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INTRODUCTION

Quasars, a subclass of Active Galactic Nuclei (AGN), are one of the brightest
and most distant extragalactic objects detected to date. The study of quasars is
significantly contributing to our knowledge on the star formation within their host
galaxies and galaxy evolution. This makes them valuable cosmological probes and
numerous surveys are dedicated to the selection and study of quasars. A common
objective of these surveys has been to obtain complete and unbiased samples of the
quasar population. In order to achieve that, several selection techniques have been
proposed, but they all suffer from different kinds of biases. Some surveys manage
to achieve high completeness of their sample, but with high contamination, while
other limit the contamination, but are missing a large population of quasars.
Quasars can be reddened intristincally or by intervening clouds (red quasars). This
sub-population has been missed by multiple existing quasar surveys. The focus
of this thesis is to employ astrometry combined with existing selection methods,
with the aim to test this new technique of selecting red quasars.

The thesis is structured as follows: Chapter 1 includes the introduction offering
an overview of the discovery of quasars and their properties. Here, the various
quasar selection methods are also described. In Chapter 2, I describe the imposed
selection criteria, my observations and data reduction of the candidate red quasars.
In Chapter 3, I describe the results following my analysis and Chapter 4 includes
the conclusions of this work. Finally, in the two appendices, I offer an overview of
the additional quasar samples that were used in this thesis.
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1.1 THE DISCOVERY OF QUASARS AND THEIR PROPERTIES 4

1.1 THE DISCOVERY OF QUASARS AND THEIR PROPERTIES

In 1963 Maarten Schmidt observed the radio source 3C 273, a stellar like object of
about thirteenth magnitude and a jet with width 1”—2”. The object was pointlinke
and so bright that it was first assumed to be a star, but further identification of the
spectrum led to a redshift measurement of z = 0.158 (Schmidt, 1963). The redshift
indicated that the object is of extragalactic origin, and with respect to its high
luminosity it was concluded that it is non-stellar. Radio and optical measurements
led to the discovery of more stellar-like radio sources, like 3C 48. Greenstein and
Schmidt (1964) discussed that the objects 3C 273 and 3C 48 are quasi-stellar radio
sources Or quasars.

Further studies led to the wide acceptance that quasars are among the most distant
and brightest objects in the Universe. The most distant quasar to date is ULAS
J1342+0928 Banados et al. (2018), at redshift z = 7.54. Assuming the ACDM
model for the accelerating expansion of the Universe !, the time elapsed since
redshift z until now is

1 dz
t@):E)/O 170 (1.1)

where z is the redshift, Hy is the Hubble constant, c is the speed of light and E(z)
is the relation between the different distances defined in cosmology and can be
written in terms of the ACDM density parameters as

E(2) = /O (1 + 2)* + Qur(1 + 2)2 + Qi (1 + 2)2 + Q. (1.2)

where €, is the radiation density, €23, the matter density, 2k the energy density
of cosmic curvature and €2, the dark energy density parameter. According to the
above, the light that we detect from this distant quasar was emitted only 0.7 Gyr
after the Big Bang, when the Universe was only 5% of its current age. This makes
quasars an important cosmological probe, since they allow us to see far into the
past of the Universe.

They are powered by the accretion disks of supermassive black holes, which lie in
the center of massive galaxies. Although quasi-stellar objects (QSOs) were initially
found to be strong radio sources (radio-loud), the subsequent search for stellar-like
objects revealed sources that emitted too strongly in the infrared and ultraviolet
relative to their brightness in the visible (radio-quiet). Quasars without strong
radio emission constitute 90% of the quasar population. It is widely accepted that
either radio-loud or radio-quiet, all quasars are of the same origin. They belong to
the most luminous subclass of Active Galactic Nuclei (AGN), reaching a bolometric

LA ACDM cosmology is assumed throughout this thesis. The model parameters are §2,, ~ 10~*
and is negligible, Q3;=0.3, Qx = 1 — Qur, Qg = 1 — Qpy — Qp and Hy= 67.74 kms~*Mpc—!
(Planck Collaboration et al., 2016).
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1.1 THE DISCOVERY OF QUASARS AND THEIR PROPERTIES 5

luminosity of Ly, ~ 104" "*erg s=! (or optical luminosity of L, > 10" Ly). Their

spectrum is characterized by strong broad emission lines, produced intrinsically
by moderately dense gas. The width of the lines is a result of Doppler shifts of
emitting gas particles, while their continuum is relatively flat. Quasars can be
dominated by low (CII, MglI) or high ionization emition lines (CIV, SilV). Some
of the strongest observed lines in quasar spectra are Lyc«, CIII, CIV, SilV and
Mgll. These are found in all QSO spectra, but whether they are observed or not
depends on the redshift of the quasar. A typical quasar spectrum is seen in Fig.
1.1.
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Figure 1.1: A composite QSO spectrum taken from (Selsing et al., 2016).

1.1.1 BROAD ABSORPTION LINE QUASARS

Quasar spectra may also contain absorption lines, that can be produced intrinsi-
cally or by intervening gas, which is located along the line of sight between the
observer and the quasar (Weymann et al., 1981). Lines that are produced intrinsi-
cally are mainly Ly and high ionization species, like SiIV and CIV and are usually
broad (BALs). However, it is seen in quasar spectra that low ionization species
can also appear in BAL regions (like Fell, All, AIIIl). Most theoretical studies
suggest that these broad absorption lines come from the gas and dust accreting
in a disk around the black hole (at a distance from the central source R ~ 0.1pc
(Murray et al., 1995). Due to the high velocity of the gas near the black hole, the
lines are broadened. However, recent studies show that the outflows are located
to greater distances from the black hole, from several pc in the case of normal
quasars to thousands pc for luminous quasars (Arav et al., 2018; Xu et al., 2018).
Whether the absorption lines are produced by the quasar itself or by clouds can be
distinguished by examining the spectra of the QSOs. Redshifts of the absoption
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region (z.s) that are lower than the emission line redshift of the quasar (ze,,) in-
dicate absorption resulting from intervening clouds, that lie in lower cosmological
redshifts. This makes quasars important background sources, since possibly unde-
tectable intervening material becomes observable through the chemical signatures
of the absorption lines in the quasar spectra. The appearance of absorption lines
in quasar spectra is more rare, but is very important for our understanding of the
central regions of AGNs. The broad absorption regions always appear shortwards
of the emission line centers, which indicates that the absorbing gas is floating out-
ward from the nucleus (there is an outflow). The correlation of the BALs to the
nuclear region could also be explained by the high ionization of the species detected
in them. Around one third of the observed quasars show outflows (are BAL QSOs)
(Hewett and Foltz, 2003). The broadening of the lines is a result of Doppler shifts
of the gas particles, so the widths of the lines is measured in velocity units. The
atoms of the gas are emitting radiation, thus they have a distribution of velocities.
Depending on the velocity of the atoms relative to the observer, the observed pho-
tons may be blueshifted or redshifted. The higher the temperature of the gas, the
wider the broadening of the lines. Typical narrow absorption lines have a width
of Avpw iy ~ 500km s~!, while BALs can have widths up to 10*km s~ .

1.1.2 THE FUELING MECHANISM OF QUASARS

A basic characteristic of quasars is the enormous energy output, that is generated
in the center of their host galaxy. At the same time it was observed that their
brightness is variable on timescales as short as months, days, or even hours. This
means that the total size of quasars can only be a few light-days across (Terrell,
1964). Since they are so dense and at the same time so luminous, the radiation
pressure inside the quasars would be so large, that it would cause them to explode.
The only way to prevent for this, is if they are very massive, at least 106M. The
question of how can a solar system sized object be so massive and at the same
time 100 times more luminous than a galaxy, is then explained by gravitational
accretion onto supermassive black holes.

