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“Tunnkle, twinkle, quasi-star,
Biggest puzzle from afar.
How unlike the other ones,
Brighter than a trillion Suns.
Twinkle, twinkle, quasi-star,

How I wonder what you are!”

—George Gamow






Resumo

Quasares sao objetos valiosos para diversas aplicagoes cosmologicas. Em par-
ticular, eles podem ser usados para localizar alguns dos halos mais massivos e
suas luminosidades intrinsecamente elevadas permitem que eles sejam detecta-
dos a altos redshifts. Isso implica que quasares (ou nucleos ativos de galaxias,
de um modo geral) possuem um grande potencial para mapear a estrutura em
larga escala. Entretanto, esse potencial ainda nao foi completamente atingido,
porque instrumentos que se baseiam no imageamento por bandas largas para
pré-selecionar alvos espectroscopicos perdem a maioria dos quasares e, conse-
quentemente, nao sao capazes de separar adequadamente quasares com linhas
de emissao largas de outras fontes pontuais (como estrelas e galaxias de baixa
resolucao). Esse trabalho é uma tentativa inicial de investigar os ganhos reais
na identificacao e separacao de quasares e estrelas quando sao usados filtros
de bandas médias e estreitas. A principal novidade desse método é o uso de
priors Bayesianos tanto para a distribuicao angular de estrelas de diferentes
tipos no céu quanto para a distribuicao de quasares como func¢ao do redshift.
Como a evidéncia desses priors é uma convolugao entre a dependéncia angu-
lar das estrelas e a dependéncia em redshift dos quasares, isso permite que a
degenerescéncia entre esses objetos seja levada em consideragao. Entretanto,
nossos resultados ainda sao inconclusivos para quantificar a eficiéncia da sepa-
ragao entre estrelas e quasares utilizando esse método e, portanto, alguns refi-
namentos criticos sao necessarios.
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Abstract

Quasars are valuable sources for several cosmological applications. In par-
ticular, they can be used to trace some of the heaviest halos and their high
intrinsic luminosities allow them to be detected at high redshifts. This implies
that quasars (or active galactic nuclei, in a more general sense) have a huge
potential to map the large-scale structure. However, this potential has not yet
been fully realized, because instruments which rely on broad-band imaging to
pre-select spectroscopic targets usually miss most quasars and, consequently,
are not able to properly separate broad-line emitting quasars from other point-
like sources (such as stars and low resolution galaxies). This work is an initial
attempt to investigate the realistic gains on the identification and separation
of quasars and stars when medium- and narrow-band filters in the optical are
employed. The main novelty of our approach is the use of Bayesian priors both
for the angular distribution of stars of different types on the sky and for the
distribution of quasars as a function of redshift. Since the evidence from these
priors convolve the angular dependence of stars with the redshift dependence of
quasars, this allows us to control for the near degeneracy between these objects.
However, our results are inconclusive to quantify the efficiency of star-quasar
separation by using this approach and, hence, some critical refinements and
improvements are still necessary.
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Chapter 1
Introduction

In general, the main contribution to the light of normal galaxies is attributed
to stars in hydrodynamical equilibrium, with small contributions of gas and dust.
However, a small fraction of the galaxies have a broad energy distribution, with
emissions that range from the radio wavelengths to the X-rays and even Gamma-
rays. This energy release seems to originate from a small central region inside the
galaxy, and since evidence shows that most galaxies harbor a black hole in their
centers (Kormendy & Richstone 1995), in such active galaxies the central engine is
believed to be a (supermassive) black hole of mass M~10°-10'" M. These are the
so-called active galactic nuclei (AGNSs).

AGNs form a family composed of different types of active galaxies, be-
lieved to be the same objects viewed from different directions and which differ in
their spectral properties. In some AGNs, the radio jets may reach = 1 Mpc (Ipc
= 1 parsec ~ 3.26 ly), and some may present variabilities in their luminosities in
time-scales of days or months.

Quasars, also known as quasi-stellar objects (QSOs), are the most luminous
members of the class of AGNs. Due to their intrinsic high luminosities (which can
exceed the luminosities of “normal” galaxies by a factor of at least a thousand), they
can be detected at large distances. Accordingly, quasars constitute a powerful tool
for locating high redshift galaxies, providing means of investigating the history and
evolution of the galaxies.

Quasars also contribute to the ultraviolet (UV) ionizing background and
have a role in the reionization of the Universe. In addition, they are also believed to
inhabit the centers of very massive halos (with M> 10!3 M,). As a result, quasars
can be used to probe the conditions in the early Universe, and consequently, help us
map the structures on the largest scales.

However, instruments which rely on broad-band imaging to pre-select spec-
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troscopic targets (e.g., SDSS, PSF) usually miss most quasars and AGNs. In par-
ticular, the SDSS photometric sample contains > 10% quasar candidates, but only
~ 18% of those were spectroscopically confirmed (Richards et al. 2009; Alam et
al. 2015). The main reason for this low efficiency is that the fibers in SDSS are
only allocated to the brightest, most clearly distinguished quasars, due to the fact
that quasars can be confused with stars in color-color diagrams, especially at inter-
mediate redshifts. Thus when the target selection is based on the colors and magni-
tudes in broad-band filters, the quasar colors cannot be properly distinguished from
the colors of stars and, sometimes, of unresolved galaxies, reflecting the redshift-
dependent degeneracy between quasars and stars in color-color diagrams.

On the other hand, the construction of a high-purity catalog of quasars,
with accurate photometric redshifts, can be much more efficient with medium- or
narrow-band filter (FWHM~100-200 A) surveys, such as ALHAMBRA (Molino et
al. 2014), and the upcoming J-PAS (Benitez et al. 2014) and J-PLUS .

The Lyman break photometric “drop-out” technique as first used for the
detection of high redshift quasars, but it was much more finely tuned as a detection
technique for high redshift galaxies in the mid-1990s. The technique relies on the
large break in the continuum flux from an object that occurs at the 912 A Lyman
limit from neutral hydrogen absorption in the line-of-sight. Multi-band images of
a field containing high redshift galaxies can be used to identify those objects that
have very red colors as a result of the redshifted Lyman limit falling between any
two filters.

This technique was extensively employed by Steidel et al. (1996) to detect
z ~ 3 objects by their lack of flux in the u-band. The technique was often applied by
using three or four filters and defining a region in the two-color plane in which such
“drop-outs” were most likely to occur. A key advantage of this technique is that it
is essentially free of selection effects, with little contamination from low redshift
objects. All high redshift objects above a given magnitude limit will be detected,
provided the signal-to-noise ration (S/N) is high enough in all the bands, particularly
the bluest band where an upper limit must be established.

Therefore, the u-band dropout technique is efficient to detect quasars at
z 2 2. Similarly, employing narrow-band systems is sufficient to resolve the broad
emission lines of type-I quasars (as well as most broad absorption line objects),
and also to detect the narrow lines of many type-II’s and AGNs. In addition, if the
properties of extragalactic objects and stellar populations are known a priori, then
applying Bayesian priors may optimize the identification of these populations.

The goal of this dissertation is to develop tools to separate type-I quasars
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from stars, and improve the precision with which the photometric redshifts for
quasars are estimated. In particular, we study how Bayesian priors can be used
to improve the typing and photometric redshift extraction of quasars, within the
context of medium- and narrow-band filter surveys. We investigate the efficiency of
these tools by characterizing the purity and completeness of the data sample before
and after the inclusion of priors. Note that faint and unresolved galaxies also con-
stitute an important contaminating population, however we are not including them
in our analysis.

In the following sections we discuss about the main features of quasars and

stars.

1.1 Quasars

The observation of strong and very broad emission lines in galaxies dates
to the beginning of the twentieth century, but it was in 1963 that the radio galaxies
3C48 and 3C273 were identified as point-like sources by Thomas Matthews, Allan
Sandage and Maarten Schmidt (Schneider 2006).

WFPC2 e ACS = HRC

Figure 1.1: Quasar 3C273 at z = 0.158, located in an elliptical galaxy in the direction of the con-
stellation of Virgo. This pair of images shows the quasar as the extremely luminous nucleus of an
ordinary galaxy. Note the “star-like” appearance on the left panel and the host galaxy with reddened
dust lanes on the right panel. Left: Quasar as imaged by Hubble’s Wide Field and Planetary Camera
2 (WFPC2). Right: This image was taken by Hubble’s ACS Camera, using a small occulting disk to
block the light coming from the quasar. (Credit: ESA/Hubble & NASA)



4 Chapter 1. Introduction

Quasars can be included in the unification model scenario for AGNs, which
is not complete but is one of the most accepted models nowadays and relates the en-
ergy release to the accretion of galactic matter (gas and stars in the vicinity) onto a
supermassive black hole (M~10°-10'0 M,) located at the very center of the galaxy.
The accretion of matter forms an accretion disk, which feeds the black hole. This
unification model (shown in Fig.1.2) accounts for the several intrinsically similar
objects and classifies them according to their appearance, emitted radiation and ori-

entation angle.

Narrow Line
Region

Broad Line
Region

Accretion
Disk

e

Obscuring
Torus

Figure 1.2: The unification model for AGNs (Urry & Padovani 1995).

Centaurus A is the closest AGN to the Milky Way (~ 3.4 Mpc) and is
presumed to be a source of ultrahigh energy cosmic rays—with energies >10'° eV
(Yuksel et al. 2012).

In the unified model, each member of the AGN family receives a different
nomenclature depending on its orientation with respect to the line-of-sight, and this
classification could be an evidence of evolutionary relationship between the types.
In Fig.1.2 the central region is surrounded by an extended, dusty, molecular toroidal
region, involving the broad line region (BLR). Broad emission lines originate close
to the torus in clouds orbiting above the disk at high velocity, and are due to the
Doppler effect. Another important component is the narrow-line region (NLR),
which is further from the torus and has lower density. We can also note two-sided

jets of relativistic particles emanating perpendicular to the plane of the accretion
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disk. The mechanism that originates these jets is not fully understood yet (Torres &
Anchordoqui 2004).

Figure 1.3: Side view from the jet streaming out from the center of the elliptical galaxy M87. This
active galaxy is one of the brightest radio sources on the sky. (Credit: NASA and The Hubble
Heritage Team)

In the following we investigate how this family is organized. If the axis
is close to the line-of-sight, the source is radio-loud. If the jet points directly to
the observer, then we see a featureless spectrum produced by synchrotron radiation
and this object is called a blazar. BL Lacertae (BL Lac) objects are included in the
blazar classification. At small angular offsets from the line of the jets, the broad-line
region is hidden by the torus, but the narrow-line is visible, and the corresponding
class is a type-II quasar or a Seyfert 2 galaxy (or “edge on” AGN). If the orientation
angle is ~ 30°, a regular (type-I) quasar or a Seyfert 1 galaxy is observed; in this
case, both the broad-line and the narrow-line are visible and there is no obscuration.
We say it is a “face-on” AGN. At angles closer to the accretion disk, there is the
torus obscuration and no emission line is seen—these are the radio galaxies. Lastly,
the source is radio-quiet if the jet is not pointing towards the observer. Fig.1.4 and
1.5 show the main features of a Seyfert 1 and a type-II quasar, respectively.

Quasars are the most luminous members of the class of AGNs: they emit
at all wavelengths, from the radio to the X-ray domain of the spectrum. The flux of
the source varies at nearly all frequencies, where the variability time scale differs
among the objects. If the optical variability occurs at short timescales, the object is
referred to as an optically violently variable (OVV) quasar.

The Eddington luminosity (L,qs) determines the maximum luminosity in

the case of spherical gas accretion onto a central object, i.e., it determines the con-
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dition for accretion to occur. This limit can be estimated assuming an equilibrium

between the gravitational force on the gas and the radiation pressure force:

4rnGem Py

M, _
Lojg = ~ 1.3x10%8 (1\7) ergs! (1.1

or ©)

where G is the gravitational constant, ¢ the speed of light, m,, the proton mass, o7
the Thomson scattering cross-section, and M, the mass of the central object. Typical
quasars have luminosities of ~ 10% erg/s.

The quasar luminosity function (see section §3.2) is a very important quan-
tity to characterize these objects, because it describes the spatial density (number
per Mpc?) of quasars per magnitude as a function of the redshift z and of the K-
corrected absolute optical magnitude M. In other words: the luminosity function
can be used to describe the evolution of the number density of quasars (or AGNs,
in a more general sense) with time. It can also be used to describe the formation
history of supermassive black holes, to understand the host galaxy evolution and the
contribution of quasars to reionization (at z = 6).

In general, quasars have a very blue optical spectrum: for instance, most
quasars at z < 2 have U — B < —0.3. For comparison, only hot white dwarfs have
a similar blue color index. This may cause a degeneracy while trying to distinguish
quasars and stars in color-color diagrams.

Due to the blue continuum, techniques such as the u-band dropout are ef-
ficient to detect quasars at z 2> 2. The u-band dropout is based on a strong spectral
break at A= 912 A, due to the ionization of hydrogen, seen in the bluer filters. Be-
sides the blue continuum, strong and very broad emission lines are characteristic of
the optical spectrum, some corresponding to transitions of very high ionized atoms.

The morphology of a quasar consists of two radio lobes which are approxi-
mately symmetrical around its optical position. The lobes are frequently connected
to the central core by jets, which can reach distances up to 1 Mpc, and are originated

on small spatial regions.
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Figure 1.4: Optical spectrum of the Seyfert 1 galaxy NCG 5548 located at z =0.017. The prominent
broad and narrow emission lines are shown. The lower panel is an expanded version of the upper
panel to facilitate the visualization of the weaker features. (Credit: A. V. Filippenko)
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Figure 1.5: Optical spectra of type-II quasar candidates from SDSS (Zakamska et al. 2003).

