al. 2005). This luminosity is only slightly different between
the two observations which both give sizes of approximately 3.640.4 x 10'® cm = 1.1740.1 pc for the
broad line region. The upper limits on the distance to the absorbers in both observations are consistent with
the absorbing material being outside of the broad line region for all reasonable densities. We can therefore
place boundaries on the distance between the absorbing material and the black hole. The mass of the
outflowing material, My can be found by using equation 5.5.1 (taken from Crenshaw et al. 2009), where
r is the distance from the source, Ny the hydrogen column density, i+ the mean atomic mass per proton,
m,, the mass of a proton, C' the covering fraction as viewed from the source and v, the radial outflow
velocity. This equation can be rewritten as equation 5.5.2 where 722 is the radius in units of 1022 cm,

Niz1 the column density in units of 102! cm~2 and v3 the velocity in units of 1000 kms—!.

Moyt = 8mr N pum,Co, (5.5.1)

Meyus = 740 rog Ngoi pCvs Meyr—! (5.5.2)

Depending on the value of the distance and hydrogen column density the estimated mass within the outflow
can range from a few solar masses per year up to several hundreds of solar masses per year. In order to
get an idea of the scale of the outflow one can estimate the accretion rate onto the black hole required

to produce the quasar luminosity, this can also be compared to the Eddington Luminosity. In order to
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calculate the mass of the black hole the gas in the broad line region is assumed to be virialised, this then
allows equation 5.5.3 to be used. The size of the broad line region was estimated as 3.64+0.4 x 10'® cm
from the UV luminosity and the effective velocity, vesy can be estimated from the width of the C 1v

emission line to be ~2400 kms~1.

2
veffR

M=

(5.5.3)

Where f is the virial coefficient which depends on the BLR geometry and is typically between 1 (McLure
& Dunlop 2004) and 5.5 (e.g. Onken et al. 2004). Using f=5 gives an estimate of 1.56x 101 Mg for
the black hole mass. The Eddington accretion rate for a black hole of this mass, assuming 10% of the rest
mass is converted to luminosity, is approximately 350 M, per year. The bolometric luminosity, Lpor,
can be estimated from Loy, ~ 4.36 AL (1450 ;l) (Warner et al. 2004) as around 7.8 x 1047 ergs s~ 1. This
luminosity requires an accretion rate of 140 M, per year, again assuming 10% of the rest mass is converted
to luminosity, and suggests that the black hole is accreting at a significant fraction of the Eddington rate.
The fact that this object is accreting at close to the Eddington rate is to be expected if the outflow is driven
radiatively. The Luminosity of the source has to approach Eddington in order to have the required power
to drive an outflow, although the force multiplier due to line-driving can be large resulting in outflows in

sub-Eddington systems (see e.g. Castor et al. 1975).

If we assume that the outflow is only just outside the broad line region for the WHT observations we can
use the ionisation parameter in this location to provide an upper limit on Nz . This can be done by using
equation 5.4.1 to provide an upper limit on the value of U, this upper limit is U < % which gives
log10(U)=1.6 for nz=108 cm~3. Even for this relatively high density this provides little constraint on the
value of N as at Niy=102* cm~2 the value of U required to meet the ionised column density limits set by
the WHT Si 1V observations does not exceed this limit. If we assume that n =108 cm =3, Ny=10** cm~2,
the outflow is at the edge of the broad line region, covers 10% of the source, has an velocity of 2400 kms ~*
and p = 1 the mass outflow rate is 64 M, per year. If at the other end of the scale we assume the outflow
is produced at the greatest allowed distance (assuming n=10%* cm~2, 10% coverage and ;. = 1) then we

find the mass of the outflow is 840 M, per year. It appears then that the mass of the outflow in this object

is between about a third and a few times the accretion rate onto the black hole.
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As the outflow in this object is between 1 and a few thousand parsecs from the continuum source the
distance it will have moved between the observations is considerably smaller than the distance from
the source. The upper limit on the distance of lS:I:lOn;IZ/ 2 kpc is consistent with values calculated in
other objects. Dunn et al. 2010 find a broad absorption line system in an object of similar luminos-
ity to SDSS J1138+3517 (Lpor =5.0x 1047 erg s—1) at a distance of between 6 and 17 kpc. Simi-
larly Narayanan et al. 2004 find maximum distances of intrinsic narrow absorption systems at relatively
high velocity between 1.8 and 7 kpc for objects with bolometric luminosities between 1.9x 1047 and
9.6x10*" erg s~ although the actual distance of these absorbers from the continuum source could be
considerably lower. The estimated mass outflow rate in SDSS J1138+3517 is between a few and a few
hundred solar masses per year. Assuming a hundred solar masses per year at an average velocity of
4000 kms ™ this corresponds to a kinetic luminosity (Lxg = 1/2M,,0?) of 1.0x10% erg s~1. This is
around the kinetic luminosity of the similar object discussed in Dunn et al. 2010 and is also comparable
to the kinetic luminosity seen in high velocity X-ray outflows (Pounds & Page 2006). Outflows such as
this, if present in all galaxies with rapidly accreting central black holes, may be responsible for setting
the observed M pjr-o relation (Di Matteo et al. 2005). This energy is also similar to that required by
Rafferty et al. 2006 to prevent cooling flows in galaxy clusters providing a possible feedback mechanism