All massive galaxies have a supermassive black hole, which may be active or not,
in their centers (King, 2003). Salpeter (1964) and Zel’dovich (1964) were first
to propose that supermassive black holes are powering quasars. More specifically,
material, like turbulent gas, is accreting around a black hole, and due to the angular
momentum that is carried by the gas, an accretion disk is formed. The inner
part of the disk tends to accelerate the outer part and thus angular momentum is
decreasing in the inner part and increasing in the outer part. As a result, matter is
flowing in the black hole and angular momentum is transfered outwards. Infalling
gas will shed most of its angular momentum, through collisions, before reaching
the accretion disk, where further transfer of angular momentum can occur through
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1.2 SELECTION TECHNIQUES OF QUASARS 7

viscosity. Due to viscous dissipation and friction in the disk, gravitational potential
of the gas is converted to kinetic energy, compressional heating and compression
of magnetic fields. This results to very high densities at small radii, and under
these conditions, energy is radiated away via energetic electrons. Finally, the gas
continues to spiral in, until it reaches the Schwarzschild radius and eventually falls
into the black hole. One way of supplying the accretion disk with gas could also
be from tidal disruption events of stars (for further reading see (Peterson, 1997)).

1.2 SELECTION TECHNIQUES OF QUASARS

To serve the purposes of QSO research, which are used as a probe of the Universe,
large and unbiased samples need to be acquired. Many different methods have been
used, since QSOs where first discovered, with the goal of building such samples.
This is a challenging task, since QSOs are faint and have low surface density.
This is why, the samples are built based on some selection criteria, to minimize
contamination. In this section, the various selection technques of quasars are
discussed and how they are affected by different kinds of biases.

1.2.1 OPTICAL SURVEYS

Historically, quasars were selected based on their radio emission, since the first
quasars were found to be strong radio sources. With the discovery that their opti-
cal counterparts were unusually blue, it was suggested that another way to identify
quasars could be through their blue colours. Sandage (1965) found that that many
of the objects that he studied do not agree with the radio properties of the quasars,
but are radio quiet instead. In addition, he estimated that the density of the radio
quiet quasar population is actually larger than that of the radio loud. Thus, radio
quiet quasars would be identified by their UV excess (UVX) relative to the stars,
and not by radio properties. Although, the problems in this method were already
acknowledged, since it was early realised that at large redshifts quasars would not
be easily distinguished from stars, this technique has been the most common. The
Bright Quasar Survey (BQS) Schmidt and Green (1983) provided the best studied
quasar sample, which included 114 candidates selected based on a magnitude limit
B < 16.16, M, < —23 and on the basis of the colour criterion U-B < -0.44.

However, this method faces many problems. First, the UVX criterion is used to
specifically target objects that are quasars, but not all quasars. A less strict limit
would allow for a higher number of quasar selection, but also high contamination
from stars. Moreover, at redshifts larger than 2.2, quasars are hard to distinguish
from stars, because they appear redder. This reddening is caused by some emission
lines that are redshifted in different bandpasses, and as a result contribute to the
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1.2 SELECTION TECHNIQUES OF QUASARS 8

observed flux. An example is the Ly-a emission, which at z > 2.2 shifts to the
B band and results to the increase of the U-B value. So, these quasars lose their
characteristic UV excess and are missed by the UVX methods. This is clearly
seen in Figure. 1.2. As a result, this method is far from complete, and different
techniques are used to find quasars at higher redshifts.
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Figure 1.2: U-B colour as a function of redshift. The dashed lines show the UBX limit
(U-B = -0.4) and the redshift limit (z = 2.2), above which quasars appear redder. From
(Kembhavi and Narlikar, 1999).

1.2.2 LARGE MULTICOLOUR SURVEYS

Since the UVX method is severely incomplete, surveys that impose more than a
single colour criterion are built, in order to distinguish quasars from stars.
Surveys much larger than the previous ones were built, such as the Two Degree
Field (2dF) Boyle et al. (2000), and the Sloan Digital Sky Survey (SDSS) York
et al. (2000), which selected their samples via the UVX technique. The goal of
2dF was to cover 750 deg? utilizing the two colour criterion ubJr, while the SDSS
goal was to cover 10000 deg?, adopting the five band ugriz colour criterion. The
purpose of these large surveys is to effectively distinguish quasars from stars, using
their differences in colours.

Figure 1.3 shows the importance of u-g colour, comparing to g-r, r-i and i-z colours,
in separating quasars from contaminating sources. Moreover, the u-g colour is
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particularly effective for quasars at z < 2.5. It is clearly seen that at z > 2.5,
quasars highly overlap with the contaminant sources and the stellar track. In fact,
for the redshift range 2.5 < z < 3, the purity of the quasar candidate samples drops
to 10-50 % (Richards et al., 2006). Moreover, the two surveys, since they based
their selection on the UVX ccriterion, are biased against dust reddened quasars
and they are not included in the samples.
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Figure 1.3: Point sources from the SDSS Stripe82 in the ugriz colour space. The z <
2.5 spectroscopically confirmed quasars are illustrated in light blue, while quasars with
z > 2.5 are shown in magenda. The contaminant point sources are shown in grey, and
the stellar track with black contours. From (Schmidt et al., 2010).

In addition, the use of Automatic Plate Measuring (APM) machines led to the
significant increase of the speed that quasar spectra are collected. Due to these,
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large and more complete samples of quasars became available, which allowed for
the development of large surveys. Moreover, the combination with multicolour
criteria led to the discovery of higher redshift quasars. The first quasar with red-
shift z=4 was discovered using multicolour data derived from measurements of
photographic plates taken from the United Kingdom Schmidt Telescope (UKST)
(Warren et al., 1987).

1.2.3 RADIO AND X-RAY SURVEYS

Identifying quasars through their radio and X-Ray emission has also developed,
since their emission in these wavelengths is much stronger than in stars and galax-
ies. The procedure in these surveys starts with the development of a catalog of
sources, with accurately determined positions of ~ 1”7 on the sky. Then, these
sources are cross-matched with existing optical catalogs, where the candidates are
spectroscopically examined until the identification of the quasar is confirmed and
its redshift is then determined.

The advantage of this method is that it is not biased against dust reddened or
high redshift quasars, like the optical surveys. As discussed above, quasars were
first discovered as strong radio sources, but was soon realized that the radio-loud
quasars constitute only ~ 10% of the overall population. This makes radio surveys
highly incomplete, since radio-quiet quasars are not detected with this method.
However, with the development of deep wide field surveys, like FIRST Becker et al.
(1995), this method gained more ground. The flux sensitivity of FIRST reaches
to milli-Jansky limits, and with this sensitivity even radio-quiet quasars can be
detected. Radio (FIRST) and optical data (SDSS) were combined in Ivezi¢ et al.
(2002), which revealed that most of the optically unresolved radio sources have
non-stellar colours, which indicates that they are quasars. In addition, optical
colour differences between radio-loud and radio-quiet quasars in the same redshift
range were found. However, as the optical brightness decreases, the fraction of the
quasars that are identified drops to just ~ 10%, which makes this method highly
incomplete.

X-ray surveys also gained importance, since it was discovered that X-ray emission
is originated in the vicinity of the central black hole. The first results for the
search of bright quasars, that are identified by their X-ray emission measured in
the ROSAT All-Sky Survey, are presented in (Grazian et al., 2000). Following
ROSAT, Chandra Weisskopf et al. (2002) and XMM-Newton Jansen et al. (2001)
satellites, detected sources that were previously missed by optical surveys. These
deep X-ray surveys achieved a combination of much higher sensitivity (50-250
times higher) than the previous X-ray surveys, position accuracy and large sam-
ples. Deep X-ray surveys can detect quasars that are less luminous than the ones
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detected in optical surveys, and combined with wide field surveys, this leads to the
detection of quasars in a wide range of luminosities. The XMM-Newton COSMOS
Survey Hasinger et al. (2007) and the Chandra COSMOS Survey (C-COSMOS)
Elvis (2009) use a combination of high resolution X-ray imaging and the COSMOS
photometric and spectroscopic database, which covers a 2 deg? equatorial field, to
detect very faint quasars. Finally, the Chandra COSMOS Legacy Survey Civano
et al. (2016) covers an area three times larger than previous surveys at similar
depth, and its depth is three times fainter than surveys covering similar area. X-
ray surveys remain an efficient way of detecting quasars, and they only show bias
against highly obscured Compton-thick AGN.

1.2.4 INFRARED SURVEYS

As explained above, quasar selection based on their UV-excess has been quite un-
successful in detecting dust-obscured quasars. Longer wavelengths are less affected
by dust extinction and, as a result, selecting quasar candidates using near-infrared
(NIR) criteria became important with the development of datasets of sufficient
depth and coverage.