Emission line intensities and emission line ratios supply information on the
physical conditions in the line emitting gas. The electron density and temperature,
the degree of ionization and excitation and the chemical composition, can all be
deduced from line ratio analysis. There are some 20 broad lines, and a similar
number of narrow lines, that can be measured in a single AGN, and the amount of
information conveyed by the many line ratios is very large. The emission lines that
are commonly detected in the spectrum of a quasar are Lya (1215 A), CIV (1549
A), Mgl (2799 A), Hg (4863 A), and OIII (4959 A).
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In addition to the strong emission lines that characterize the optical and
UV spectrum of quasars, the spectrum may also contain absorption lines, which
may be caused by the absorbing material in the host galaxy itself, or may arise
during the journey of the light from the quasar to us, due to the intervening gas
in the intergalactic medium (IGM) and the interstellar medium (ISM) of the Milky
Way.

These absorption lines may constitute metal systems, in which the doublets
(i.e., two transitions that occur at the same redshift) Mgll (A = 27954 and 280215)
and CIV (15484 and 1551A) are the most frequent and easily identified. In general,
they are narrow lines and their redshift is 0 < z,55 < Zem, Which means that they are
due to cosmologically distributed gas along the line-of-sight and are not associated
with the quasar.

Neutral hydrogen intersected by the line-of-sight to the quasar will produce
< Aops(Ly@) = (14 2z¢p) 1216 A. The

~Y

numerous narrow absorption lines at A
set of these absorption lines is denoted as the Lyman-o forest. In 1965, Gunn &
Peterson found that this spectral region of reduced flux can put upper limits on the

amount of intergalactic neutral hydrogen.

s—r—7r—Fr 77—

Ly—a

20 E
Keel: HIRES Speetrum of Q30 1425+6039

-
=3

@

RELATIVE INTENSITY
>

O/3 I BV CIv

RELATIVE INTENSITY

1 1 "
gzou 5400 S600 56800 8000 6200 6400
WAVELENGTH (a)

Figure 1.6: Spectrum of the quasar Q1425+6039 obtained with the High Resolution Echelle Spec-
trograph (HIRES) on the Keck-I telescope. The quasar has an emission redshift of z.,, = 3.18. Upper
panel: The Ly forest originates from the absorption of neutral hydrogen by intervening intergalac-
tic clouds. The strong line at 4650 Ais a damped Ly feature (caused by a high column density of
HI) at z = 2.82. Lower panel: Series of absorption lines.
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Another class of absorption are the broad absorption lines, known as BALs,
which can be found in about 40% of the quasars (Shankar et al. 2008) and originate
from material in the AGN itself. In general, the redshift of the BALs is slightly
lower than that of the emission lines; this means that the absorbing gas must be
moving towards us and, for this reason, they are associated with sources in which
material is flowing out at high velocities.

Since most absorption lines in quasar spectra (except perhaps for BALs)
are not physically related to the AGN phenomenon, they can provide us with an

opportunity to probe the matter along the line-of-sight to the quasar.

i B g S & =
LR | [ a [
B ' ' A -
n PV i |
= oVl L
D gm-t @ ||
o Lyid NY ST -
e 1'% T F A
el Y
O A ]
= s N
L N WL
R gl
L L L | L i i i 1 i i |

1000 g200 1480 Lean
Rest Wavelength (A]

Figure 1.7: BALSs in the quasar PG 12544047 (Hamann 1998). On the blue side of every strong
emission line very broad absorption is visible, believed to be caused by outflowing material. The

flux is in units of 1075 erg s~ ! cm™2 A1,

Studying in detail the space density of quasars with cosmic time is a power-
ful tool to establish a better assessment about the meaning of the priors we define in
§3.4. In particular, some models of galaxy and quasar evolution can provide a better
understanding about some intrinsic properties of these objects and the environments
where quasars can be found, placing important constraints on early structure forma-
tion.

For instance, Hopkins et al. (2005) found that the lifetime and peak lumi-
nosities above any magnitude (independently of the imaging band) vary systemati-
cally according to the black hole mass. So, in this scenario quasar activity would be
tied to the self-regulating process of the supermassive black hole in the center of the
galaxy. Also, hydrodynamic simulations (e.g. Mayer et al. 2010) suggest that the
supermassive black holes may have been formed by direct collapse of (metal-free)

gas at the center of protogalaxies.
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Based on the Blandford-Znajek mechanism (1977), in which the free en-
ergy associated with the black hole spin can be tapped by large-scale magnetic field
lines, and be carried away in an electromagnetic jet, magnetohydrodynamic models
have been used to study the formation of jets and the evolution of accretion disks
in the surroundings of the supermassive black hole (Kato 2006), and more recently,
to explain the observed radio and gamma-ray emission produced by some AGNs
(Singh et al. 2015). Recent works (Nenkova et al. 2008a,b) show evidence that
the dust around AGNs, which forms a toroidal shape, is most likely distributed in
clumps, instead of being homogeneously distributed. Such clumpiness suggests that
the separation between a type-I and type-II objects can be explained as the transition

of an obscuring cloud along the line-of-sight.

Region

A A

Sayfart 1 Blazar
BLRG
aso

Figure 1.8: Current understanding of the unified model of AGNs. The accretion disk is surrounded
by a thick torus containing dust which thus obscures the view to the center of the AGN. The dif-
ference between Seyfert 1 and Seyfert 2 is therefore merely a matter of orientation relative to the

line-of-sight.

1.2 Stars

Stars are one of the most fundamental building blocks of galaxies. Their
age, distribution and composition help us trace the history, dynamics and evolution
of the galaxies.

Although not perfect blackbodies ("continuous spectrum"), because of the

eventual presence of absorption lines, the spectra of stars are close enough to a
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blackbody spectrum and then the Wien’s law

Ay — 0.29 cm K
T

(1.2)
gives a good estimate of their surface temperature (7, r), which can be determined
from the wavelength where the emission peaks (A,.x).

Measuring the spectrum of a star is not always easy, but astronomers can
often measure the color of a star using different filters. The color is related to the
apparent brightness, which depends on the distance and is a measurement of how
bright the star appears to a detector on Earth. Note that the apparent brightness
is different from the luminosity, which is an intrinsic property of the star and is a
measurement of the amount of light it emits from its surface.

So, using the information of the color of a star and also the fact that the
absorption lines visible in the spectra of different stars are different (and have some
dependence on temperature), it is possible to classify stars into different groups
based on their luminosities and according to the atomic (and, in the case of cool
stars, also molecular) spectral lines they present.

The spectral classes for stars are ordered with the hottest stars at the begin-
ning of the sequence and the coolest ones at the end of the sequence. The current
order of stellar spectral types is O, B, A, F, G, K, M. For instance, O stars have
temperatures of the order of 50,000 K, whereas M stars are much cooler with about
3,000 K. Each class is also divided in 10 subclasses labeled from O to 9. Thus a BO
star is slightly cooler than a O9 star.

The relationship between the star’s luminosity and spectral classification
(or, equivalently, absolute magnitude and effective temperature, respectively) can
be summarized in plots known as Hertzsprung-Russell diagrams, or simply H-R
diagrams. The upper left corner of an H-R diagram includes the hot, blue stars.
The coolest, red stars are much fainter, and they lie at the lower right. The band
connecting these two opposite regions is called the main sequence. Most of the
stars occupy the main sequence region, including our Sun, which is a G star.

Another way of understanding the H-R diagram is observing that the stars
are distributed according to their ages; therefore, it also provides an evidence that
the main sequence is actually a mass sequence. Typically, the larger the star’s mass,
the shorter its lifespan. These features are shown in Fig.1.9.
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Figure 1.9: Hertzsprung-Russell diagram. The prominent diagonal region correspond to the main
sequence. Above the main sequence, we find the giants and supergiants; the white dwarfs are found
on the lower left side.

Looking at this diagram closely, we can note that most of the stars are
concentrated in the main sequence. We can understand this sequence in terms of the

luminosity-temperature relationship for blackbodies:

L= 4nR*cT? (1.3)

where ¢ is the Stephan-Boltzmann constant. Assuming that R is approximately
constant in this band, i.e., assuming that all stars have roughly the same size, this
equation tells us that the hotter a star is, the brighter it will be, and since the luminos-
ity L scales as T* (temperature), small differences in T will cause large variations
in L. Hence, we expect hot, blue stars to be much brighter than cool, red stars.
There are also stars outside the main sequence, in the upper right side and
the lower left side of the diagram. The objects in the upper right region have the
same temperature as M stars, but are much brighter. Considering again Eq.1.3, if
two stars have the same temperature, the only way that one can be brighter than
the other is if it has a larger radius R. Therefore, these stars are much larger than
those directly below in the main sequence and, since they are red, we refer to them
as red giants. Using the same argument, the stars in the lower left region have the

same temperatures as O, B and A stars, but are much less luminous. Thus, these



1.2. Stars 13

stars are much smaller than the ones directly above in the main sequence and are
consequently called white dwarfs.

The observations and theory of stars show that the stars are not eternal: they
follow a lifecycle. The process of star formation starts inside relatively dense con-
centrations of interstellar gas and dust known as molecular clouds. These regions
are extremely cold, with temperatures of about 10 to 20 K. At these temperatures,
gases become molecular, which means that the atoms bind together. However, there
exists a minimum mass—known as the Jean mass—for the cloud to have its internal
pressure balanced by gravity. When the cloud exceeds the Jean mass, it becomes
unstable to gravitational collapse.

Star formation begins when the denser parts of the cloud core! collapse
under their own gravity. Typically, these cores have a mass of about 10'* M. At
some point, the core of the collapsing clump becomes so dense that the radiation
generated inside the clump becomes trapped, i.e., it becomes opaque, causing the
temperature of the core to increase quickly. At this moment, the core can be referred
to as a protostar.

By the time the core of a cloud fragment has become a protostar, it has
reached a temperature of several million Kelvin, and hence it becomes an IR source.
At this temperature, the hydrogen in the core will be a plasma, a “soup” of ions and
electrons, and the protons are packed together very tightly and are moving very
rapidly. When the temperature reaches about 10® K, the protons are moving so
fast inside the core that the electrical repulsion cannot prevent them from colliding.
Once they collide, they fuse together in a process that generates energy.

Inside the core of stars like the Sun, fusion proceeds via a process called
the proton-proton chain. In this multi-step process, six protons fuse together and
the product is a helium nucleus and two protons. Therefore, energy is generated in
the star’s core by converting hydrogen into helium. This energy provides enough
radiation pressure to finally balance the inward pull of gravity, and then we say that
the star is in hydrostatic equilibrium. At this point, the star will lie on the main
sequence, its first stage of evolution.

The temperature that the core of a protostar reaches depends on its mass.
The more massive the protostar, the hotter it gets. If the core reaches a high enough
temperature (more than 20 million Kelvin), a different set of fusion reactions pro-
ceed more efficiently than the proton-proton chain. This process, called the CNO
(carbon-nitrogen-oxygen) cycle, occurs in stars more massive than the Sun. The

CNO cycle still requires hydrogen to proceed, so even in these stars the main fuel

The cores are denser than the outer cloud, so they collapse first.
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for the fusion reaction is hydrogen. In both the proton-proton chain and the CNO
cycle, one element is being converted into another via nuclear fusion; this process
of creating new elements is called nucleosynthesis.

The first step of the proton-proton chain also generates neutrinos. There-
fore, since it is not possible to directly observe the core of a star, the detection of
solar neutrinos provides evidence that nuclear fusion is indeed the power source of
the Sun.

The lifecycle of a star depends on its mass. In the following, we present an
evolutionary track that is appropriate for Sun-like stars.

When the star has used up the majority of hydrogen in its core, the main
sequence phase ends and its subsequent evolution phase begins. When the star’s
core becomes filled with helium, the star will fall out of equilibrium. As the total
pressure decreases, gravity will once more dominate. Consequently, the star begins
to contract, increasing the pressure and the temperature in the core. The helium core
will continue to generate energy by gravitational contraction.

Although fusion has turned the hydrogen in the core into helium, most of
the outer layers of the star are made of hydrogen, including the layer immediately
surrounding the core. Thus, when the core reaches a critical density and temperature
during its contraction, it can ignite hydrogen fusion in a thin shell outside the helium
core. Hence, the first stage after the main sequence can be refered as the hydrogen
shell fusion stage.

The energy being generated in the core will be more intense than during the
core hydrogen fusion phase, so the outer layers of the star will experience a larger
pressure, causing them to expand significantly. As a side effect of this expansion,
the outer layers will cool down because they are now further away from the energy
source (the hydrogen shell around the core).

The observable changes in the outer layers of the star will occur in two
phases. First, the star will appear to cool slowly and will undergo a modest increase
in luminosity. During this phase, the path the star will follow in the H-R diagram
is almost horizontal to the right of its position on the main sequence. Stars in this
phase are usually referred to as subgiants. Next, the star will grow to as much as
100 times its original size, which will cause a significant increase in luminosity with
only a small decrease in temperature, so the star will move almost vertically in the
H-R diagram. Stars in this area of the H-R diagram are usually referred to as red
giants.

During the red giant phase, the core is not in equilibrium: all of the fusion

is occurring in a shell outside the helium core, so there is no energy generation or
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outward radiation pressure to support the helium core. For this reason, the core of
the star continues to collapse during this phase. In many low mass stars (from about
0.5 - 3 Mg,), the core can be compressed to the point that it becomes a degenerate
gas.