for preventing the formation of extremely large galaxies at the centre of clusters.

5.6 Summary

This chapter presents photo-ionisation models of the outflow seen in SDSS J1138+3517. Observations
of this outflow obtained at two different epochs suggest an increase in the ionisation parameter between
the two observations. This is backed up by similar changes in the emission lines. The material is located
between tens and thousands of parsecs from the ionising continuum consistent with the outflow lying
outside of the BLR. Little information on the density of the outflow is available as the lines observed show
little variation with density. However, assuming densities similar to those measured in other BALQSO

outflows then the rate at which mass is outflowing in this absorber is comparable to the accretion rate onto
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the black hole required to account for the luminosity of the central source. The kinetic luminosity carried
by this outflow represents a very significant amount of energy and if such outflows are common in quasars

then they will have a considerable impact on the evolution of the galaxies in which they reside.



Chapter 6

Conclusions and Future Work

6.1 Conclusions

The mechanism responsible for the acceleration of the blue-shifted absorption seen in BALQSOs is of
interest for a number of reasons. In addition to their importance in AGN unification schemes (e.g. Elvis
2000) these outflows are energetically important in the evolution of their host galaxies and may also play
a role in the evolution of the cluster in which the AGN typically reside. The aim of this thesis was to
investigate this mechanism by compiling a sample of objects exhibiting evidence for a radiative line-

locking feature known as the ghost of Lyman-c.

6.1.1 BALQSOs

The identification of the broad blue-shifted absorption characteristic of BALQSOs is not a simple task.
There are many potential sources of contamination including intrinsic absorption from the host galaxy. It
is also unclear whether the mini-BALs seen in some sources are created via the same mechanism as tradi-
tional BALQSOs (Gibson et al. 2009b). Chapter 2 examines the strengths and weaknesses of the metrics
used to identify samples of BALQSOs. Namely the balnicity index (BI:Weymann et al. 1991) and the
absorption index (Al:Hall et al. 2002;Trump et al. 2006). Evidence of a bi-modality in the log(Al) distri-

bution has been presented along with evidence that the Al erroneously selects numerous objects showing

201
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little absorption. The incompleteness of BI selected samples particularly for relatively low velocity out-
flows is noted as an issue with this metric. A robust hybrid method consisting of the use of LVQ algorithms
and visual inspection of outliers has been presented (see Knigge et al. 2008 and Scaringi et al. 2009). This
method was used to produce a sample of 3552 BALQSOs from DRS of the SDSS representing a BAL
fraction of 12.5%. This fraction is likely to be an underestimate of the true BAL fraction as the algorithm
used by the SDSS to select quasars for spectroscopic follow up has been designed to find normal QSOs

(Richards et.al 2002).

6.1.2 The ghost of Lyman-«

From a parent sample of 3552 BALQSOs we have compiled a sample of 43 objects exhibiting evidence
of the ghost of Ly-a (Chapter 3) and described the method used to select them. The sample of ghost
candidates fails to meet Arav’s criteria significantly more often than a comparison sample, with stronger

broad N v absorption the only significant difference between the two samples.

This draws into question the reality of the ghost phenomenon and prompted an analysis of the location
of peaks in C 1V absorption troughs. This analysis suggests that the number of objects one would expect
to find within the ghost zone by chance is comparable to the number of candidates that have been found.
Indeed further investigation shows no evidence for an increased number of peaks around the ghost zone
compared to other velocities. These findings strongly suggest that the ghost of Ly-« is not a real feature
and that the relatively weak evidence found by Korista et al. 1993 was due to chance. The vast majority
of objects from the ghost candidate sample show strong N Vv absorption and while this is not true of the
comparison sample it does appear that features within the C 1v absorption are significantly more common
in those objects which show strong broad N v absorption. The possibility that these features where pro-
duced by shadowing of the Ly-a emission is discussed and a composite spectrum in which the velocity of
the first absorption trough is fixed presented. This composite shows no evidence for a feature produced by

the shadowing mechanism discussed by Korista et al. 1993.
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The follow up observations discussed in Chapter 4 do not change this picture, indeed one of the better ghost
candidates SDSS J113831.42+351725.3 shows much weaker evidence of a ghost feature in the follow up
observation. The significant changes to this object, amongst the largest changes seen in the absorption of

any BALQSO are discussed in Chapter 5 and the following section.