The Two Micron All-Sky Survey (2MASS) Skrutskie et al. (2006) uniformly scanned
the whole sky in the J (1.25 pm), H (1.65 pm) and Ks (2.16 pm) near-infrared
bands, to detect and characterize point sources brighter than ~ 1 mJy in each
band. This means that 2MASS will only detect the brightest quasars.

The United Kingdom Infrared Telescope (UKIRT) Infrared Deep Sky Survey (UKIDSS)
Lawrence et al. (2007) is a successor to 2MASS, and has a 3 times fainter mag-
nitude limit than 2MASS in the K-band. One of the UKIDSS objectives was to
detect the highest redshift quasars and it provides the ground for creating a large
NIR selected quasar sample.

In analogy to the UVX method at shorter wavelengths, quasars are also selected
based on their K-band excess (KX) compared to stars (Warren et al., 2000). In
the KX method Maddox et al. (2008), the fact that quasars appear much redder
than stars in J-K is exploited, since quasars and stars are clearly separated in
the colour diagrams, plus the separation is increasing with dust reddening. This
method effectively selects red quasars, distinguishing them from stars. However,
the effectiveness drops, when trying to distinguish quasars from galaxies, since
the colour distribution of the faint galaxies often overlaps that of quasars, as seen
in Figure 1.4. This problem is resolved by utilizing morphological information,
since low-redshift galaxies are resolved. Another problem is the brightness of the
host galaxy, which is larger in the K-band than the optical and in this case faint
quasars are not detected and underrepresented in the sample. Nevertheless, the
reduced extinction in the K-band, makes the KX method capable of including a
much larger fraction of red quasars than optical surveys.
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The Wide-field Infrared Survey Explorer (WISE), a satellite launched by NASA
in 2009, completed a mid-infrared survey in four bands (W1,W2 W3, W4) cover-
ing the entire sky, achieving much higher sensitivity than any previous infrared
mission (Wright et al., 2010). AGNs have been selected based on a MIR colour
criterion W1-W2 > 0.8 (Vega), identifying 78 % of the AGN candidates with 95 %
reliability (Stern et al., 2012). The other method was developed by (Mateos et al.,
2012), who used two MIR colour criteria (W1-W2 and W2-W3). MIR selection
is effectively separating quasars from stars and galaxies, is less affected by dust
extinction and is more effective in finding high redshift quasars. However, like all
selection methods, MIR selection also suffers from biases, and can not produce a
sample that is both complete and reliable. It has been shown that many X-ray
sources have similar MIR colours with galaxies (particularly star-forming galax-
ies), and as a result are missed by MIR selection criteria (Barmby et al., 2006).
Lacy et al. (2004) also used mid-infrared criteria, aiming for high completeness,
but with the cost of low reliability.
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Figure 1.4: The KX based selection of candidate quasars. The plot shows the clear sep-
aration of quasars from stars, and the overlap of quasars and low-redshift galaxies. The
black arrow indicates that the dust reddening increases the separation. From (Maddox
et al., 2012).
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1.2.5 COLOUR-INDEPENDENT SURVEYS

Smith (1975) and Osmer and Smith (1976) developed the Objective Prism Survey,
which focused on the detection of strong emission lines in the quasar spectra, as a
colour-independent method of selecting them. In this method quasars are selected
by identifying emission lines, most commonly Ly-a, and the redshift range of the
identified quasars is 1.8 < z < 3.3. The slitless spectroscopic technique, although
is quite efficient in finding high redshift quasars, it suffers from a selection bias
against quasars with weak or no emission lines, so these objects are missed from
the survey. Also, the signal-to-noise ratio of slitless spectra is limited.

Quasars are also found to vary in brightness on timescales of months or years, so
another selection method that has been explored is their variability. This property
alone can be used to identify quasars, and has proven to be very effective, in terms
of both completeness and purity. Many physical mechanisms have been proposed
to explain variability of quasars, including accretion disk instabilities Rees (1984),
starbursts in the host galaxy Aretxaga (1997) and gravitational microlensing from
intevening bodies (Hawkins, 1996). Although variability alone appears to be 90%
complete and 95% pure for quasars that show UV-excess Schmidt et al. (2010),
it has also been combined with other detection methods like radio and objective
prism surveys, to obtain variability independent samples. The advantage of this
method is that it does not depend on the colours of the quasar candidates and as a
result can be used over a broad range of redshifts, including the redshift range 2.5
< 7z < 3, the 'quasar desert’ in colour selected samples. Identifying quasars using
variability is 90% complete and 96% pure in this redshift range (Schmidt et al.,
2010).

The most recent colour independent method of selecting quasars is using their
characteristic zero proper motion. Since quasars are very distant objects, their
proper motion is negligible, and they appear to be stationary. On the contrary,
Galactic stars show a significant amount of proper motion in the sky. As a result,
the proper motion criterion is very important for eliminating stellar contamina-
tion from the quasar samples, which has been a major objective of many previous
studies. Using proper motion as a selection criterion has already been proposed
by Kron and Chiu (1981), who surveyed 0.1 deg? of the sky for faint quasars. Al-
though they used this method, they found quasars that could have been detected
by other existing methods instead, while their sample suffers from significant stel-
lar contamination. Thus, their survey is only ~ 20% effective. The problem that
this method was facing is the lack of measured proper motion, as well as the large
error in the proper motion measurements, which leads to low accuracy data.
This changes with the launch of ESA’s Gaia satellite in 2013, whose mission is to
make a three dimensional map of the Milky Way and provide with unprecedented
measurements of position and proper motion of about 1 billion stars in our Galaxy
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and the Local Group (Gilmore et al., 2012). Star’s positions and motions are mea-
sured 200 times more accurately than the preceding Hipparcos mission (Perryman
et al., 1997), that was launched by ESA in 1989. As calculated by Heintz et al.
(2015), for G=20 mag, the lower limit of proper motion error is ~ 0.3 mas/yr, while
for G=18 mag, it is ~ 0.1 mas/yr. Gaia is limiting the error of proper motions
significantly, which increases the efficiency of the quasar selection based on proper
motion. This method allows for the development of a completely unbiased quasar
sample in terms of colour, and as a result is very important for the selection of red
quasars, eliminating stellar contamination. The efficiency of this selection tech-
nique for the selection of red quasars will be characterized in the following chapters.



SELECTION, OBSERVATIONS AND
DATA REDUCTION

2.1 QUASAR TARGET SELECTION CRITERIA

The candidate quasars were selected for observation, based on specific criteria,
including colour and astrometry. The aim was to target reddened quasars, as well
as, reduce the stellar contamination. Photometry was used from the optical SDSS
DR12 (Eisenstein et al., 2011), the near-infrared (NIR) UKIDSS DR1 (Warren
et al., 2007) and the mid-infrared (MIR) WISE data release (Wright et al., 2010).
The SDSS optical bands are u,g,r,i,z with effective wavelengths 3543 A, 4770 A,
6231 A, 7625 A and 9134 A respectively. The UKIDSS NIR bands are Y,J,H K,
with effective wavelengths 1.02 pum, 1.25 pum, 1.63 um and 2.2 ym. The WISE
MIR bands are W1, W2, W3, W4, with effective wavelengths 3.4, 4.6, 12 and 22 um
respectively.

First, the optical colour criteria u-g > 1, r-z > 0.5 are imposed to specifically tar-
get dust-reddened quasars, as they are expected in optical colour space, while the
r < 20 cut is chosen for targets that are bright enough for observation. The opti-
cal criterion g-r > 1 is imposed to target a region poorly studied for red quasars.
Then, the MIR cut W1-W2 > 0.8 is applied to effectively separate quasars from
stars in MIR colour space, and reject low redshift QSOs.

Additionally, the astrometric data from Gaia are used, and specifically the char-
acteric zero proper motion of quasars as opposed to stars, to further reduce stellar
contamination. To apply this, objects whose proper motion deviate from the mean
proper motion error by more than 30 are rejected. The selection criteria are sum-
marized in Table 2.1.

15
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2.1 QUASAR TARGET SELECTION CRITERIA 16

Criterion Application

r < 20 Bright limit
u-g > 1, 1-z > 0.5 Target Red QSOs
gr>1 Target Red QSOs

W1-W2 > 0.8 | Separate QSOs from stars

pm/epm < 3 Separate QSOs from stars

Table 2.1: The optical, MIR and astrometric selection criteria.