At some point after the core has become degenerate, the core temperature
reaches approximately 100 million Kelvin, creating the proper conditions for three
helium nuclei to fuse together to form one carbon nucleus. This is the triple-alpha
process. The star will convert all of its core helium into carbon and oxygen, and then
fusion will end once again. With no radiation pressure to support it, the core will
again begin to collapse inward. Because there is still so much helium and hydrogen
outside of the core of the star, after core helium fusion ends, the increased temper-
ature can once again ignite shell helium fusion just outside of the carbon/oxygen
core, and shell hydrogen fusion can continue outside the helium shell. During this
second phase of shell fusion, the outer layers of the star will expand again, but this
time by an even larger amount. In this phase, the star can be called an asymptotic
giant branch star, or sometimes a red supergiant star.

The core of the star is no longer undergoing nuclear fusion of any variety,
so it is once again collapsing. When the core reaches a size approximately equal
to that of the Earth, the collapse will stop. Since no fusion is occurring, the car-
bon/oxygen remnant of the stellar core will not generate any new energy. Instead, it
will simply cool off slowly by radiating light, getting fainter and fainter until it no
longer gives off enough light to be visible, in a process that can take billions or even
trillions of years. While the object is still visible, it is called a white dwarf, and it
occupies the lower left side of the H-R diagram because of its high temperature and
faint luminosity. The Chandrasekhar limit imposes an upper limit of 1.4 M, for the
white dwarf to remain in equilibrium resisting gravitational collapse.

The lifecycle of high mass stars diverges from that of low mass stars after
the stage of carbon fusion. In low mass stars, once helium fusion has occurred, the
core will never get hot or dense enough to fuse any additional elements, so the star
begins to die. However, in high mass stars, the temperature and pressure in the core
can reach high enough values that carbon fusion can begin, followed subsequently
by oxygen fusion, and then even heavier elements—Ilike neon, magnesium, and
silicon—can undergo fusion, continuing to power the star.

When iron builds up in the core of a high mass star, there are catastrophic
consequences: the process of fusing iron requires the star’s core to use energy,
which causes the core to cool. This causes the pressure to go down, which speeds

up the gravitational collapse of the core. After the core collapses, it rebounds. A
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large quantity of neutrinos get created in reactions in the core, and the rebounding
core and the newly created neutrinos go flying outward, expelling the outer layers
of the star in a gigantic explosion called supernova (to be precise, a type Il or core
collapse supernova).

When the core of a star collapses at the beginning of a Type II supernova
explosion, a neutron star is created. The neutron star is supported by neutron degen-
eracy pressure, but in the case of the most massive stars (M > 25-50 M), not even
neutron degeneracy pressure can stop the collapse of the core. In this case, matter
collapses into a single point referred to as a singularity. Even light cannot escape

from this object, and for this reason it is called a black hole.



Chapter 2
Cosmological surveys

Cosmology is the field of study that analyzes the Universe as a whole: its
origin, structure, composition and evolution over time. Its four pillars are the ex-
panding Universe (Hubble, 1929); the origin of the cosmic microwave background
radiation (CMB, Penzias & Wilson, 1965; Smoot et al. 1992), i.e., the radiation em-
anating from the surface of last scattering, the last physical interaction of photons
with matter when the Universe was about 3.8x10° years old; the nucleosynthesis of
light elements; and the formation of galaxies and the large-scale structure.

These cosmological observables can provide us with information about the
composition of the Universe and in which proportions each of its constituents ap-
pear. According to the current most accepted model, ACDM, the main ingredients
are the baryonic matter (ordinary matter), relativistic species (i.e., electromagnetic
radiation and neutrinos), cold dark matter (CDM) and dark energy (believed to be
responsible for the present phase of accelerated expansion). The standard model
(Planck Collaboration 2015) asserts that the Universe is flat and its present compo-
sition is about 2% of baryonic matter; 30% of cold dark matter, which comprises the
halos surrounding galaxies and clusters of galaxies and is said to be cold because it
is non-relativistic during the era of structure formation; and 68% of dark energy.

With the advent of larger telescopes and more sensitive instruments the dis-
tant Universe has become more accessible to us. The key to the the great achieve-
ments on cosmology in recent years is that models can now be tested by observa-
tional data with unprecedented precision.

Yet, many fundamental questions remain without an answer, and although
the Universe can be mapped in a wide range of scales and frequencies, high-quality
observations still come up against the detection limits of the instruments. Clearly,
the selection of the area is a very important part of the strategy of any survey, and

most combine, in different degrees, two complementary techniques (spectroscopy
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and photometry) to select their targets. There is always a trade-off between the
area and the depth of the survey, which have consequences on how the sources—in
particular, the fainter ones—are detected.

Each photometric band has its own biases due to selection effects and,
therefore, the use of different imaging bands provides different perspectives for the
detection of sources. On the other hand, the use of imaging to pre-select targets
for spectroscopy usually miss the fainter sources. Therefore, the main challenges
consist on understanding better the systematics of the data sets, in order to obtain
catalogs of higher completeness and reliability, and to minimize the contamination
between different classes of objects.

In the following sections we present some features of the main recent cos-
mological surveys and a discussion about the differences between two techniques

of redshift estimation.

2.1 Distance measures

In this section we make a brief review of cosmological distance measures.
This discussion is based on the following references: Hogg 2000, Dodelson 2003
and Weinberg 2008.

The cosmological principle states that the Universe is homogeneous and
isotropic. The Friedmann-Lemaitre-Robertson-Walker (FLRW) metric incorporates
this principle into its symmetries and the distance in the four dimensional space-time
is

2
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where a(7) is the scale factor, and k can assume positive or negative values.

All evidence shows that the Universe is expanding. Due to this expansion,
the distances between two objects or events evolve with time, so that an observer on
Earth is actually looking back in time while looking out in distance. In cosmology,
there are different sorts of distances, but it is always convenient to define a comoving
distance which remains fixed with time for objects moving with the Hubble flow.
The distance on the comoving grid is then established as a fundamental distance
measure, and all the other distances (e.g., angular diameter distance and luminosity
distance) can be derived from it.

The redshift z is one of the fundamental observables in cosmology. In
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an expanding Universe, the wavelength of light is stretched out, meaning that the

observed wavelength is larger than the emitted one. So the relation

1
14+z=

- (2.2)
a
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enables us to determine the shift (z) of the observed atomic line (A,) with respect to
the rest frame emission line (A.). The shift z is related to the relative velocity be-
tween the source and the observer; accordingly, it can be either positive or negative.
In cosmology, the term redshift is widely used to describe the recession of galaxies,
even when this shift is negative (also denoted as blueshift!).

At small distances, or equivalently at small redshifts, the relation z ~ v
stands and the recession velocity v is linearly proportional to the distance. Th%
constant of proportionality is the Hubble constant Hy (usually written as Hy = 100
h km s~! Mpc™!) and then

v=Hyd (2.3)

where the subscripted “0” refers to the present epoch. This relation was first put
forward by Hubble, in 1929, and it was considered an evidence to the theoretical

model of an expanding Universe as a solution to Einstein’s equations. The inverse

1
of the Hubble constant gives the Hubble time ty = 77 9.78x10° h~! yI ; we can
0

also define the Hubble distance Dy = Hio =3000 /! Mpc. These quantities set
scales to the Universe.

Although the Hubble diagram is still the most direct evidence of an ex-
panding Universe, at high redshifts the linear relation between distances and veloci-
ties is no longer valid because the evolution of the scale factor with the cosmic time
t becomes more important. Then, the Friedmann equation determines the evolution

of the scale factor:

8tG k

2 —_ Y ) — —

(2.4)

I'The term blueshift is used when the light of an object moves closer to us. Interestingly, the
Andromeda galaxy, the closest neighbor of the Milky Way, has a negative shift of z = -0.001, since
the two galaxies are approaching each other.
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where p is the total energy density, which include contributions from various dis-

tinct components. It is convenient to express the densities in units of the critical
2

density p. = 3G by introducing the density parameter:

pi  8mGp;

=P
" pe. 3H?

(2.5)

where the index i denotes the individual components.
The energy density of each distinct component evolves as the Universe

expands; so, we may define equations of state of the form
Pi = Wi pi (2.6)

where p is the pressure, and w is a constant (or, in many dark energy models, some
function of redshift).

Without going into the details, we can use the energy-momentum conser-
vation equation V,T*" = 0 to demonstrate that the energy density has a power-law

dependency on the scale factor:

pi o< a73(1+w,') 2.7

where w assumes the following values: O for matter, 1/3 for radiation, -1/3 for
curvature and -1 for the cosmological constant. The matter component accounts for
baryons and dark matter, a sort of matter that does not emit nor absorb any kind
of electromagnetic radiation. Radiation accounts for all of the relativistic particles,
such as photons and neutrinos. The curvature characterizes the geometry of the
Universe, and there are three options for the geometry of the space: flat (€ = 0),
open (; < 0) or closed (£2; > 0). The cosmological constant is believed to be one
form of dark energy in which the energy density is constant.

Finally, we can rewrite Eq. 2.4 as a function of redshift:

H(z) = HoE(2) (2.8)

where E(z) = \/ Q(1+2)3 + Qp, Q,, and Q, are the matter and cosmological con-
stant density parameters, respectively. Based on cosmological observations, which



2.1. Distance measures 21

give evidence that the Universe is flat and that the current radiation density is much
smaller when compared with the mass density, we assume contributions only from
matter and cosmological constant.

The total line-of-sight comoving distance out to a distant emitter is given
by

4 dZ/
DC(Z)—C 0 m (29)

We can also define the transverse comoving distance (Dyy), which provides
the comoving distance between two events at the same redshift but separated by

some angle 66:

( Dy .- VD
V—%{smh( D];I C) , Q>0
Dy = { Dc ; Q=0 (2.10)

where Dy is the Hubble distance. Note that Djs reduces to D in a flat Universe.
Physical distances are proportional to the comoving distance times the
scale factor a, which at earlier times was smaller than today and whose present
value is set to 1.
The angular diameter distance (D) is defined as the ratio of the physical
transverse size to the angular size. This distance does not increase indefinitely as

Z — oo: it turns over at z ~ 1.5, so that distant objects appear larger in angular size.

Dy

= . 2.11
14z ( )

Dy

Another usual way of inferring distances is by measuring the flux (') from
a source of known luminosity. The flux at a distance d from the source scales
as F o< d~2, since the total luminosity through a spherical shell of area 47md? is
constant. On the comoving grid, due to expansion, the number of photons that cross

the shell in some fixed time interval will be smaller today than at the emission by a
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factor of a. Therefore, we can generalize the observed flux as F o< Djzw, and then the

luminosity distance is defined as

Dr(z) = (1+z)Dy. (2.12)
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Figure 2.1: The dimensionless comoving, angular diameter and luminosity distances. The curves
are for the ACDM model with parameters (Q,,,Q4) = (0.3, 0.7).

Lastly, we define the comoving volume element in the solid angle d€2 and

redshift interval dz as

(1+2)°D3

dVe =D
C H E(0)

dQdz. (2.13)

Integrating over redshift and across the whole sky gives the total comoving
volume, which in a flat Universe is given simply by Vo = —D?w.
The luminosity distance and comoving volume are the relevant quantities

to develop the luminosity function for quasars in §3.2.
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2.2 Cosmic frontier

At large distances, even the most intrinsically luminous galaxy would ap-
pear to be faint. This means that the quality of the observations is directly linked
to the properties of the astronomical instruments, which in turn reflects the science
purposes of the survey. Hence, being aware of the limitations imposed by the in-
strumentation is fundamental to comprehend the effectiveness of the survey.

The sensitivity specifies how dim a source can be to still be observable in a
given integration time; it depends on the aperture of the instrument (i.e., its photon
collecting area), on the efficiency of the detector and also on the sky background.
The angular resolution, which in general is limited by turbulence in the atmosphere
(an effect called seeing), specifies down to which angular separation two sources
on the sky can still be separated by the detector. The spectral resolution specifies
the capability of separating different spectral features, in terms of the wavelength.
Finally, the field of view of the camera, the readout noise of the CCD, the num-
ber of clear nights at the astronomical site, and the effective exposure times of the
imaging bands are factors that also influence the efficiency of observations. Thus,
ideally, telescopes with large apertures and high angular resolution are preferable
for extragalactic astronomy, and this applies to all wavebands.

Redshift surveys are one of the primary tools of observational cosmology
(Colless 2000) and usually rely on both spectroscopic and photometric strategies
to acquire large numbers of sources across huge volumes allowing us to measure,
e.g., the matter power spectrum, and to estimate how galaxies and other tracers of
large-scale structure are related to the underlying dark matter density.

The current and forthcoming surveys such as DES (The Dark Energy Sur-
vey Collaboration 2005), J-PAS and J-PLUS (Benitez et al. 2009, Benitez et al.
2014), PES (Ellis et al. 2012), LSST (Ivezic et al. 2008), and Euclid (Laureijs et al.
2011; Amendola et al. 2012), promise to deliver greater depth, better image quality,
and photometric accuracy, as well as large numbers of objects.

The Two-Degree Field facility (2dF) (Lewis et al. 2001) at the Anglo-
Australian Telescope is a 400-fibre optical spectrograph with a 2 degree diameter
field of view. All of its innovative features, such as a robotic fibre-positioner and
the two focal planes, have made the 2dF ideally suited for massive redshift surveys.
In fact, this wide-field spectroscopic facility was designed to provide large numbers
of spectra and generate targets for the next generations of telescopes. The 2dF
Galaxy Redshift Survey (2dFGRS, Colless et al. 2001), and its companion—the
2dF QSO Redshift Survey (2QZ, Boyle et al. 2000), which were designed to provide
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a characterization of the galaxy and quasar population on the nearby Universe and
at large-scales, have obtained spectra for almost 250,000 objects and redshifts for
221,414 by < 19.45 galaxies (Colless et al. 2003) and over 25,000 b; < 21 quasars
(2QZ team).