6.1.3 SDSS 1138+3517

Changes to the C 1v and Si IV absorption in this object allow constraints to be placed on the physical
conditions in the absorbing material. This in turn allows constraints to be placed on the distance from the
ionising continuum. The lower limit on the distance to the source is found to be approximately 100 pc
depending on the density of the material but is definitely consistent with the absorption occurring outside
of the broad line region in this object, which is approximately 1 pc across. The Mass outflow rate depends
on many unknown quantities but is likely to be between a fraction of M, and several tens of M. This
source is accreting close to the Eddington rate and this mass outflow is comparable to, though probably
smaller than, the accretion rate. The resulting kinetic luminosity for this outflow is of order 1044 ergs s—1,
a significant energy that will have considerable impact on the future evolution of this galaxy. The changes

observed are found to be consistent with an increase in the ionisation parameter, this is also consistent with

the decrease in the EW of the C 1v, Si 1v and N V emission lines in this object.

6.1.4 Summary

At the beginning of this thesis I set out to determine the nature of the driving mechanism behind the accel-
erating outflows responsible for the broad absorption lines seen in approximately 15% of quasars. Upon
its completion it is clear that this question remains open. However, the research presented in Chapter 3
and Cottis et al. 2010 strongly suggests that a key signature of radiative line driving (the ghost of Ly-a) if
present is indeed very rare, with the majority of ghost candidates being the result of the chance alignment
of multiple absorption systems. The ghost of Ly-a had previously been seen as the strongest evidence

for radiative acceleration of BALQSO outflows. Changes to the absorption in one of the ghost-candidates
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observed with the WHT are discussed in detail in Chapter 5. These changes suggests the evidence for
the ghost mechanism provided by this object is weak but they do allow constraints to be placed on the
location and ionisation of the outflowing material. Whilst the evidence for radiative acceleration has been
weakened by this work the mechanism responsible for the acceleration of the high velocity outflows in

BALQSOs remains a matter for debate.

6.2 Future Work

Clear evidence in support of any particular mechanism for the acceleration of BAL outflows remains
elusive. In order to make progress in our attempt to answer this question we require as much information

on the physical state of the outflowing material as we can extract.

6.2.1 Constraining the physical conditions in BAL outflows

In order to further narrow the possible range of conditions within broad absorption line outflows it would
be useful to obtain high S/N, high resolution spectra of a large number of BALQSOs. Such high quality
spectra would allow the doublets of C 1V to be resolved which would allow much more stringent con-
straints to be placed on the conditions within the absorbing gas, although in the case of SDSS J1138+3517
this absorption may be saturated, limiting the information that can be found in higher quality data. It
would also be beneficial for these observations to cover multiple lines from the same species as this would
allow determination of the covering fraction and/or distribution of this gas. Such observations have been
undertaken by Bautista et al. 2010 who find Fe 11 absorption located approximately 1 kpc from the ionising
continuum. However increasing the number of objects for which such analysis can be undertaken would

provide valuable information on the range of properties in these outflows.

The ionised column densities could then be used to constrain the ionisation parameter, Hydrogen density,
Hydrogen column density and distance from the ionising continuum )see e.g. Chapter 5). With observa-

tions of multiple objects it would then be possible to investigate the position of the absorption to look for
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any relationship between the velocity of absorption and its position or ionisation. This may allow us to
determine whether the outflows are launched at high velocity and then decelerated or launched at lower
velocity and accelerated. The luminosity of the central source may also be an important factor in deter-
mining the launch point of any outflow and its maximum velocity. With enough high quality observations

it may be possible to determine how the outflow velocity correlates with source luminosity.

6.2.2 The importance of N v absorption in complex C 1v BALs

The result, presented in section 3.7.1, that the presence of features within the C IV absorption trough is
related to the strength of the N v absorption is an intriguing one. This may be due to ionisation effects,
as N v is more highly ionised than C IV it may be that higher ionisation is in some way linked to the
complexity of the absorption. The effect may also be related to the metal abundances within these objects
as Hamann 1997 found strong evidence for metallicities considerably above Z; n BALQSO outflows.
Whatever the cause of this connection it seems worthy of further study. I would propose a detailed look
at the correlation between the complexity of absorption in C 1V and the strength of absorption in N V.
Any such study should look into the location of peaks within the C 1V absorption to look in detail at the

structure of the N v absorption at the corresponding velocity.
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