2.1.1 STRIPE 82

The chosen area for the search of red quasars is Stripe 82, an area that covers 300
deg? on the Celestial Equator in the Southern Galactic Cap (-50 deg < R.A <
60 deg, -1.25 deg < Dec < 1.25 deg). The fields at R.A > 300 deg are excluded,
because they are close to the Galactic plane, so they contain Galactic stars and
dust. The chosen area has been scanned by SDSS repeatedly (~ 70-90 times) in
the five (ugriz) bands, searching for quasars, and it is considered that most of the
quasars in this area have already been found. So, this field is chosen to further test
the above selection criteria, on their effectiveness in finding red quasars, in a field
excessively investigated over the years. The location of the SDSS spectroscopi-
cally confirmed QSOs along with the NOT targets are shown in ICRS Celestial
coordinates in Figure 2.1.
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Figure 2.1: The field of Stripe82 in Celestial cooordinates. The black dots are all the
sources in the field within 30 of proper motion and g > 16. The yellow circles show
the stars, the blue circles are the SDSS spectroscopically confirmed QSOs and the red
hexagones are all the targets observed at the NOT.

2.2 DATA OVERVIEW

The data were obtained with the 2.5m Nordic Optical Telescope (NOT), operated
by the Spanish Observatorio del Roque de los Muchachos in La Palma. They were
observed during the Danish Summer School in Observational Astronomy over the
period of the 14th to 17th of August 2018. The telescope was equipped with the
Andalucia Faint Object Spectrograph and Camera (ALFOSC) for low/medium
resolution spectroscopy. Grism #4 was used, that covers the wavelength range
from 3200 A to 9600 A, while the slit was mostly 1.0", giving a resolution of
R = ﬁ = 360. A slit of 1.3" was also used when the seeing conditions required
it, i.e significantly above 1". The targets were selected based on specific selection
criteria that are discussed in 2.1. Finding charts are used to identify the objects’
position in the sky, after the guiding star has been targeted. An example of a
finding chart is seen in Figure 2.2. The aim for the signal-to-noise ratio (SNR) was
at least 10 for magnitudes around 600nm, so the exposure times were calculated
accordingly. Two exposures of each target were obtained, to allow robust detection
of emission lines. In total, 12 candidate red quasars were observed, and 6 candidate
normal bright quasars are used for completeness of the sample and comparison
purposes. The corresponding standard star data were also obtained each night, as
well as the bias, flat field and arc frames required for calibration. The complete



2.2 DATA OVERVIEW 18

list of the quasar data observed is shown in Table 2.2.

Target Exposure time [s] | rspss (mag) | Grism | Slit | Airmass
RedJ00004-0032 2x600 19.34 4 1.0" 1.22
RedJ20474-0045 2x400 18.40 4 1.0" 1.52
RedJ03124-0035 2x900 19.81 4 1.3" 1.38
RedJ03124-0032 2x800 19.39 4 1.0" 1.26
RedJ2045-0022 2x200 18.30 4 1.0" 1.47
RedJ20564-0032 2x600 19.55 4 1.0" 1.31
RedJ2113-0028 2x900 19.79 4 1.0" 1.20
RedJ2120-0020 2x400 18.25 4 1.0" 1.47
RedJ23204-0018 2x900 19.77 4 1.3" 1.16
RedJ2042-0039 2x700 19.31 4 1.0" 1.15
RedJ2203-0052 2x600 18.69 4 1.0" 1.35
RedJ20484-0056 2x700 19.32 4 1.0" 1.14

BrightJ2036+0038 2x200 18.95 4 1.0" 2.35
BrightJ2323+0057 2x200 18.95 4 1.0" 1.16
BrightJ2103-0043 2x200 17.28 4 1.0" 2.21
BrightJ2241-0103 2x200 18.32 4 1.0" 1.45
BrightJ2259+4-0103 2x200 18.64 4 1.0" 1.43
BrightJ2043+0045 2x200 18.77 4 1.3" 1.18

Table 2.2: The observed targets. Presented are the name of the target, the magnitude
in the r band, the grism and slit that was used and the airmass during each target
observation.
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Target RA DEC
RedJ00004-0032 | 00:00:00 | +00:32:00
RedJ20474-0045 | 20:47:00 | +00:45:00
RedJ03124-0035 | 03:12:00 | +00:35:00
RedJ03124-0032 | 03:12:00 | +00:32:00
RedJ2045-0022 | 20:45:00 | -00:22:00
RedJ20564-0032 | 20:56:00 | +00:32:00
RedJ2113-0028 | 21:13:00 | -00:28:00
RedJ2120-0020 | 21:20:00 | -00:20:00
RedJ23204-0018 | 23:20:00 | +00:18:00
RedJ2042-0039 | 20:42:00 | -00:39:00
RedJ2203-0052 | 22:03:00 | -00:52:00
RedJ20484-0056 | 20:48:00 | +00:56:00

BrightJ2036+0038 | 20:36:00 | +00:38:00
BrightJ2323+0057 | 23:23:00 | 400:57:00
BrightJ2103-0043 | 21:03:00 | -00:43:00
BrightJ2241-0103 | 22:41:00 | -01:03:00
BrightJ2259+0103 | 22:59:00 | 401:03:00
BrightJ2043+0045 | 20:43:00 | 4-00:45:00

Table 2.3: The target coordinates
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Figure 2.2: The finding chart of quasar RedJ0000+0032, as seen in the r-band of SDSS
(DRT). The purple circle shows the position of the target in the field.

2.3 FRAME PROCESSING

The direct image that we get from a telescope contains multiple instrumental fea-
tures. The aim of image processing is to reduce the image obtained with the
telescope (raw image) and rebuild the original signal to the final processed im-
age (science image), that is corrected for these errors and can be used for scien-
tific measurements. For this purpose, calibration frames are obtained and vari-
ous imperfections are taken into account. The scripts that are used for all the
data reduction processes and exraction of the spectra can be found in https:
//github.com/LigeiaR/Data-Reduction.

2.3.1 BIAS FRAMES

Because of the readout noise (RON) of the CCD (Charged-Coupled-Device), in
an astronomical image we do not have the same number of counts per pixel. In-
stead, the pixel values follow a Gaussian distribution with a mean of counts and
a standard deviation given by the readout noise. This means that some pixels,
that receive no light, get negative values. To avoid having negative values in the
output image, an electronic data offset value is given by the CCD during read-
out. As a result, even if there are unexposed pixels, there is always some charge
present. However, this is an artificial level and not an actual measurement of light.
Therefore, this bias level needs to be removed from the raw images. For this pur-
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pose, a number of bias frames are taken and are averaged to create a master bias
frame. Bias frames are zero second time exposures and are taken when the shutter
of the telescope is closed. Creating a master bias, that is a representative of the
variations of the bias level in the detector field, reduces the impact of the readout
noise in the master bias and gives a more accurate estimate of the bias level. The
master bias is then removed from the raw image.

To create a master bias, 44 bias frames are combined with the IRAF! task imcombine,
using the python script mkspecbias. Combining parameters median and avsigclip
are used. The former is a combination method, with median being better at avoid-
ing outliers than other options, while the latter is a rejection method and rejects
pixels using average sigma clipping.

Furthermore, the frames are inspected for overscan regions, which are rows and
columns on the edge of the frames that are not exposed to light. Thus, overscan
regions contain only the bias level and need to be removed. For this, the median of
the overscan region is computed and is then subtracted from the rest of the pixels
of the image.

2.3.2 FLAT FIELD CORRECTION

Each pixel of the CCD has a different quantum efficiency with respect to the
incoming radiation. A result of these pixel-to-pixel variations is that the raw image
is not an accurate representation of the actual light distribution of the source, but
a distribution of unequal quantum efficiencies. As a result, the raw images need
to be corrected for these variations and for this purpose flat field frames are used.
Flat fields are images of a uniform illuminating source, and for spectroscopy, dome
flats are used.
For this analysis, 15 halogen lamp flat frames are combined using the python script
mkspecflatgdsl, in order to create a master flat. Flat frames also contain a bias
level, so the master bias is subtracted from the flat field frames and then the master
flat is created.
Furthermore, the master flat needs to be normalized, which results to a final frame
with average mean pixel values close to 1. To normalize the master flat, we divide
by the mean pixel value of the uniform flat field. The flux of each pixel (i,j) in the
master flat can be written as,

Fij = OéijF, (21)

where I is the mean flux of the uniform flat field, and «;; describes the pixel-to-
pixel variations. By normalizing (dividing by F), we get an image that represents

'Image Reduction and Analysis Facility, a general purpose software system for the reduction
and analysis of astronomical data. IRAF is written and supported by the National Optical
Astronomy Observatories (NOAO) in Tucson, Arizona.
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the pixel-to-pixel variations. The flux of each pixel in the raw image can be written
as,

ng = OéijGij, (22)

where G; is the actual flux that falls on each pixel. So, dividing by the normalized
flat field (ay;), we get the image containing the actual flux falling on each pixel,
reconstructing thus the original signal of the source.