The Sloan Digital Sky Server (SDSS) is a dedicated 2.5 m telescope that
has being working since 2000 (York et al. 2000). Located at the Apache Point
Observatory, in New Mexico, the telescope is equipped with a mosaic format camera
with 30 CCDs (arranged in six rows of five CCDs each), which scans the sky in five
optical bands, the so-called ugriz system. This photometric system was developed
so that the transmission curves overlap as little as possible. Besides the camera, the
telescope has also four digital spectrographs to obtain the spectra of objects selected
from the imaging data.

The instrument operates in a drift scan mode (SDSS Collaboration): the
camera slowly reads the CCDs as the data is being gathered, while the telescope
moves along great circles on the sky so that images of objects move along the
columns of the CCDs at the same rate the CCDs are being read. It takes about
54 s for an object to move from the beginning of a CCD to the end, so the effec-
tive integration time per filter is 54 s. However, since there is some space between
the rows of the CCDs, actually each object has one image in each filter taken at
71.7 s intervals. In the end, it takes about 5.7 minutes for passage over the entire
photometric array.

The imaging bands are employed to select the targets whose spectra will be
taken, and a magnitude limit of i ~ 20.1 is imposed for these candidates. Therefore,
the objects are detected based on their colors and magnitudes, and classified as
point-like or extended sources. At this moment, degeneracies between quasars and
stars may arise, because the selection of quasars is allowed to be close to the stellar
locus around z ~ 2.8, where quasar colors approach those of late A and early F type
stars (York et al. 2000).

With its new techniques and remarkable discoveries, the SDSS has estab-
lished a new paradigm for the subsequent generation of surveys. Its major con-
tributions include high-precision maps of large scale structure; detection of quasar
samples thousands of times larger than the ones that already existed; studies that
demonstrated the bimodal distribution of galaxies divided into star-forming popula-
tions and passive galaxies; acquisition of relatively good photometric redshifts for
luminous red galaxies (LRGs); identification of rare and intrinsically faint stellar
populations; detection of over 10,000 variable and transient sources; identification

and color measurements for thousands of asteroids and minor objects. This wide
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range of discoveries is only a sketch of all of the SDSS science results.

Currently, the SDSS is in its last generation (SDSS-1V, 2014-2020): the
APOGEE-2 (a stellar survey of the Milky Way) and eBOSS (a cosmological survey
of galaxies and quasars) surveys will extend the precision of the cosmological mea-
surements to the early phase of cosmic history, extend the infrared spectroscopy of
the Galaxy, and construct spatially resolved maps to explore the internal structure

of nearby galaxies.
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Figure 2.2: SDSS ugriz filter system.

The phenomenal successes of the Sloan Digital Sky Survey motivated the
implementation of new surveys. In particular, the Baryon Oscillation Spectroscopic
Survey (BOSS, Schlegel et al. 2007), one of the four surveys that comprise the
SDSS-III, was designed to map out the baryon acoustic oscillation (BAO) signature
with unprecedented accuracy on large scales. It has introduced a pioneer method
of measuring the BAO scale at high redshift with quasars, by building a catalog of
Lyo absorption systems that spans 2.15 < z < 3.5 (Dawson et al. 2012).

The Subaru Prime Focus Spectrograph (PES), expected to have the first
light in 2017, is a multi-object spectrograph that will mostly map emission-line
galaxies (ELGs) up to z ~ 2.4. With an 8.2 meter aperture, the Subaru telescope
will be powerful for obtaining spectra of faint objects, and it will also detect many
thousands of galaxies and quasars.

In general, broad-band filters detect only "breaks" (Bolzonella et al. 2000),
because they are not sensitive to the presence of emission lines (except when the
contribution to the total flux in a given filter is higher than, or of the same order as

the photometric errors, as it happens, for instance, for some AGNSs). Projects such
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as COMBO-17 (Wolf et al. 2008) and ALHAMBRA (Molino et al. 2014), which
have carried out a medium-band imaging, appear as an alternative to the broad-band
filters and show the potential of this new approach.

COMBO-17 is a low-resolution multi-object spectroscopic survey carried
out in 17 optical filters: 5 broad-band filters (UBVRI) and 12 medium-band filters,
in 1 deg? at high latitudes. This survey was performed to study the evolution of
galaxies at z < 1 and quasars at 1 < z < 5. The highlights of COMBO-17 include
the detection of almost 25,000 galaxies with a precision of ~ 0.02(1 + z) in the
photometric redshift (photo-z) errors and robust constraints on the evolution of the
luminosity function for quasars.

The ALHAMBRA (Advanced, Large, Homogeneous Area, Medium-Band
Redshift Astronomical) survey was designed to map 4 deg” over eight deep sky
areas for the study of the cosmic evolution and cosmic variance using 20 contiguous
medium-band filters (3500-9700 A) plus 3 standard broad-band NIR filters (JHK)
with limiting AB magnitudes that reach ~ 24.5. The data was gathered between
2005 and 2012 with the LAICA camera and the NIR instrument Omega-2000 on the
3.5 m telescope at the Calar Alto Observatory. The use of NIR filters is important
for breaking the color-redshift degeneracies between low and high redshift galaxies.
This degeneracy is due to a possible confusion between the Balmer and Lyman
breaks, one of the most salient features in the spectral energy distributions (Moles et
al. 2008). If no infrared information is available, then it is not possible to determine
the slope of the rest-frame red end of the spectrum and, consequently, it is not

possible to distinguish the differences between these families.
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Figure 2.3: ALHAMBRA filter system with 18 contiguous filters.
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Benitez et al. (2009) showed that narrow-band filter systems are even
more effective with respect to the photo-z depth. In this context, it appears J-PAS
(Javalambre Physics of the Accelerating Universe Astrophysical Survey), which
will rely on a 54 narrow-band filter system, of width ~145 A, plus 2 medium-band
and 3 standard broad-band (ugr) filters, using a dedicated 2.5 m telescope (T250),
a 80 cm telescope (T80-North) to carry out large sky photometric surveys and a
camera with 1.2 Gpix (Benitez et al. 2014). This is more than enough to resolve
the broad emission lines of type-I quasars (as well as most broad absorption line

objects), and is sufficient to detect the narrow lines of many type-II’s and AGNs.

0.7

0.6 / \ |

05} AN L L

0.4+

0.3+

0.2+

0.1-

‘| /|

0.0 “ U :

3000 4000 5000 6000 7000 8000 9000 10000 11000
A(A)

Figure 2.4: J-PAS filter system.

In addition to J-PAS, which is expected to start taking data in 2016, the
survey J-PLUS is already operational, taking science data. J-PLUS employs the
JAST/T80 telescope to observe more than 8,500 square degrees of sky employing an
optimized system of four broad-band (griz) and eight narrow-band filters (Benitez
et al. 2014). J-PLUS reaches about one magnitude deeper than SDSS, being ideal
to properly recover stellar parameters (such as 7.z, log g, and [Fe/H]) through the
fitting of flux calibrated models of the observed stars.
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Figure 2.5: J-PLUS filter system (J-PAS Collaboration).

The present and next generation of surveys point to new frontiers in cos-
mology, where greater volumes will be covered, achieving higher completeness and
improving the photometric accuracy.

2.3 Spectroscopy versus photometry

Redshifts can be estimated through two different but complementary tech-
niques. In spectroscopy, the light of the astrophysical object is spread out into
its wavelengths, generating a spectrum. Emission and/or absorption features in
this spectrum tells us about the composition and the motion of the object. Since
the atoms and molecules have characteristic spectral signatures (rest-frame fre-
quency) due to their quantum mechanical properties, and assuming they are the
same whether they are located at Earth or in outer space, it is possible to identify
known spectral lines and compare the measured wavelengths with them. This rela-
tion is given by Eq. 2.2.

In spectroscopy, the light from the galaxy is separated into narrow wave-
length bins (resolution elements), which for most cosmological applications have a
few angstroms (A) width. Each bin then receives only a small fraction of the to-
tal light emitted from the object. So, to achieve a sufficiently high signal-to-noise
ratio in each bin, very long integration times are required, and since this technique
requires a deep and wide imaging to select the targets, it becomes very time consum-
ing (Connolly et al. 1997). This task is especially hard when the method is applied
to faint objects or the sample is too large and a complete spectroscopic coverage is
not practical.
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In view of these difficulties, using the photometry is an alternative, where
the redshift is derived from the colors of different standard imaging bands of an
object, rather than from its spectrum. With this technique, the redshifts can be mea-
sured much faster and in larger quantities than their spectrometric counterparts. In
photometry, the wavelength “bins” are much larger: typically of the order of hun-
dreds or thousands of angstroms, which requires a shorter exposure time to obtain
the same signal-to-noise ratio. In addition, imaging detectors cover a greater area
of the sky than multi-object spectrographs. Thus the redshifts of more objects can
be measured simultaneously.

Of course, these advantages come at the expense of higher redshift errors.
In order to control these uncertainties, imaging surveys use large spectroscopic sam-
ples as calibration sets.

We can illustrate the typical integration times required by each of these
techniques with the SDSS. As discussed in the previous section, the SDSS camera
continually sweeps the sky in circles, so that a single point on the sky passes through
the five filters in succession. As a result, the effective integration time per filter is
54.1 s, and it takes 5.7 minutes (~ 340 s) for the passage over all filters. Conversely,
the spectrum of an object is obtained after an exposure time of the order of 900 s.

Therefore, albeit with a reduced spatial resolution in the radial direction
due to the photometric redshift error (Blake & Bridle 2005), from a statistical per-
spective the photometry has the advantage of providing larger volumes and densities
at reduced times. As a result, this technique has become increasingly popular for

the redshift estimation of galaxies.

2.4 Photometric redshift estimation

The technique of estimating photometric redshifts is usually divided in two
main groups (Abdalla et al. 2008): template fitting (Loh & Spillar 1986) and em-
pirical training set (proposed originally by Connolly et al. 1995, 1997).

The template fitting technique derives the photo-z by fitting a set of refer-
ence spectra (which constitute the template library) to the data sample. The com-
parison between the observed spectral energy distribution (SED) and the energy
distribution of the reference spectra, using a photometric system, can be made with

the x? test:
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N 12
2 v |Ji—bf;
x°(2) —Zi‘, l—m ] (2.14)

where f; and o; are the observed fluxes and their corresponding uncertainty in filter
i fi‘ are the template fluxes, and b is a normalization constant. So, for each object
there is a distribution of possible values of photo-z. Thus the best photo-z will be
the one that minimizes the ¥ value in Eq. 2.14.

The template library can be composed of either synthetic or empirical spec-
tra, but it must include SEDs for a variety of types (Dahlen et al. 2013) to represent
different redshifts, star-formation histories, chemical abundances, mixture of dust
and stars, and so on, and correspond to all kinds of objects that compose the sam-
ple. Therefore, given an observed SED, the method consists of finding the best
combination of SEDs (allowing interpolation between them) and the best set of red-
shifts to describe the observations. This suggests that, in order to avoid potential
mismatches, the template library should ideally display the same properties of the
sample for which one wants to estimate the photo-z. Thus, the SED fitting technique
is very sensitive to template choice, and its efficiency depends on the detection of
strong spectral features and on the characteristics of the photometric system.

The other technique uses a training set, i.e., a subsample of objects with
known magnitudes and spectroscopic redshifts, to derive an empirical relation be-

tween magnitudes (and/ or colors) and redshifts:
Zphoto — f(m,C) (2.15)

This parametrization can be applied to objects for which no spectroscopic
information is available, yielding an estimative for the photo-z. This method has the
advantage of not making any assumptions regarding to the types of objects or their
evolution, so it is preferred when great statistical precision is required.

However, this approach lacks flexibility, since a new empirical relation
between redshift and magnitude must be computed for each survey, and it might
also introduce some bias while computing the redshift for the fainter sources, due
to the fact that the training set is typically composed of the brightest objects.

Today, a large number of codes that use one (or both) techniques are pub-
licly available. Codes based on template fitting approach include: HyperZ (Bol-
zonella et al. 2000), BPZ (Benitez 2000), LePhare (Arnouts et al. 1999; Ilbert &
Arnouts 2006), and ZEBRA (Feldmann et al. 2006). Codes that include the empir-
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ical training set approach: ANNz (Collister & Lahav 2004), Multilayer Perceptron
Artificial Neural Network (Vanzella et al. 2004), ArborZ (Gerdes et al. 2010),
“Random Forests” (Carliles et al. 2010). There are also codes combining features
from both techniques, like GOODZ (Dahlen et al. 2010), and EAZY (Brammer et
al. 2008), which can use a training set to derive corrections to zero-points to mini-
mize systematic differences between the templates and the observed SEDs. EAZY
actually performs an iterative adaptation of the templates by introducing a template
error function to account for the wavelength-dependent template mismatches.