2.3.3 Cosmic RAY CORRECTION

Astronomical images include cosmic ray hits, affecting the quality of the image
and the further spectroscopic analysis. Thus, another important step of image
processing is cosmic ray removal.

First, the two exposures of each spectrum are combined, providing an initial phase
of correction, because usually cosmic rays do not affect all the exposures. Since,
only two exposures of the same object are taken, the probability of a cosmic ray
hitting the same pixel is higher than if there were multiple exposures. So, further
processing is required to make sure all cosmic rays are removed.

The data are then corrected using the algorithm lacos_spec van Dokkum (2001),
with a detection limit for cosmic rays sigclip= 4.5 and the algorithm is applied
iteratively with a maximum number of iterations niter=3, using the IRAF script
prepare2. Cosmic rays are distinguished from other objects by their arbitrary
size, and are chosen based on Laplacian edge detection (sharpness of their edge).
After the pixels that are hit by cosmic rays are selected, the algorithm interpolates
their values from neighbouring "good" pixels (replacing them by the median).
The two bias subtracted, flat and cosmic ray corrected frames of each object are
then combined to achieve a better quality spectrum extraction. The raw spectrum
obtained from the telescope and the final bias, flat field and cosmic ray corrected
spectrum is shown in Figure 2.4.


https://github.com/LigeiaR/Data-Reduction/blob/master/prepare2.cl
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Figure 2.3: Part of the spectrum of RedJ0000+-0032 before (left) and after (right) the
cosmic ray correction algorithm is applied. Cosmic rays are seen inside the green circles
in the left figure.
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Figure 2.4: Upper panel: The raw spectrum of quasar RedJ00004-0032. Lower panel:
The bias, flat field and cosmic ray corrected quasar spectrum. The spectrum is 90°
rotated.
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2.4 EXTRACTION OF THE SPECTRA

The extraction of the spectrum is done using the IRAF script extractl. First,
hedit is used to set the dispersion axis in the header along rows (DISPAXIS=1).
The script uses the task apall, which is run interactively, allowing for defining
apertures around the object and tracing of the 2D spectrum, as seen in Fig. 2.5.
Variance weighted optimal extraction is performed, so that different weights are
given to different parts of the spectrum and average background subtraction is done
after defining the background regions around the object. After this procedure the
1D spectrum is extracted.

2.4.1 WAVELENGTH CALIBRATION

At this stage the dispersion axis of the spectrum needs to be converted from pixels
(x,y) to wavelength. The procedure of assigning each pixel of the dispersion axis
to the corresponding wavelength, using arc lamps, is called wavelength calibration.
In this case, HeNe arc lamps were obtained immediately before each target obser-
vation. The arc frames contain emission lines of known wavelengths. Therefore,
after identifying these lines and calibrating the arc spectrum, this can be used as
a comparison for wavelength calibration of the quasar spectra.

For this purpose, the IRAF task identify is used, applying a 6th order Cheby-
shev polynomial. The emission lines are identified using the ALFOSC arc maps 2
for He and Ne of grism #4. The result of identify is seen in Fig. 2.6. Lines are
identified throughout the whole spectrum range, with the shortest wavelength line
being A3889A and the longest A8591A. Then the wavelength calibration function
is applied to the spectrum with the task dispcor, i.e, a wavelength is associated
to each pixel. The wavelength calibration done on the arc, is then used to cali-
brate the science spectra. To evaluate the wavelength calibration the plot of the
residuals needs to be assessed. Since the dispersion for grism #4 is 3.3 A /piz and
the root mean square (rms) is rms=0.32 A, the accuracy achieved is 10~" of the
pixel, which is a good result. Also, the points are randomly scattered around zero
and there is no significant trend for concentration.

2http://www.not.iac.es/instruments/alfosc/lamps/
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Figure 2.5: Top panel: Defining and editing the apertures around the object
RedJ0000+0032, and the background regions around the object. Bottom panel: Tracing
of the RedJ0000+0032 2D spectrum, where 14 deviating points have been deleted to
achieve an rms of 0.0897 A.
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Figure 2.6: The identified throughout the wavelength range of the spectrum
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NOAO/IRAF V2.16.1 christina@christina-Lenovo-G50-70 Fri 13:05:20 28-Sep-2
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Figure 2.7: The residual plot for the standard star observed with the 1.3" slit. The
best fit is obtained with a 6th order Chebyshev polynomial giving an rms of 0.32054,
and points well spread around zero.

2.4.2 FLUX CALIBRATION

Finally, the spectra are flux calibrated using the corresponding standard star of
the same telescope setup as the science frames. The spectral flux of the standard
stars is known, therefore they are used to determine the system sensitivity as a
function of wavelength for all the apertures. This is done with the tasks standard,
sensfunc and calibrate. Standard is producing a file containing calibration in-
formation, which is used by sensfunc to compute the calibration factor for each
point and generate the sensitivity function, as a function of wavelength. Atmo-
spheric extinction corrections are also applied. Then, the sensitivity function is
applied to the data with the task calibrate, which converts the units of the flux
to erg stem 2A1,



2.4 EXTRACTION OF THE SPECTRA 28

NOAO/IRAF V2.16.1 christina@christina-Lenovo-G50-70 Fri 13:19:32 28-Sep-2
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Figure 2.8: The sensitivity as a function of wavelength (top) and the sensitivity resid-
uals as a function of wavelength (bottom). The sensitivity curve is well defined by an
order 6 spline3 function with rms=0.0503A.
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Figure 2.9: Top figure The raw spectrum of RedJ00004-0032. Middle figure The spec-
trum of RedJ0000+0032 after wavelength calibration. Bottom figure The final wave-
length and flux calibrated spectrum of RedJ0000+0032.



RESULTS

3.1 SPECTROSCOPIC ANALYSIS

The complete list of the classified targets along with the calculated redshift z and
their reddening, Ap is presented in Table 3.2. The redshift of the quasars was
determined by visually identifying a prominent emission line in the spectrum of
each target and simply overplotting the composite quasar template obtained by
(Selsing et al., 2016). The composite spectrum is constructed using luminous blue
QSOs at 1 < z < 2.1 selected from SDSS. Knowing the rest wavelength (\g) of
the elements and measuring their shifted wavelengths (\), the redshift z can be

trivially calculated from
A
=[=]-1 3.1
= (3) 3.1)

Using the calculated redshift, more lines are identified and visually confirmed by fit-
ting the composite template. The extinction Ap is also visually determined by the
fit. Finally, the reddened composite template (see Section 3.2) is overplotted along
with the photometric data points of the SDSS and UKIDSS w,g,r,i,2,Y,J,H,Ks
bands. All the spectra are scaled to the photometric r-band from SDSS, to achieve
better flux calibration and avoid slit losses. Also, all spectra and composite tem-
plates (with and without reddening) are normalized to the wavelength range 5700-
6600 A. This way a better representation of the spectrum is achieved, since points
that appear blueward of Ly-a and any other areas with strong absorption are ex-
cluded.

An example of the fitting procedure is shown in Figure 3.1, where the red quasar
RedJ2048+0056 is plotted. The redshift is calculated (z=2.37) by identifying the
CIV emission line. Visible are mainly the emission lines Ly-a, CIII and SilV. The
reddening is low with Ag = 0.4 and both the reddened and unreddend composite
templates match the observed spectrum well. This is a typical quasar spectrum,

30
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with most of the emission lines visible. The rest (A\g) and redshifted (\) wave-
lengths of the emission lines of RedJ2048+4-0056 are presented in Table 3.1.

Species Ao[A] A [A]
Ly-a 1215.24 4092.38
SiIvV 1397.61 4715.50
CIV 1548.00 5214.00
CIII 1908.73 6429.93

Table 3.1: The wavelengths of the emission lines identified in the spectrum of the
quasar RedJ2048+4-0056. The redshift is found to be z=2.37 from CIV.
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Target name Type z Ap
RedJ0000+4-0032 QSO 2.60 0.2
RedJ20474-0045 QSO 2.29 0.0
RedJ03124-0035 QSO 1.28 1.1
RedJ03124-0032 QSO 1.25 0.5
RedJ2045-0022 QSO 1.15 0.4
RedJ2056+4-0032 QSO 1.98 1.2
RedJ2113-0028 QSO 2.48 0.0
RedJ2120-0020 QSO 1.52 0.6
RedJ23204-0018 M-Dwarf 0.00 0.0
RedJ2042-0039 QSO 2.36 0
RedJ2203-0052 QSO 1.25 0.4
RedJ20484-0056 QSO 2.37 0.4

BrightJ20364-0038 QSO 0.79 0.0
BrightJ23234-0057 QSO 2.73 0.4
BrightJ2103-0043 QSO 2.15 0.0
BrightJ2241-0103 QSO 1.12 0.0
BrightJ2259+4-0103 QSO 1.29 0.0
BrightJ20434-0045 QSO 2.46 0.0

Table 3.2: The spectroscopically identified targets.
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Figure 3.1: The figures show the spectrum of the red quasar RedJ2048+0056 and the
plotting precedure that was followed. The upper figure shows the spectrum and the
CIV emission line from which the redshift was determined. The middle figure shows
the rest of the identified emission lines and the fitted composite spectrum (green line).
The bottom figure shows the resulting spectrum after fitting the reddened composite
quasar template from Selsing et al. (2016) (red line). The red dots are the photometric
data points of the u,g,r,i,z,Y,J,H,Ks bands, from SDSS and UKIDSS. In the upper right
corner of the figures the name of the target, the redshift and amount of reddening are
listed.
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3.2 DUuUST REDDENING

The reddening corrections and plotting of all the spectra are done using the python
code allspec.py, which can be found in https://github.com/LigeiaR/allspec/
blob/master/allspec.py.

The spectra are obtained through ground-based observations, which means that
they are affected by Milky Way dust, that lays on the line-of-sight between the
observer and the target. Intervening Milky Way dust alters the observed flux of the
spectra. Thus, in order to obtain the original flux of the targets, Galactic extinction
correction needs to be applied to all the spectra as well as the photometry. The
estimation of Galactic extinction is done with the use of the SFD dust maps
Schlegel et al. (1998) and taking into account the colour excess (Ep_y) values.
The Eg_y value of each target, is an indication of the amount of dust and is
calculated by applying the SFD maps to the corresponding Galactic coordinates
of each target.

The quasars are also dust-rich systems and reddening by intrinsic dust also occurs.
To correct for this, the reddened composite template is also modeled according to
the Small Magellanic Cloud (SMC) extinction, using the parametrization of the
SMC extinction curve by (Pei, 1992). The fitting function covering all wavelengths
is

6 "
A/\—AO_‘_;(:;)ni—’—();)ni—i_bia

where A, is the total extinction, Ay is the flux of the composite spectrum in
microns (rest-frame) scaled to zero. Taking into account the extinction Ap

(3.2)

Fap = A)\-Ap (3.3)
and finally we get the model of the flux of the reddened composite spectrum as
model = (10~°4F45) . F (3.4)

where F, is the flux of the composite spectrum (unreddened) in microns.

The extinction curve parameters a;, A;, b;, n; and K; are listed in Table 3.3.

As mentioned above, the spectra are scaled to the SDSS r-band, and in order to
do so the r-band given in magnitudes is converted to flux using

3-1018

F. = 1004(-486-7) .
A

(3.5)
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Small Magellanic Cloud

a; i) b; n; K;

BKG 185. 0.042 90. 2.0 2.89

FUV 27. 0.08 5.50 4.0 0.91

2175 A 0.005 0.22 -1.95 2.0 0.02
9.7 pm 0.010 9.7 -1.95 2.0 1.55
18 pm 0.012 18. -1.80 2.0 2.89
FIR 185. 0.030 25. 0.00 1.89

Table 3.3: The SMC extinction curve parameters used to correct for reddening. BKG,
FUV and FIR represent the background, far-ultraviolet and far-infrared extinction re-
spectively, while the others represent the 2175A, 9.7um and 18um extinction features.
(Pei, 1992)

3.3 THE RED QSO SPECTRA

In Figure 3.4 the spectra of the 11 red quasars are shown as well as the spectrum
of the M-dwarf. Two of the red quasars are BAL QSOs (RedJ000040032 and
RedJ2042-0039) accounting for 18% of the sample. Most spectra show a good fit
between spectrum and photometry in the blue end, while there is a poor fit of
the photometry beyond ~ 5900 A. The reason is that this part of the spectrum
suffers from second order contamination, an effect that is noticeable in grism #4
of ALFOSC, which was used for all the observations. Second order contamination
usually takes place in low resolution spectra, taken in the first diffraction order.
The effect could have been corrected by either using a blue light blocking filter,
which would result in loss of the blue part of the spectrum or by using two different
spectrograph settings, which would significanly increase the exposure times. Since
very high spectrophotometric accuracy is not necessary for this work, the effect is
not corrected.

Quasar RedJ0000+0032 is the most distant of the sample, with a redshift of
z=2.60, estimated by a strong Ly-a emission line. Under the assumption of
Friedmann-Lemaztre-Robertson-Walker metric and the Hubble parameter at a
given redshift H(z) = HoE(z) the proper distance can be expressed as
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g /7 dz
"~ 'Ho Jo E(2)’
where z is the redshift, Hy is the Hubble constant, c¢ is the speed of light and
E(z) is given by equation 1.2. Following the above equations the distance of
RedJ0000+-0032 is calculated as d = 6 - 10° kpc, which corresponds to ~ 10* the
distance between the Milky-Way and Andromeda (MW-Andromeda distance=778
kpc).

Identified are the emission lines CIII, CIV, SiIV, OI and OIV. This quasar is
dominated by high ionization species, like CIV, SiIV and OIV and is character-
ized by low reddening with Ag = 0.2. It is seen that the composite spectum
before and after the SMC reddening almost match. In this case, the reddenning is
caused by the BAL regions and not by intervening clouds along the line-of-sight.
Quasar RedJ2056-+0032 is the most reddened of the sample, with Agp = 1.2.
The redshift is calculated as z=1.98 from CIII. CIV and MgII emission lines are
also identified. The composite spectrum before and after the reddening do not
match, with the red line being noticeably higher in the red end of the spectrum,
indicating the reddening of the quasar.

Quasars RedJ2047+0045, RedJ2113-0028 and RedJ2042-0039 have no red-
dening (Ag = 0). RedJ2042-0039 is also a BAL QSO. CIII is the most clear line
seen in emission, and thus is used for the calculation of the redshift. Ly-« is ab-
sorbed by the Ly-a forest, so the composite spectrum does not match the line and
NV is seen in emission. Parts of SilV and CIV are also absorbed by the BAL
regions. Because the strong absorption is caused intrinsically by the BAL regions
and not by intervening clouds this QSO has Ag = 0.

RedJ204740045 and RedJ2113-0028 show a poor fit with the template, since
the emission lines are very faint, and as a consequence, they were the most non-
trivial to identify.

RedJ0312+40032 and RedJ0312+40035 are pair quasars, with redshifts z=1.25
and z=1.28 respectively. The same emission lines are identified for both (MgII and
CIII). RedJ03124-0035 is a relatively high reddened quasar (A = 1.1), in con-
trast with its pair that has much lower reddening (Ap = 0.5), and it is probably
reddened by its own galaxy. The angular separation of the two quasars in the sky
is calculated as

dp(2) (3.6)

0 = cos '[sin(DEC1) - sin(DEC?2) + cos(DEC1) - cos(DEC?2) - cos(RA1 — RA2)],

(3.7)
where RA and DEC are expressed in degrees. Converted to arcseconds, the angu-
lar separation is # = 199.6 arcsec. This corresponds to ~ 1715kpc, which is about
twice the Milky Way-Andromeda distance. Consequently, the two quasars have a
large angular separation in the sky, but low redshift difference (2%). It is unlikely
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that the system is a result of gravitational lensing, since there is a significant differ-
ence seen in the emission lines of the spectra, i.e in the MglI emission line, which is
the most apparent. In addition, there is no foreground dusty galaxy in the antici-
pated lens position - there is no visible DLA absorber. Their redshift difference is
low, but still the redshifts are not identical, for the system to be considered a lens.
More importantly, the separation of the two quasars is quite large. (Separations of
1"-3" are considered candidate lens systems). Thus, the pair is interpreted as a bi-
nary quasar. The comparison of the spectra of the two quasars is seen in Figure 3.2.