In general, the efficiency of the photometric redshift estimation is quan-
tified by the precision and the outlier fraction. A popular way of estimating the

precision is the normalized median absolute deviation (NMAD):

Az — median(Az)
1 + Zspec

onmaD = 1.48xmedian (2.16)

where AZ = Zppo10 — Zspec- Note that the term median(Az) already constitutes a way
of estimating the accuracy of the measure. The outlier fraction is defined in terms

of some factor of the oypap; for the analysis of our results in Chapter 5, we adopt

2XO'N|\/|ADI

> 2 ONMAD - 2.17)

‘ Az
1 + Zspec

A comparative study between six photometric redshift codes was performed
by Abdalla et al. 2008, using 5,482 LRGs from the 2SLAQ sample. In Fig.2.6, we
illustrate the performance of three of these codes: two template-fitting (BPZ and
LePhare) and the neural network method ANNz. Each code was run several times
in order to obtain the set of parameters that optimized the photo-z estimation. So,
this is actually a “code plus library comparison”. However, the same redshift resolu-
tion was applied to all codes to ensure that the uncertainties come from the photo-z
estimation. In a general sense, the three codes perform similarly, however LePhare
seems to work better at small redshifts, and ANNz seems to perform slightly bet-
ter when compared to the template-fitting methods, which may be related to the
use of a complete and large training set. The plots are color-coded and the scale is

exponential. We can note there is a large number of outliers in the sample.
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Figure 2.6: Distribution of the photometric redshift as a function of the spectroscopic redshift
for three photo-z codes: BPZ, LePhare and ANNz. The plots are color-coded and the scale is
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Figure 2.7: Comparison between the photometric redshift and the spectroscopic redshift for a sam-
ple of 170 quasars in the ALHAMBRA fields using LePhare. The solid line gives the zpn0t0 = Zspec
relation; the dashed line represents the boundary between good solutions (green dots) and outliers
(red dots). The dashed lines correspond to the degenerescence lines between pairs of emission lines.
The central light grey square shows the precision of the photo-z estimation in the interval z= [0.9,
1.4]; the dark grey squares show the presence of a color-redshift degeneracy, which implies in photo-

z solutions which are overestimated or underestimated. (Matute et al. 2012)
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In Fig.2.7 we show the photometric redshift estimation for a sample of 170
quasars detected in the ALHAMBRA fields (Matute et al. 2012). The analysis was
performed with LePhare, using all of the 23 band filters and 50 templates (see more
details in Chapter 5). In the paper they found a photo-z uncertainty of 0.009 and

A
<5 0.15).
+z

Although the ANNz code, an empirical training set approach, performs

that the fraction of outliers is 12.3% (for a threshold of 1

slightly better when compared to other photo-z codes, we have chosen to work
with two template fitting codes: BPZ (Bayesian Photometric Redshift) and LeP-
hare (PHotometric Analysis for Redshift Estimation). This choice is related to the
fact that both codes are widely employed by the members of the J-PAS Collabora-
tion; thus using these codes enables us to obtain independent results and eventually
compare them with the ones obtained by the other members.

BPZ and LePhare are very similar to each other with respect to the usage:
they both receive as input a set of template SEDs and compute the )2 minimization
between the data and the set of templates. Both codes also allow interpolations
between pairs of templates; here, we have allowed interpolation between the quasar
templates, but not between the star templates.

LePhare allows adding the contribution of the emission lines and includes
various prescriptions to correct for galactic extinction, with the possibility of using
different extinction laws, and it is also already set to work with galaxies, stars and
quasars. However, LePhare has a size limitation with respect to the dimension of
some vectors and does not provide all the redshift likelihoods for stars, so using this
code may not be feasible when we have great photometric precision (Az ~ 0.001)
in a photometric system composed of several filters (Ny > 25). This means that, for
now, including priors for the classification of quasars and stars in a mixed sample
with many narrow-bands is not possible with LePhare.

BPZ, on the other hand, works better with galaxies, and as a result some
adaptations were necessary in order to include templates for quasars and stars when
using mixed catalogs. We actually run BPZ twice with the mixed catalog, first only
with the list of quasar templates and then only with the star templates; in the end,
we perform a joint analysis with the results, where the corresponding minimum 2
gives us the classification of the object.

A x? fitting procedure can perform better when additional constraints are
applied. Both LePhare and BPZ allow the inclusion of a prior information on the
redshift distribution, with the purpose of avoiding catastrophic errors which place

an extragalactic source (galaxy, quasar, etc) at an unrealistic redshift or fitting the
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object with an infrequent template. In particular, BPZ incorporates the priors within
a Bayesian framework (see Chapter 4). Following the discussion in Benitez (2000),
the probability of an extragalactic source with apparent magnitude m and color C

having a redshift z is given by

p(zlm)p(Clz)

o e p(m)p(Cl) @18)

p(zm,C) =

where p(z|m) brings in the prior knowledge of the magnitude redshift distribution,
p(C|z) is the redshift likelihood and p(C) is just a normalization.

BPZ actually uses two methods for the photo-z estimation: the maximum
likelihood method picks the maximum likelihoods over all the likelihoods in redshift
and types, and the Bayesian method picks the maximum of all of the likelihoods
after weighting by the prior probabilities. In the absence of priors, these methods
should converge.

In Chapter 5, we investigate some sets of templates and compare the per-
formances of BPZ and LePhare for simulated samples of quasars and stars. We also
compare the classification of quasars and stars for mixed mock catalogs before and

after the inclusion of Bayesian priors, using only BPZ.



Chapter 3
Mock catalogs for quasars and stars

In the previous chapter we bring up a discussion about the main features of
quasars and stars, which prove to be very different objects.

In this chapter, we develop the formalism for the construction of mock
catalogs for quasars and stars. Such catalogs must take into account both the distri-
bution of quasars and AGNs as a function of redshift, and the angular distribution
of stars of different types on the sky. These density distributions are related to the
luminosity function, which essentially returns the number of objects as a function
of luminosity (or, equivalently, of magnitude).

As we have seen, quasars are members of the family of active galactic nu-
clei (AGNs). The realization that all members of this family contain a supermassive
black hole at their center means that AGNs and, in particular, quasars are likely to
share intrinsic characteristics. For this reason, the luminosity function for quasars
is the same as the one derived for AGNs, up to some constant geometrical factors.
In the analysis, we use the luminosity function of Croom et al. (2009).

As for stars, we obtain their angular distribution from an empirical model
for the stellar population of the Milky Way called Besangon Model (Robin et al.
2003).

In the end, we have the expected number of quasars as a function of redshift
and magnitude, and the number of stars per square degree as a function of types
and magnitude. We shall use these number densities both to select the objects to

compose the mock catalogs, and as our Bayesian priors (see Chapter 4).
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3.1 Luminosity functions

The bolometric luminosity is the total energy rate output integrated over all
wavelengths. However, since the Earth atmosphere is opaque to most wavelengths,
it is difficult to determine precisely the bolometric luminosity. Instead, astronomical
luminosities are measured in one or more wavelength bands.

The magnitude is a measure of the brightness of an object viewed through
a certain filter. Magnitudes are measured in a logarithmic scale, because the magni-
tudes perceived by the human eye scale roughly logarithmically with the radiation
flux.

The apparent magnitude is determined by the apparent brightness as ob-
served with no consideration to how the distance affects the observation. It is con-
venient to measure the magnitudes in the AB magnitude system, based on flux meas-

urements calibrated in absolute units. In cgs units, the AB magnitude is defined as
map = —2.51og,o(fv) —48.6 (3.1)

'em™2 Hz~!. To give a quantitative idea of

where f, is the flux in units of erg s™
the magnitude system, some very bright objects, such as the Sun, the Moon, and
the Vega star, can have magnitudes of O or even negative values; the faintest star
the naked human eye can perceive has about +6 magnitudes; and very faint objects
have magnitudes greater than +6.

The absolute magnitude M of a star is the magnitude the object would have
if it was placed at a distance of 10 parsecs (pc) from Earth. So, by considering ob-
jects at a fixed distance, astronomers can compare the real intrinsic) brightness of
different objects. To convert the observed (apparent) magnitude to an absolute mag-
nitude, we need to know the luminosity distance to the object. These calculations
are made using the distance modulus u:

Dy

where we have converted the distance Dy in units of Mpc. For instance, the Sun
has an apparent magnitude of —26.8 and an absolute magnitude of 4.83 in the V-
band. The difference between apparent and absolute magnitude is independent of
the filter choice, and it equals the distance modulus if no extinction is present. In

fact, a K-correction must be applied, because the observed radiation was shifted
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from its rest-frame (see section §2.2).

The luminosity function provides the number density of a class of objects
as a function of the luminosity (or, equivalently, of the absolute magnitude). De-
noted by ®(M)dM, the luminosity function defines the number counts of galaxies
with absolute magnitude in the interval [M, M + dM]|. The total density of galaxies
(per Mpc?) is given by

~+oo
® = / AMD(M). (3.3)

—o0

Accordingly, ®(L) provides the number density of galaxies with luminosity in the
interval [L, L+ dL].

The study of the luminosity function is very useful for understanding the
formation, evolution and properties of galaxies. However, the task of determining
the luminosity function depends on the measurement of the flux of the galaxy, and
consequently, a precise measure of its distance. It also depends on a representative
sample of galaxies, and for this a large volume must be surveyed. In addition, there
is the Malmquist bias—an effect of over representing luminous galaxies, which
are visible at larger distances, in flux-limited surveys—and hence a correction is
needed.

The distribution of galaxies is represented to good approximation by the

Schechter luminosity function (1976):

w- (@) e

where @, has units of number density and specifies the normalization of the dis-
tribution, L, is a characteristic luminosity above which the distribution decreases
exponentially, and ¢ is the slope of the luminosity function for small L, typically
assuming values of —1.5 < v < —1. The galaxy luminosity function may have dif-
ferent parameters for different populations and environments; it is not a universal
function.

This relation is derived from the Press-Schechter theory, which predicts the
number density of virialized halos of a certain mass. Therefore, the mass function
and the luminosity function are very correlated: the greater the luminosity of the
galaxy, the greater the mass of the halo where it is found.

The equivalent in magnitude of Eq.3.4 is
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dL
DdM)dM = D(L) |— | dM =

oan = (1) | o

3.5
0.41n(10)®, 10~ 04(IH@)M-M.) oy [_10—0.4(M—M*) M
where the following substitutions are applied:
P(M)dM = P(L)d(—L) (3.6)
L

M—M, = —-25log (L_) (3.7
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Log (L)

Figure 3.1: Schematic Schechter luminosity function, showing the slope «, the characteristic

luminosity L, and the exponential cut-off for bright stars.

Typical values derived from B-band measurements are:
¢ = (1.6£0.3) x1072 A3 Mpc™3; Mj; = —19.7+0.1+5log5; o = —1.0740.07;
and L = (1.240.1) A 2x10'° L.

Although the Schechter function seems an adequate representation for the
total distribution of galaxies, different spectral types are expected to have distinct

luminosity functions and, thus, deviations from the Schechter function are common.
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3.2 Luminosity function for quasars

The quasar luminosity function (QLF) provides the volumetric density of
quasars per unit magnitude as a function of the redshift. In other words, it can be
used to describe the evolution of the number density of AGNs with time.

The QLF is often parametrized by a standard double power-law form (Boyle
et al. 2000) and we are adopting the following expression from Croom et al. (2009)

0.9 = Jodv 10~ 0-4x2.33x[M(m.2)~M; ()] | 1 ()~0-4x041x[M (m.2) ~M; (2)] (3-8)

where @y = 1.45x107¢ Mpc™3; M} (z) = -22.2-2.5(1.44z-0.32z%) is the break magnitude
in the g-band; M(m,z) = m—25-5log;((DL) is the absolute magnitude corresponding to
the apparent magnitude m for an object at redshift z, and Dy is the luminosity distance in
Mpc [we have adopted the ACDM model with parameters (Q,,,Q24) = (0.3,0.7)]; m is the

apparent magnitude which must be K-corrected through my(z) = m — K(z), where
K(z) =-2.5(1+ ay)logo(1 +2). (3.9)

We assume a power-law slope of oy, ~ —0.5. The K-correction is necessary
because we are comparing the fluxes measured through a single filter for quasars at
different redshifts. Therefore, applying this correction is equivalent to obtaining the
flux measurement in the rest frame of the quasar.

These parameters were obtained for a sample of quasars within the range
0.4 < 7 < 2.6 (Croom et al. 2009) and are defined for the g-band. Here we have
the particular interest of computing the QLF as a function of the i-band magnitude,
because when the i-band of J-PAS is used as the detection band, it goes deeper than

the g-band. Then, we must apply the following conversion:

(3.10)

4770 A
M;(z) = Mg(z) —2.50 log <7625 A> :

Note that Eq. 3.9 and 3.10 are expressed in a very similar format. However,
they account for different effects: the first one is due to the shift of the observed ra-

diation from its rest frame emission, while the second is due to a shift in wavelength
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and relates the central wavelengths of two band filters.

The QLF as a function of the absolute magnitude at different redshifts is
shown in Fig.3.2. The x-axis was inverted because brighter objects have smaller
magnitudes (or higher fluxes).

In Fig.3.2, we can notice that at a given redshift the number of quasars
decreases with brightness. This effect can be attributed to the hierarchical struc-
ture formation theory (S. White 1996), in which the luminosity and lifetime of the
quasar are governed by the central black hole mass and the supply of cold accreting
gas. Since the abundance and evolution of supermassive black holes are linked to
the evolution of the mass-function of the galactic halo, we expect the luminosity
function to have a behavior similar to that of the mass-function. In this context, the
brightness would be linked to the enclosed mass; since there are few very massive
halos (or equally, few very massive black holes), the spatial density of very bright

objects will also he low
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Figure 3.2: Quasar luminosity function at different redshifts.