— RedJ0312+0032
—— Red)0312+0035
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Figure 3.2: Comparison of the pair quasars spectra. The spectrum of RedJ0312+0032
is shown with the black line and the spectrum of RedJ03124-0035 is shown with green.
The flux of RedJ03124-0032 has been rescaled to the flux range of RedJ0312+40035.
It is seen that the two spectra differ in the Mgll emission line. RedJ03124-0035 has
stroner MglII emission, and the MgllI line is more redshifted due to the higher redshift
of RedJ0312+0035.

RedJ2320+0028 is an early type M-dwarf star, based on the shape of its
spectral energy distribution (SED). A strong sodium (Na) absorption line is vis-
ible which matches the spectrum to the M1-dwarf spectral template, while a
faint Ha line matches it to the K type dwarf star template. The spectrum of
RedJ23204-0028 peaks earlier than very cold red stars, so it is not a very cold star,
which would justify its red colour. Instead, other reasons have to be explored to
explain its reddening, which eventually led us to its selection. Those are:

1) The star is young and is still embedded in gas and dust, so its radiation is
emitted in the infrared.

2) The star is close to a star-forming region.

3) The star is variable, causing it to show a K-excess.

The star’s variability is tested by reviewing its magnitudes from secondary
SDSS observations during the years 1998-2004. Figure 3.3 shows the variability
of the u band, which is the only magnitude that appeared to differ between ob-
servations. From the plot it is seen that the only magnitude values that depart
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from the average are at u ~ 27. This observation, with an error bar that small,
is considered non-reliable, since it is above the detection limit of SDSS. The other
values do not appear to vary significantly, leading to the conclusion that the star
is not variable.

500 1000 1500 2000
Davs

Figure 3.3: Variability plot of the SDSS u magnitude, with the corresponding error
bars, over the period of 1998-2004 for the dwarf star RedJ2320+0028.

As a result, the star is considered a young M-dwarf that is still embedded in
gas and dust or is close to a star forming region. This causes it to appear in the
red, thus including it to our selection, and making it the only contaminant star of
our sample.
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Figure 3.4: The spectra of all the observed red quasars. The M-dwarf star shown in
the last figure.
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3.4 COLOUR DIAGRAMS

To demonstrate the efficiency of our selection criteria, the quasar samples are vi-
sualized in colour space. This way the location of the different types of quasars
with respect to other sources is made clear. The distribution of quasars is shown
in the g-r vs. J-Ks plot (Figure 3.5), where it is clearly seen that red quasars
deviate from the fundamental location of the normal bright QSOs, as well as from
the stellar track. All the SDSS spectroscopically confirmed QSOs as well as the
normal bright quasars observed at the NOT lie below the g-r > 1 selection limit.
This makes this cut important since it reveals a region poorly explored for red
quasars.

Although BrightJ2323+0057 is at g-r < 1, it is the only normal bright QSO that
enters the selection area for red quasars. This is the only BAL of the normal
bright sample, and the only one that has some amount of reddening (Ap=0.4),
thus deviating from the normal bright quasar locus.

In addition, the M-dwarf from the NOT sample is far off the stellar track, show-
ing a Ks excess and within our selection limits. As mentioned above the star is
possibly young and embedded in dust and gas making it emit in the red, and as
a result was falsely selected as a candidate red quasar. Out of the 162 previously
spectroscopically confirmed quasars, 80 are within the redshift range 1 < z < 2,
a range that includes the peak of the quasar density. The least number of QSOs
lie at higher redshifts (z > 3). In fact, only 7 quasars are found in the redshift
range 3 < z < 10. This is because they become fainter with distance and more
difficult to detect. Also, the space density of quasars at z > 3 declines rapidly at
high redshifts (Shaver et al., 1996). Low redshift quasars (0.05 < z < 1) appear
to have blue colours in g-r, but show a Ks excess (Figure 3.5).
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Figure 3.5: The Gaia sources with the complete quasar sample from NOT and GTC
along with the already spectroscopically confirmed quasars from SDSS DR12 in g-r vs
J-Ks colour space. The red quasars observed at the NOT are marked with red dots.
The normal bright quasars (NOT) are the blue dots. The quasars observed at the GTC
are shown with green cubes. The dwarf stars of the NOT and GTC samples are shown
with yellow and green stars respectively. The yellow dots show the stellar track. The
spectroscopically confirmed quasars at the redshift ranges 0.05 < z < 1, 1 < z < 2,
2 <z < 3 and 3 < z < 10 are shown with green, orange, pink and blue open circles
respectively. The pink selection box shows the area, where the red quasars from the two
samples are located, while the blue box shows where most of the normal bright quasars
are located. The black dashed line shows our g-r selection cut.

The separation of quasars from stars is very well demponstrated in near-
infrared /mid-infrared colour space, as seen in Figure 3.6. From the 162 spec-
troscopically confirmed QSOs, 145 lie at W1-W2 > 0.8, and this is consistent with
our selection limit. The stellar track is seen below this cut, which makes this cri-
terion important for rejecting stars from our sample. As illustrated in the bottom
panel of Figure 3.6, only one MIR colour criterion (W1-W2) is sufficient for iso-
lating quasars from stars.

However, there are some SDSS QSOs in that region, mostly at z > 2 and especially
in the redshift range 3 < z < 10. Included are two GTC targets, Gaia_ QSO_ 1103+1325
and Gaia_ QSO _1124+1342, at redshifts z=2.16 and z=1.30 respectively. In the
NOT sample, two targets lie at W1-W2 < 0.8, the M-dwarf, as expected, and the
normal bright QSO BrightJ2103-0043, with redshift z=2.15. The targets were se-
lected, because the selection cut was loosened in order to include more candidates
for observation. This resulted in contamination of my sample, with the M-dwarf,
and indicates that the mid-infrared selection cut is very important for reducing
stellar contamination of the sample and effectively selecting QSO candidates. As
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seen in Figure 3.7, the W1-W2 < 0.8 cut is a balance between high completeness
and low contamination (Guo et al., 2018). The proper motion criterion has also
been imposed. However, the M-dwarf is located at a distance of d=1084 kpc (MW-
Andromeda distance = 778 kpc), and as a result, is far enough to fall within the
30 proper motion criterion, and be selected.

According to these, by combining the SDSS spectroscopically confirmed quasars,
the NOT and GTC samples, the calculated completeness of quasars at W1-W2 >
0.8 is 90.6 %, while the contamination by stars is only 1.6 %.
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Figure 3.6: The W1-W2 vs. J-Ks (Top figure) and W1-W2 vs. W2-W3 (Bottom
figure) colour diagrams showing the quasar distribution in NIR and MIR colour space.
The W1-W2 > 0.8 MIR selection limit is shown with a black dashed line.
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Figure 3.7: Quasar completeness (green curve) and stellar /galactic contamination (red
curve) as a function of W1-W2. The blue dashed line shows the W1-W2 cut at W1-
W2=0.8. Taken from Guo et al. (2018).

It is interesting to see where the BAL QSOs are located in colour space de-
pending on the reddening and redshift. This is illustrated in Figure 3.8, where
all the sources from the NOT and the GTC samples are seen in NIR/MIR and
MIR colour space, colour coded according to reddening and redshift. As seen in
the upper left panel of Figure 3.8, BAL QSOs have low reddening, while only 33.3
% of them are at g-r > 1. This shows that a lower g-r limit can introduce more
BALs in the sample. The dashed selection box shows the location of all the normal
bright QSOs, excluding the normal bright BAL that departs from this region. It
is notable that all the normal bright QSOs have zero reddening, while the normal
bright BAL has Agp = 0.4, and as a result it appears redder in the g-r plane. In
general, there is a trend for increasing reddening in the g-r plane.