Objects observed through our survey may have two sorts of magnitude
limitations. Since we deal with flux-limited surveys, we must apply a cut in the
apparent magnitude, which we take to be i < 23. This means that only objects
brighter than a magnitude of 23 in the i-band have any chance to be detected. It is
also prudent to apply a cut in absolute magnitude, which for us will be M; < —22,
because the host galaxy may overshadow the light of quasars fainter than this. This
cut affects mainly quasars at low redshifts.

In Fig.3.3 we show the volumetric density of quasars in terms of a limiting

i-band apparent magnitude (i < 23) and a limiting absolute magnitude (M; < —22)
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as a function of the redshift. Note that the volumetric density n(z) is given simply

by integrating ®g , up to the corresponding limiting magnitude.
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Figure 3.3: Volumetric density of quasars for limiting i < 23 apparent magnitude (blue solid line)
and M; < —22 absolute magnitude (red dashed line), as a function of redshift.

Taking these two limiting magnitudes into account, the luminosity function
for quasars becomes ®,(m,z) = @ ,(m,z)[0n (Mji, — M(m,2)) + O (myjm, — m)],
where Oy is the Heaviside step function. So, the number of quasars in an area of

solid angle AQ, in the magnitude bin m; can be defined as

dN dV m;+Am;
1 / dm®,(m,z) (3.11)

d_z(mi’Z) T4z .
where dV /dz is the comoving volume corresponding to an area of solid angle AQ
between the redshifts z and z+ dz.

We define the total number of quasars with magnitude m; in an area of solid

angle AQ at any redshift as

_ °0 dv m;+Am;
Ny(m;) = dzd— dm®y(m, z). (3.12)
0 < m;

[13+4]

From now on, the “i”” in m; denotes the index of the magnitude bin.

Finally, the total number of quasars expected in this area is

B oo dV Miim lim _
Nq:/ dzd—z/ dm®y(m,z) =Y Ny(m;). (3.13)
0 —oo i=1
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Considering a perfect selection of objects, we find that a large-area flux-
limited (i< 23) survey could yield about 1.7x10° quasars up to z = 4.
We can also define the probability of finding a quasar with apparent mag-

nitude m; at redshift z; as

1 ZjitAz N o
7 dzM. (3.14)
Ng J; dz
So the probability of finding a quasar with magnitude m; at any redshift is

: q_
given by ZjPij =1.

3.3 Besancon Model

The number density (per unit solid angle) of stars has an angular depen-
dence and a dependence on the apparent magnitude, but no redshift dependence.

So, on a given direction 71 on the sky, the luminosity function of a star of type s is

dN;

Dy (m, i) = ndG

(3.15)

We denote the total number of stars of type s on the field of area AQ cen-
tered around the direction 71, whose reference magnitudes lie within the bin m;, by:
mi+Am;

Ny(my, 7) :AQ/ dm g(m,A). (3.16)

m;

The luminosity function of stars, which is truly their number densities,
can be estimated in some regions of the sky through direct observations (using, for
example, the “Spectra of Everything” catalog of point-like sources, from SDSS),
or through empirical models, such as Besancon Model (Robin et al. 2003) and
TRIdimensional modeL of thE GALaxy (TRILEGAL; Girardi et al. 2005).

These models are stellar population synthesis codes for simulating the dy-
namical and evolutionary aspects of the Milky Way. Of course, each code has its
own specificities, however both run Monte Carlo simulations to predict the expected
number density of stars in every direction of the sky in the bands of several photo-
metric systems. The default values in the codes correspond to the respective paper

calibrations, but they can also be changed from simulation to simulation, the most
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relevant ones being the photometric system, the coordinates and total area of the
field of interest, and the extinction calibration.

In particular, TRILEGAL allows more constraints on the input parameters,
especially on the components of the Galaxy (thin and thick disk, halo and bulge),
and it also provides more detailed information about the physical parameters of the
simulated stars, such as age, effective temperature, luminosity, surface gravity, and
the apparent photometry for the selected system. So, from the output parameters
one may produce a Hess diagram, which translates the distribution of stars in H-R
diagrams into a color-magnitude diagram, to obtain the stellar counts. However,
a non-specialist in stellar dynamics might find this process unpractical, because it
does not provide a direct measure of the star counts with magnitude.

Besancon, on the other hand, allows the selection of the count numbers as
a direct function of the luminosity class (from supergiants to T Tauri stars, including
main sequence stars and white dwarfs). Therefore, this model is more adequate for
the purposes of our analysis, and we use the Besangcon model to draw the statistical
distributions of stars at a certain area on the sky using the i band as the detection
band. This model provides the stellar counts in terms of the luminosity class and
also of the subclasses, nevertheless we have still opted for simplifying the classifi-
cation into eight “broad” main types.

Gao et al. (2012) study the ability of these models to reproduce the star
counts of SDSS data at the north Galactic pole. They find that both Besan¢on and
TRILEGAL reproduce adequately the SDSS luminosity function; however, they
fail in reproducing the stellar distributions at high latitudes, with medium devia-
tions reaching from 20% to 53% in the case of Besan¢on, and of the order of 26%
in the case of TRILEGAL. Although these deficits are significant, our analysis is
restricted to an area of 10 deg? around the latitude of 70°, thus we rely on the stellar
distributions provided by Besancon.

At a first moment, we considered a central point of coordinates (RA, dec) =
(200, 70) as our reference point on the sky. Comparing the outputs of these models
in 1 deg2 around this central coordinate, we obtained that Besancon retrieves 2719
stars, while TRILEGAL retrieves 2793 stars. Those are main sequence stars plus
white dwarfs located on the thin and thick components of the disk. The differences
in the star counts are of the order of 2.6%, and thus we are confident that we are not

loosing too much information by using Besangon instead of TRILEGAL.
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Figure 3.4: Count of main sequence stars (red, upward bars) and white dwarfs (blue, downward bars)
per square degree as a function of the apparent magnitude in the i-band at different coordinates on
the sky. These counts were obtained with the Besangon Model. In order to get a better visualization,
the counts of white dwarfs have been multiplied by 10. Note that the count numbers vary more along
the declination (for a given fixed right ascension) than along the right ascension (for a given fixed
declination).
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3.4 Simulating fluxes

Photometric techniques have been widely employed in astronomy and cos-
mology. However, these techniques do not measure exactly the flux of the object,
because the emitted photons may suffer different sorts of interactions in the path
between the source and the instrument, resulting in a probability distribution for the
counts of photons, even in the (hypothetical) case of an efficiency of detection of
100%. Therefore, within this framework it arises the concern about properly under-
standing the different sources of noise that could reduce the quality of the image.

Currently, one of the most employed observational methods is the photom-
etry with charge-coupled devices (CCDs), which works through a physical effect
similar to the photoelectric effect and, therefore, converts the incident photons into
a charge that can be measured and recorded. Typically, a measurement with these

devices returns the incident count of photons in the detector after a time AT of ex-

posure:
C:AAT/le 3.17)
CZAAT/le (3.18)

where A is the effective area of the primary mirror of the telescope, and T'(A) is
the total transmission function of the filter system (which includes the atmospheric
transmission, the efficiency of the detector and the telescope, and transmission of
the filter used on the observation). We shall use Eq. 3.17 or 3.18 whether the

U'em™2 Hz~! or in units of erg s !

spectrum of the object is given in units of erg s™
em 2 A1, respectively.

Suppose that N is the count of photons that were detected by our instru-
ment. Since the photons produced by an astrophysical object follow a Poisson dis-
tribution, there are random variations in the number of photons that strike the CCD
each second, and the statistical noise of this measure is given by V/N. However,
there are also other sources of noise that should be taken into account, the main
ones being the sky background and the readout noise in the CCD.

Then we can define the signal-to-noise ratio as

= ¢ (3.19)

S
N Jc+ad +a?
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where C is the count of photons, o is the sky background, given by

62 = AATP? / dA W (3.20)

where P is the binned pixel size; and o, is the CCD readout noise, given by

62 = nxN>xNp (3.21)

where n; is the number of exposures for each filter, N, is the readout noise (elec-
trons/pixel) and Np is the number of pixels (which depends on the factor by which
the filter imaging will be binned).

Our initial SDSS catalog contains about 10,000 quasars and 22,000 stars
from the Spectra of Everything. Starting from the spectra of our initial sample, we
constructed synthetic fluxes for three different filter systems (which will be specified
in the next section) by adding the level of signal-to-noise (SNR) expected for each
system. In this case, we are interested in the flux measured in each filter of the new
system, which is obtained by simply convolving the SDSS spectrum with the filter

transmission function:

1 [dATA(A)Syx(A)A2
K TdATe(A)

(3.22)

where fy x is the flux of the object k measured in the filter &, T (A ) is the transmis-
sion function of the filter & and Sy 4 is the SED of the object (which in the case of
SDSS spectra is given in units of 10717 erg s™! cm™2 Hz™1).

Now that we have the flux of the quasars and stars in the filters of different
systems, we will consider that the signal in the detector will be proportional to this
flux, where the constant of proportionality is given by calibrating the SED of the
object with some broad-band magnitude (e.g., we have chosen the i-band).

If we assume the signal of the object to be subdominant when compared to
other sources of noise such as the sky background and the CCD read noise (which, in
general, is true for most objects except very bright stars), then we have a simplified
expression for the signal-to-noise ratio expected for this object. In the filter &, in
terms of the limiting magnitude at some level of significance (e.g. 56) we have:

S

21 = 5x10704mame?) (3.23)
N la(k)
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where m i is the AB magnitude of the object k at the filter @ and m3C is the limiting
AB magnitude at the filter ¢ at 5o.

Finally, the simulated flux fg’k for each object at the filter & can be ob-
tained by adding the expected level of noise given by Eq. 3.23. Therefore,

fox=fax[1+G(0,ASNR™)] (3.24)

where G(0,ASNR~!) is a random number selected from a Gaussian distribution

centered on zero and with dispersion (ASNR)~!. Note that

L (Y (L) e (3.25)
ASNR SNR SNRp) ~ SNR '

where SNRp is the signal-to-noise ratio coming from the data (original spectrum).
In the case of J-PAS filters and exposure times, and SDSS spectra, the SNRp is

much larger than SNR, and so its contribution to the noise is negligible.

In Fig.3.5 and 3.6 we show the ideally high SNR fluxes (red dots) and the
simulated fluxes (black dots) with the J-PAS filter system for templates of type-I
(Vanden Berk 2001) and type-II quasars (Zakamska et al. 2003), respectively.

20

15+ !

flux

3000 4000 5000 6000 7000 8000
AA)

Figure 3.5: Ideally high SNR fluxes (red dots) and simulated fluxes (black dots) at the J-PAS filter
system for the Vanden Berk template of type-I quasar at z = 3.
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Figure 3.6: Ideally high SNR fluxes (red dots) and simulated fluxes (black dots) at the J-PAS filter
system the Zakamska template of type-II quasar at rest frame.

3.5 Data set

Our sample contains the average number of quasars and stars expected
to be found in 1 deg”. The average number of quasars comes directly from the
luminosity function (§ 3.2). As for the stars, we selected an area of about 10 deg?
around our reference point of coordinates (RA, dec) = (200, 70), and the Besangon
Model has provided us with the average number of stars expected to be found in 1
deg? at this region of the sky. So, in the end, we have 218 quasars selected from a
SDSS catalog of about ~ 10,000 quasars (Fig.3.7), in the redshift range [0.5,3.5]
and with i-band magnitudes in the range [17,23], and 2,719 stars selected from the
SDSS Spectra of Everything (Fig.3.8), which includes the programs “merged48”
and “merged73” and is supposed to provide a fair sample of about 22,000 stars
with reddening-corrected i-band PSF magnitudes brighter than 19.1 over an area of
approximately 240 square degrees. For simplicity, the selected stars were divided
into 8 different types (O, B, A, F, G, K, M and WD—white dwarf) and they also

cover the i magnitude range [17,23].
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Figure 3.7: Magnitude-redshift distribution for the catalog of about 10,000 quasars from SDSS
from which our sample of quasars was selected.
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Figure 3.8: Stars from the SDSS Spectra of Everything.
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The original SDSS sample of quasars and stars goes only up to magnitude

i ~ 19. In order to extend this magnitude to a fainter limit (i < 23), we have put

the original bright spectra to fainter magnitudes by introducing into the spectra the
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level of noise expected for each photometric system while simulating the fluxes.
Our final sample is characterized in the following.
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Figure 3.9: Histogram of the redshift distribution as a function of the i-band magnitude for our
sample of quasars.
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Figure 3.10: Histogram of the distribution of types as a function of the i-band magnitude for our
sample of stars. The number counts are in log scale.

The number densities in Fig.3.9 and 3.10 reproduce the properties of quasars
and stars that we expect to find, on average, on 1 deg? at these ranges of redshift
and magnitude. These histograms represent the way by which we have selected

the objects to compose our sample and as our Bayesian priors. From the Besancon
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Model, we do not expect to find any stars of the types O, B and A in the region of
the sky chosen to obtain the average number of stars.

In Fig.3.11, we show the real spectra of some of the quasars in our sample.
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Figure 3.11: Real spectra of quasars from our catalog. The fluxes are in units of 1077 erg s~!
cm~2 Hz~!. From left to right and from top to bottom, the quasars have the following apparent
magnitudes in the i band: 17.2, 22.1, 22.1 and 22.9. Upper left panel: This quasar has an extremely
blue continuum. Upper right panel: This quasar presents an absorption line at A ~ 4100 Afollowed
by a strong emission line. Lower left panel: Typical quasar spectrum, with the broad emission lines

and several narrow absorption lines. Lower right panel: BAL quasar.
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Chapter 4
Bayesian priors

Presently, galaxy catalogs with accurate redshifts and large areas (> 1000
deg?) reach only up to z ~ 0.7. BOSS has built a catalog of Ly-o absorption systems
that spans 1.5 < z < 2.5, but there are many statistical and systematic uncertainties
associated with this technique—and there are no overlapping galaxy catalogs that
could calibrate those results. On the other hand, based on estimates computed with
existing luminosity functions, a reasonably complete (volumetric densities > 10~4
h3 Mpc—3) catalog of quasars could span redshifts over a continuous interval 0.5 <
7z < 4. Such a catalog would allow us to measure the clustering of matter over the
largest distances of any survey by far.

However, instruments which rely on imaging to pre-select spectroscopic
targets usually miss most quasars and AGNs, due to the redshift dependent dege-
neracy of quasars with stars in color-color diagrams.

In Fig.4.1 and 4.2, the stellar locus is represented by the black dots and
the colored dots (in color version) represent the quasar loci at different redshifts.
Quasars with z > 2.5 leave the stellar locus and begin to be distinguishable from
stars. However, in the range 1.5 < z < 3.0 most of the quasars overlap the stellar
locus and then we can identify a sample contamination. York et al. 2000 show that
quasar colors approach those of early F and late A type stars at z ~ 2.8. However, in
the right panel of Fig.4.2, we identify that in our sample the contamination comes
mainly from G-type stars and white dwarfs.

In any case, it is clear that there is some degeneracy between quasars and
stars in color-color diagrams (also present in color-magnitude diagrams), especially
at intermediate redshifts (z ~ 1.5 —2.5), where quasars overlap with the stellar locus.

For instance, the SDSS photometric sample (the largest in existence today)
has ~ 10 quasar candidates, but only ~ 18% of those had their spectra actually
taken (Richards et al. 2009; Leistedt et al. 2013). The main reason for this low
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efficiency is that, with broad (ugriz) filters, quasars are easily confused with stars
(and even with unresolved galaxies), hence the fibers in SDSS are only allocated to

the brightest, most clearly distinguished quasars.

AR T T T e

0 1 2 3 4 -05 0 0.5 1 1.5 2
u-g g-r
] ] ] 1 ] 1
L 7 05| g
- 05 - — .
A 1L ofF
o - - b
J i |
1 -osF @ 0123(45_
1 Redshift, z |
—05 Lo o i P aa o b o ool . ol
0 1 2 -0.5 0 0.5 1
r=i -2

Figure 4.1: Color-color diagrams of known quasars from SDSS (colored dots) and stars (black dots)
in the LSST photometric system. The quasars are color coded by redshift (LSST Science Book
2000).
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Figure 4.2: Color-color diagram for our sample of quasars (colored dot) and stars (black dots). The
quasars are color coded by redshift. The right panel is a histogram with the types of stars that satisfy
lg—r] <0.5and |[r—i| <0.5.
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These issues are not restricted to broad-band imaging surveys; they must
also be taken into consideration and properly treated in the context of medium/
narrow-band filters, in order to obtain good photometric redshifts and to minimize
the contamination of quasar catalogs.

However, the situation is not necessarily so dramatic with narrow-band
filters. Abramo et al. 2012 showed that a narrow-band survey of type-I quasars
has the potential to identify those objects with high completeness and purity, and
to determine their photometric redshifts with high accuracy. We provide a more
detailed analysis in Chapter 5.

In this chapter, we discuss the Bayesian statistics, how it differs from the
frequentism approach and finally introduce and develop our formalism of Bayesian

priors for quasars and stars.

4.1 Bayesian statistics

The main rules of the probability theory are the sum and the product rules.

The sum rule states that

P(X|H)+P(X|H) =1 @.1)

where P(X|H) is the probability of a proposition X being true and P(X|H) is the
probability of X being false, and H denotes the model (i.e., the “null” hypothesis)
being tested.

The product rule states that

P(X,Y|H) = P(X|Y,H)P(Y|H) (4.2)

where P(X,Y|H) is the probability of both X and Y being true, P(X|Y,H) is the
conditional probability of proposition X being true given that the proposition Y is
true, and P(Y |H) is the probability of proposition Y being true.

In statistical analysis, there are two fundamental approaches: Bayesianism
and frequentism. The fundamental difference between these approaches concerns
to the definitions of probability (VanderPlas 2014). For frequentists, the probability
is related to the frequencies of repeated events, while Bayesians relate the proba-
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bility to the degree of uncertainty about a statement. This means that frequentists
generally quantify the properties of data-derived quantities considering fixed model
parameters, while Bayesians generally quantify the properties of unknown model
parameters in light of the observed data.

The frequentism, as the name suggests, interprets the probability as the fre-
quency of the outcome of a repeated experiment. In this view, any given experiment
can be considered as one realization out of infinitely many possible realizations
of the same experiment, so that each realization produces statistically independent
results. In other words, the data are random and the hypotheses are fixed.

In frequentist statistics, the set of all possible outcomes constitutes the
sample space of the experiment. Thus, an event will be a particular subset of the
sample space and there are only two possibilities: the event occurs or it does not
(the hypothesis is true or false, respectively). Measuring the probability of a given
event means obtaining the relative frequency for that event. The relative frequency
P(Z|H) of an event Z occurring only converges to the real frequency as the number

Nr of trials (or realizations) approaches infinity:

N
P(Z|H) = NlTll’_>nooN—i (4.3)

where N7 is the number of realizations in which the event Z occurred.

Therefore, in frequentist statistics the probability is associated with the
data, instead of being derived for a hypothesis or parameter.

The Bayesian statistics has its fundaments on the Bayes’ theorem, which
can be derived from the product rule. Substituting X by the set of parameters ® and
Y by the observed data D, this theorem states that

P(D|©,H)P(O|H)

P(OID,H) = ==

o« P(D|®,H)P(®|H). (4.4)

In Eq. 4.4, we identify the term P(D|®,H) as the likelihood, denoted by
Z(D|®,H), which describes the probability of the data being observed given a set
of model parameters. Similarly, we identify the term P(®|H) as the prior probabil-
ity distribution 7(®|H ), which represents our belief of what the parameters of the
model are likely to be before obtaining the data. P(D|H) is the model evidence, and
constitutes a normalization factor (Feroz 2008). Thus the Bayes’ theorem becomes
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 2(Dle,H)I(e|H)
POD.H) = e, Hye|H)de 3)

The gain of using this equation is evident: all knowledge about ® is sum-
marized by the posterior probability distribution P(®|D,H).

Bayesian statistics supplies no special rule for determining the priors, since,
in principle, it may reflect the researcher’s subjective state of knowledge about the
parameters ® before the measurement is carried out. However, the priors must be
and, in general, are constructed in the basis of a careful, objective analysis. For
example, they may reflect the spectral distribution of galaxies in a certain region
of the sky, and these number densities should reproduce with great fidelity the real
ones. In this sense, the subjectivity of the researcher’s degree of knowledge about
the parameters is actually related to the approach chosen to derive these priors.

In the following section we develop the Bayesian priors for our analysis of
separating quasars and stars in medium- and narrow-band filter surveys. Our priors
reflect the distribution of quasars as a function of redshift and magnitude, obtained
from the luminosity function for quasars, and the angular distribution of stars as a

function of magnitude and types, given by an empirical model.

4.2 Bayesian priors

The main goal of this work is to determine how the different abundances of
stars in different regions of the sky affect the quasar catalog—especially at the faint
end of the survey. The approach chosen to treat this degeneracy is based on Bayesian
priors. Assuming that the point-like object observed in the imaging survey can be
classified either as a quasar or as a star (we can also extend this classification and
consider other types of objects, such as galaxies), the method consists in computing
the posterior probability of the object belonging to each class over a specific area of
the sky, for objects of different magnitudes.

Here we will assume that the observations consist of the fluxes of the im-
ages taken with the narrow-band filters f; (k=1,2, ..., Ny, where Ny is the number
of filters ). These fluxes can be used to compute the likelihood of this object being

of type ¢ (e.g., a quasar ¢ at redshift z) through the following procedure (similar to
2y.
axo):
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£\ 2
L(f]t,2) = exp _Z<fk—fk> (4.6)

% Ok

where f] is a theoretical template for an object of type 7 (at redshift z, if applicable),
and o' are the uncertainties in the fluxes fx- In addition to these fluxes, we will
also assume that each object has one well-measured “reference” (or “detection’)
broad-band magnitude. This magnitude (chosen to be the i-band) shall be used for
the priors, but not for the likelihoods.

Within the Bayesian framework, our problem consists in calculating the
posterior predictive distribution for stars and quasars at different redshift intervals.
Suppose that we have a certain field on the sky, centered on the direction 7, with
a (small) solid angle AQ, and assume that we are considering only objects whose
magnitudes lie within some interval m; < m < m; + Am. We want to jointly predict
both the number of stars and the number of quasars per unit redshift on that field
(and for that magnitude interval), taking into account the fact that the different pos-
sible types of objects may not be clearly distinguished in an imaging survey —i.e.,
the measured fluxes of the objects may fit well both some star template and a quasar
(or galaxy) template at some redshift.

In order to calculate these posterior probabilities, we first need the prior
probabilities and the marginal likelihoods (or evidences) for these objects on that
area of the sky, and for that magnitude interval. We must also notice that the distri-
bution of stars is a function of magnitude and angular position, but not of redshift,
whereas the distribution of quasars is a function of magnitude and redshift, but not
of the angular position.

For quasars, this prior can be calculated from the QLF &g ,(m,z) (Eq.3.8
in §3.2), which provides the volumetric density of quasars per unit magnitude, as
a function of the redshift. One possibility is using the luminosity function defined
by Croom et al. 2009 as shown previously, but other choices may also be used for
high-redshift quasars, or for quasars of some particular sub-species whose SEDs
possess some distinct features (such as broad absorption lines — BALs). Of course,
the same procedure also applies for type-II AGNs, and galaxies.

In the case of stars, their density numbers ®;(m, /1) have an angular depen-

dence and a dependence on magnitude (but not on redshift) and can be estimated

"Here we assume that only the uncertainties in the fluxes are contributing for the uncertainty
in the expression for the likelihood, but since we use a template-fitting code (BPZ), we could also
suppose there is an additional uncertainty or that comes from the fact that the chosen templates do
not fit well the spectra of our sample. In this case, the denominator in Eq. 4.6 would be (sz + G%).



4.2. Bayesian priors 59

from the Besangon Model (as discussed in §3.3). In the literature, we can also find
other sorts of empirical models for the stellar population in our Galaxy, such as
TRILEGAL. Our stellar priors are drawn from a realistic real sample in which the
stars are classified in main types and subclasses; however, we divide the stars into
only eight “broad” types (O, B, A, F, G, K, M, and white dwarf—WD) because the
subclasses are not relevant in our analysis for the moment.

Assuming for a moment that in a certain region of the sky we only have
one type s of star, and one type g of quasar, and without any other source of infor-
mation—just the reference magnitude, the prior probabilities that an object is a star

or a quasar is given simply by their relative frequencies in that region:

(g 1) = 0 L

4.7)

H(S|miaﬁ) = N

There are, of course, many different types of stars, quasars and AGNs. We
may also wish to include unresolved galaxies, which would be classified as point
sources and could potentially be typed as quasars. Hence, in a realistic situation we
should consider many types ¢ of objects, and their prior probabilities are also given

in terms of their relative frequencies:

Nl<mlv )
I1(¢|\m;, 7 (4.8)
( ‘ l ) Nt()t(mlan)
where N,y (m;, il ZNf m;,7i) is the total number of objects of any type on that

area of the sky, in the magnitude bin m;. Of course, this procedure assumes that we
know, to a good extent, the numbers for each one of these different types of objects,
on a certain patch on the sky, and for all relevant magnitudes.

The priors above denote simply the blind guess that objects observed in
some reference magnitude, at some area of the sky, are distributed according to
their frequency. However, we have made no distinction between objects in our own
galaxy (stars) and extragalactic objects (quasars, galaxies, etc.). Since extragalactic
objects (type t,) are also unevenly distributed with redshift, we would like to have
priors for these objects as a function of the redshift as well. The same argument

used above implies that these priors are:
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dI1(te,zlm;, i) 1 dN,(mi,z)

= 4.9
dz Nior (mivﬁ) dz *9)

In fact, we may also include stars in this unified description, using the

following trick

dT1(ty, z|m;, ) | 1 dN,(mi,n,z2)
— N, (m;, /)8 *
dz Nior (mi,ﬁ) s (m, ) D( ) Nior (mlan) dz

(4.10)

where 8p(z) is the Dirac delta function, or some other normalized narrow window-
function narrowly peaked around z = 0. With this definition, the total number of

objects is

dN;( m,,n )

Niot = Z / 4.11)

Clearly, then, for all types of objects, the prior probability for an object of
type ¢ at any redshift is simply I1(¢|m;, /i) = /dde(t,z|m,—,ﬁ)/dz, and the proba-
bility that an object is of any type is ZH(t]m,-, i) =1.

t

With the priors given by the equations above, we can now compute the
likelihoods and the evidences, given some objects with measured fluxes f and with
reference magnitudes in the bin m;, all located on a patch of the sky with area AQ,
around the direction 7.