The upper right panel of Figure 3.8 shows all the sources in NIR/MIR space colour
coded according to the redshift. It is seen that most of the BALs have high red-
shift. As the pink crosses indicate, three high redshift QQSOs have zero reddening,
one of which is a BAL in the NOT sample (absorption caused intrinsically by the
BAL region). All the BALs at g-r > 1 have high redshift, while lower redshifts are
observed generally in the blue regions of the plot.

The lower panels of Figure 3.8 show the position of BALs in MIR colour space. It
is seen than 83.3 % of the BALs are at W1-W2 > 0.8 (only 2 GTC BALs are below
the selection limit). High redshift BALs are seen in the W1-W2 region between
0.8 and 1.3 Vega mags.
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Figure 3.8: The full NOT and GTC sample colour coded depending on the reddening
(left figures) and redshift (right figures).The red hexagones are BALs in the NOT sample,
the blue hexagone is the normal bright BALs, and the green are the BALs in the GTC
sample. The dashed selection box in the g-r vs J-Ks figures shows the location of the
normal bright QSOs. The pink crosses show all the sources with zero reddening, in the
redshift colour coded figures. The black dashed lines show the selection criteria.
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3.5 DISCUSSION

The location of the SDSS spectroscopically confirmed quasars, the NOT and GTC
targets are shown in optical colour space in the top panel of Figure 3.9. The plot
shows the extent by which the purely optical selection methods are unsuccess-
ful. While the normal bright QSOs are isolated in colour space, the observed red
quasars are highly overlapping with the stellar track. This shows that optical sur-
veys are missing a large population of red quasars and, thus are highly incomplete.
It is notable that all the observed normal bright QSOs at the NOT are consistent
with this separation, except for BrightJ2323+0057, which is overlapping with the
stellar locus. This is the only QSO of the normal bright sample, that is a BAL and
appears to be reddened (Ap=0.4), while it has also the highest redshift (z=2.73)
of the sample. Moreover, it is seen that the low reshift quasars are concentrated
in the bluest part of the ugr colour space, the quasars in the reshift range 1 <
z < 2 start to approach the stellar track and the ones in the reshift range 3 < z
< 10 are completely separated from the normal bright quasar locus and overlap
with the stellar track. This confirms, as in Figure 1.3, that the u-g colour is highly
ineffective in separating quasars at z > 2.5 from stars.
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Figure 3.9: The quasar distribution shown in optical (Top panel) and optical/NIR
(Bottom panel:) colour space. The same marker’s convention as in Figure 3.5 is followed.
The pink selection circle marks the area of the missing QSOs.
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The bottom panel of Figure 3.9 shows more clearly the area, where the red quasars
are located, which, as mentioned before, is isolated from both the stars and normal
bright QSOs. The plot demonstrates how the UVX selection from SDSS is missing
not only a large number of red quasars, but also a large number of BAL QSOs
(seen in red (NOT) and green (GTC) hexagons).

While our selection criteria do not target any specific redshift range, it is seen in
Figure 3.10 that 14 of the red QSOs are at z > 2.2. At z=2.2 is the limit above
which quasars lose their UV excess and are missed by UVX selection methods as
shown in 1.2. Our selection criteria successfully detect reddened quasars above
this redshift limit.
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Figure 3.10: Optical u-g colour against the redshift of the NOT and GTC targets. The
blue dots represent the normal bright QSOs, the red dots are the red QSOs observed

with the NOT and the violet dots are the red QSOs observed with the GTC. The yellow
stars show the M-dwarfs in the two samples. The grey dashed line shows the z=2.2 limit
above which the UVX method fails to detect red QSOs.

As proven above, optical colour selection criteria alone are highly inefficient in
constructing a complete sample with low contamination. Thus, a better sample
is acquired if optical and mid-infrared criteria are combined. Even though, mid-
infrared selection has been found successful to find quasar candidates, this criterion
is incapable of separating quasars from AGNs. To improve the quasar selection
and reduce the bias as much as possible, optical, mid-infrared and proper motion
criteria are combined. This combination reduces the contamination from stars to
only 1.6 %, and this is mainly because of loosening of the criteria. Completeness
cannot be claimed for such a small sample (39 targets, NOT+GTC), but it is
already demonstrated that combining selection methods, reveals new populations
of red quasars.



CONCLUSIONS

A sample of 12 candidate red quasars has been selected with a combination of
optical, mid-infrared and proper motion criteria, for observation at the Nordic
Optical Telescope (NOT). An additional sample of 6 normal bright quasars and
21 red quasars are used in this thesis. The purpose was to evaluate the effectiveness
of this selection method, and to compare it to other existing selection techniques.
The majority of quasars have previously been selected, based on their optical
colours, and this method has extensively been used by large surveys like SDSS.
Although, SDSS has identified a large number of QSOs, it appears to be very
incomplete, since red quasars are not selected through optical colours, and as a
result, are highly underepresented.

To overcome this bias, the optical, mid-infrared and proper motion criteria where
combined to identify 29 red quasars (NOT and GTC samples). From the total
number of candidate red quasars in the NOT and GTC samples (33), only 4 were
found to be stars. The quasars are illustrated in optical, near and mid-infrared
colour space, and it is seen that red quasars are located in a separate locus than
that of normal quasars and stars in near and mid-infrared colour space, but not
in the optical.

After spectroscopic analysis of the 12 candidate red quasars that were observed at
the NOT, 11 are classified as red quasars and one as M-dwarf star. Their redshift is
calculated by identifying prominent emission lines in their spectra and the amount
of reddening is determined by visual inspection of the spectra. The NOT sample
contains only one star, which emerged due to the loosening of the selection criteria.
This shows that, the chosen selection criteria are very important in avoiding stellar
contamination, which is a common objective in every quasar survey. The sample,
although small, is a good representation of the missing population of red quasars.
Moreover, the red quasars are found in a field (Stripe 82) that has extensively been
investigated by many surveys for QSOs. Even though they have been missed by
other surveys, I present 11 new red quasars, proving the success of our selection
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criteria, and the importance of exploring new selection techniques.
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NORMAL BRIGHT QSOSs

A sample of 6 normal bright quasars, observed by different teams during the same
observing run in August 2018, was also used for comparison reasons, mainly in the
colour diagrams. The normal bright quasars are spectroscopically classified and
analysed following the same procedure as for the sample of the red quasars. The
calculated redshifts and amount of reddening are shown in Table 3.2. The spectra
of the 6 normal bright quasars are shown in B.1.

Within the sample only one target is a BAL QSO (BrightJ2323-+0057) and appears
to have a small amount of reddening (Ap = 0.4). The redshift of BrightJ2323+-0057
is determined by CIV and is the normal bright QSO with the highest redshift
(z=2.73). The lines SIV, CIII are also identified, while Ly-« appears to be mostly
absorbed by the Ly-a forest, so what is seen is the blended NV line in emission.
All the other targets show no reddening (Ag = 0), and among the sample, quasar
BrightJ2103-0043 was the most non-trivial to spectroscopically classify, due to its
very faint lines. The redshift is calculated by the Mgll emission line, while CIII,
CIV and SilV are seen in absorption.
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Figure A.1: The spectra of the normal bright quasars.



GTC SPECTRA

The targets were observed with the OSIRIS imager and spectrograph at the Gran
Telescopio Canarias (GTC), with the aim of discovering quasars that are reddened
specifically by Damped Lyman-oc Absorbers (DLAs). First, they were selected
based on astrometry from Gaia DR2, specifically targeting objects that have a
Galactic latitude (b > 60deg), and with zero proper-motion (within 20). Then,
the near/mid-infrared criteria (UKIDSS and WISE) were imposed to limit the
stellar contamination. Finally, two optical (SDSS) colour criteria were imposed,
to target dust-reddened QSOs (Geier et al., 2019). As presented in Geier et al.
(2019), Gaia_ QSO_ 121840832 is a z=2.60 QSO reddened by an intervening DLA
at z=2.226. The sample contains 21 quasars, of which nine are BALs, and three
contaminating stars. Most of the quasars have intermediate to high reddening
and the redshift range is 0.87 < z < 3.67. The sample is used in this work for
completeness.
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