Now, assuming that the likelihoods are computed in the usual way, as in

Eq. 4.6, the evidence is given by:

P(f|m;,n) Z/dzf flt,7)————+ dTi(t, zjmi, ) z|m,, )

(4.12)

dIl(t,,z|m;, i
:Zf(f|ts)n(ts|m,~,ﬁ)+z dZo?(ﬂte,z)M_
I dZ

le
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4.3 Posterior probabilities

With the likelihood of Eq. 4.6, the priors given in Eq. 4.9-4.10, and the
evidence of Eq. 4.12, we can now write the posterior probabilities. For an object
with measured fluxes f, reference magnitude in the bin m;, in a field centered around
the direction 71, with solid angle AQ, the posterior PDF that it belongs to type 7., and
lies at some redshift z, is given by:

dp(te,z|f.mi,i) L (fte,z) d11(e, 2|mi, A)
dz -~ P(fjm;,7) dz '

(4.13)

For stars, in particular, there is no redshift, so the posterior probability that

the object is a star of type #; becomes:

_ _Z(f)

AU e 4.14
P(tjmy, ) el ) 19

p(tS’fa mivﬁ)

These equations represent the key point of this project. It is important to
notice that the evidence mixes the posterior probability of a point-like source being
a quasar at redshift z with that of the object being a star of type #;. This means that
in areas where there are large numbers of stars, the posterior probability of an object
being typed as a quasar will decrease, independently of its redshift. However, in the
absence of the priors (and the evidence), the contamination of the quasar catalog

from stars would increase.
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Chapter 5
Classifying quasars and stars

In Chapter 3, we described the procedure employed for creating the mock
catalog of quasars and stars. Our sample contains the mean expected number of
quasars and stars on 1 deg? given, respectively, by the luminosity function of Croom
et al. 2009 and the Besangon Model for the Milky Way stellar population. It con-
sists of 218 quasars selected from a SDSS catalog of about 10,000 quasars and
2,719 stars selected from the SDSS Spectra of Everything, which contains a ran-
dom sample of all stars covering an area of approximately 240 deg?.

As we have seen, template-fitting codes are very sensitive to template
choice. For this reason, several sets of templates for quasars were tested before
we obtained the best set which minimized the error on the photo-z for quasars and
maximized the correct typing of stars. These tests were performed for a sample
of 63 spectroscopically confirmed quasars from ALHAMBRA. The results for the
most relevant tests are presented in §5.1, as well as the final set of templates that
was employed in our analysis, composed of 7 templates for quasars. The stars are
categorized in 118 types and are later collected into eight “broad” types (O, B, A,
F, G, K, M, WD) because, in principle, the information of subclasses is not relevant
for this analysis.

For the final set of templates, we compare the performance of BPZ with
that of LePhare for a sample of 8,716 quasars. We run the codes without any priors
and only allow interpolations between the templates of quasars. For LePhare, we
do not use any extinction law.

In Chapter 2, we saw that BPZ was developed to work with galaxies, there-
fore some adaptations were necessary in order to include templates for quasars and
stars. LePhare, on the other hand, has a size limitation with respect to the dimension
of some vectors and does not provide all the redshift likelihoods for stars.

For this reason, the comparative analysis in §5.2 was performed only for
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J-PLUS and ALHAMBRA, whose photometric systems have 12 and 23 filters, re-
spectively, of which only 11 and 18 are used because they are the ones in the wave-
length range of our spectra.

In section §5.3, we study the effect of inclusion of priors, and we consider
three filter systems: ALHAMBRA, with 18 medium-band filters, and two sets of
filters for J-PAS, one with 42 filters and a more complete one with 55 filters. Again,
these numbers correspond to the filters that cover the same wavelength ranges of the
spectra of our sample. For this analysis, we use only BPZ.

Typically, the global minimum j? provided by the photo-z code determines
both the best photo-z and type for each object. In fact, we jointly analyze the global
x? given by the set of templates for quasars and the set of templates for stars, and
the minimum X2 between both analyses gives us the classification for each object
before the inclusion of priors.

We then include the priors into the output likelihoods to obtain the posterior
probabilities, and once more evaluate how the objects are classified. The results are
presented in terms of three level quality cuts (high, medium and low) in the diagram
of magnitude versus x2. These criteria are arbitrary and designed to select higher
SNR objects. They are also designed for each instrument: they may vary among the
different filter systems, but in a way that separates more or less evenly the sample,
and so they are fixed for the analyses with the templates of quasars and stars.

We also make an assessment of the initial (before including priors) and
final (after the inclusion of priors) purity and completeness of the sample, and focus
on objects classified at z > 2.1, which are important for studies in the Ly forest.

Since the initial tests with the quasar templates were not performed with
exactly the same objects of our sample, the chosen templates might not reproduce
with great fidelity the spectra of quasars of our catalog. In §5.3 we see that this
is true especially for the quasars, and for this reason an additional analysis was
performed: we consider that the error of not using the most adequate templates for
quasars is about 10% of the error of the fluxes in each filter. We then evaluate how

the inclusion of this error affects the results.
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5.1 Templates for quasars and stars

5.1.1 Sets of templates

In figure 5.1, we show a mosaic (Dr. Alberto Molino, in private communi-
cation) of a sample of 63 spectroscopically confirmed quasars detected in the first
field of ALHAMBRA.

Figure 5.1: Mosaic with 63 spectroscopically confirmed quasars from ALHAMBRA (Alhambra
Collaboration).

Although we have information for all 23 ALHAMBRA filters, we use only
18 filters in these tests (we do not consider the bluest filter and the NIR filters J,
H and Kg). For the analysis, we use BPZ and quantify the quality of the fit with
onmap and the fraction of quasars that have odds > 0.6, where odds is a probability
that quantifies how good is the redshift likelihood for the best photo-z. As we will
see, the number of outliers vary little from set to set (and it is of the order of 20).

We introduce the final list of templates in Fig.5.2, and then we explain
some of the tests that lead us to this list. This initial list contains 35 templates for
galaxies and quasars, a subsample of the 50 templates used in Matute et al. (2012).
The templates are organized as: non-active galaxies, including elliptical and spiral
galaxies (#1-8 & 13); starburst galaxies (#9-12); Seyferts (#14-16); hybrid quasar
templates, i.e., composite templates of galaxies with type-I and type-II quasars (#17-
28); one synthetic template (#31) and quasar templates (#29-30 & 32-35).
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Figure 5.2: Complete set of extragalactic templates used in this work.

We start with a list of 33 templates, containing most of the templates

present in the initial list, but without the hybrid galaxies and the quasar template

#35. Instead, we include more synthetic templates, which in general improve the

fit.
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Figure 5.3: Photometric redshift as a function of the spectroscopic redshift for a sample of 63
quasars detected in the ALHAMBRA fields. These results were obtained with BPZ using a list

of 33 templates for quasars and galaxies. The solid line indicates zppo10 = Zspec, and the dashed

lines indicate the outlier threshold. The photo-z uncertainty is oxymap = 0.036 and 42 quasars have

odds>0.6.
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We then reduced this list to 21 templates, maintaining only one template
for elliptical galaxy and excluding the starburst galaxies, the hybrid templates, and
all of the synthetic templates.
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Figure 5.4: Photometric redshift as a function of the spectroscopic redshift for a sample of 63
quasars detected in the ALHAMBRA fields. These results were obtained with BPZ using a list
of 21 templates for quasars and galaxies. The solid line indicates zpnor0 = Zspec, and the dashed
lines indicate the outlier threshold. The photo-z uncertainty is oxymap = 0.024 and 47 quasars have
0dds>0.6.

Next, we maintain only one template for elliptical galaxy and exclude one
hybrid template; this results in 19 templates. The result is very similar to the previ-

ous one.
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Figure 5.5: Photometric redshift as a function of the spectroscopic redshift for a sample of 63
quasars detected in the ALHAMBRA fields. These results were obtained with BPZ using a list
of 19 templates for quasars and galaxies. The solid line indicates zppo10 = Zspec, and the dashed
lines indicate the outlier threshold. The photo-z uncertainty is onymap = 0.025 and 48 quasars have
0odds>0.6.
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Finally, instead of reducing the number of templates, we reordered the
templates in the initial list with the purpose of mimicking the evolution path of
galaxies: ellipticals, spirals, starburst, Seyfert and quasars. We also kept only one
synthetic quasar and increased the number of hybrid templates. This gives us the
35 templates shown in Fig.5.2. This final set of templates for galaxies and quasars

seems to minimize the photo-z uncertainty.

0.5 1.0 15 2.0 2.5 3.0 3.5
zspec

Figure 5.6: Photometric redshift as a function of the spectroscopic redshift for a sample of 63
quasars detected in the ALHAMBRA fields. These results were obtained with BPZ using a list
of 35 templates for quasars and galaxies. The solid line indicates zpnor0 = Zspec, and the dashed
lines indicate the outlier threshold. The photo-z uncertainty is oxymap = 0.023 and 49 quasars have
0dds>0.6.

In the end, our best set of templates is composed of 7 “pure” (i.e., without
mixtures with galaxies) templates for type-I quasars, and from now on we use this
set in our analysis. For stars, we consider 118 templates for main sequence stars and
white dwarfs (or 8 categories in total), which in principle is a realistic set. As we
have seen in Chapter 1, the classification of stars is much more complex in the sense
that they span a wide range of luminosities and colors and, therefore, are divided
in subclassifications other than just the main types (O, B, A, etc.). However, at this
moment, we are not interested in a deep study of stars and allowing the stars two be

divided in only 8 categories is sufficient for our purposes.
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Figure 5.7: Set of templates for type-I quasars. The different colors are employed just to facilitate

the visualization.

101 & : . - .
10%F E
10*1 L L L l !
10! ; . . .
0
:ﬁ 100F e i 9
5
&
m
=
£
—~
)
ey

L 1 L 1 =[_ WD] i il 1 i
4000 5000 6000 7000 8000 9000 4000 5000 6000 7000 8000 9000

A(A)

Figure 5.8: Set of stellar templates. The different colors are employed just to facilitate the visual-

ization and divide the stars into the 8 main groups we are considering.
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5.2 Comparison between BPZ and LePhare

We compare the performance of BPZ and LePhare for two photometric
systems: J-PLUS, with 11 filters, and ALHAMBRA, with 18 filters. The analysis
is performed for quasars with i-band magnitudes in the range [17, 23]. The fluxes

were simulated from real SDSS spectra of 8,716 quasars with 0.5 <z < 3.5.
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Figure 5.9: Photometric redshift as a function of the spectroscopic redshift for a sample of 8,716
quasars simulated in the in the J-PLUS photometric system. Upper panel: Results obtained with
BPZ; onmap = 0.18. Lower panel: Results obtained with LePhare; oymap = 0.23. The solid line

indicates zZppor0 = Zspec-
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Figure 5.10: Photometric redshift as a function of the spectroscopic redshift for a sample of 8,716
quasars simulated in the in the ALHAMBRA photometric system. Upper panel: Results obtained
with BPZ; onmap = 0.01. Lower panel: Results obtained with LePhare; onymap = 0.009. The solid

line indicates Zpjor0 = Zspec, and the dashed lines indicate the outlier threshold.



72 Chapter 5. Classifying quasars and stars

In Fig.5.9, we can note the large number of catastrophic redshifts (espe-
cially the horizontal features) obtained for J-PLUS. This happens because, due to
the reduced number of filters (Fig.2.5), many of the characteristic spectral features
are lost; as a result, templates with a similar continuum will be equally good fits,
generating the observed features.

For ALHAMBRA, the number of outliers is much smaller, and we see
only one characteristic horizontal line in photo-z for BPZ. The explanation is very
similar: for that specific redshift, there are no characteristic spectral features, and
thus there is a degeneracy in photometric redshift. In Fig.5.10, we note the peculiar
diagonal lines approximately parallel to the solid line (where z,4010 = Zspec). This
degeneracy occurs whenever it is not possible to distinguish between two (or more)
pairs of broad emission lines that are separated by the same relative wavelength
interval (Abramo et al. 2012), which means that there are two “local minima” in the
likelihood as a function of redshift.

We also note that oymap for ALHAMBRA decreases by a factor of the
order of 10 when compared with J-PLUS, for both codes, reflecting our understand-
ing that an increase in the number of filters of the photometric system improves the

photo-z estimation, because more spectral features can be detected.

5.3 Including priors

Here we discuss the results obtained with BPZ using three photometric
systems: ALHAMBRA, an incomplete set of filters from J-PAS containing 42 filters
and J-PAS with 55 filters. The study of this incomplete J-PAS system is motivated
by the observing strategy of using the bluest narrow-band (NB) filters and all of the
redder NB filters plus 3 broad-band filters to improve the photo-z precision for red
galaxies, which will be probably adopted in the first 18 months of the survey. In fact,
we had some problems while including four of the NIR filters in our simulations,
so we completed the “holes” with similar filters from ALHAMBRA, but using the
same central wavelengths and magnitude limits as the analogous ones from J-PAS.

For this analysis, we use the data set defined in §3.5, composed of 218

quasars and 2,719 stars.
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5.3.1 ALHAMBRA

First, we define the quality cuts in diagrams of magnitude as a function of

the %2 obtained for the sets of templates of quasars and of stars in Fig.5.11.
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Figure 5.11: Magnitude-)? diagram for the ALHAMBRA photometric system before the inclusion
of priors. The colored lines represent the quality cuts: the red one (first curve from left to right)
is the high, orange is the medium and green is the low; all the objects below any of these curves
satisfy the respective cut. All of the objects that do not satisfy any of the cuts are represented in
blue. Upper panel: Results obtained with the quasar templates. Real quasars classified as quasars
are represented as dots; real quasars classified as stars are represented with a symbol of star. Lower
panel: Results obtained with the star templates. Real stars classified as stars are represented as dots;
real stars classified as quasars are represented with a cross.
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The scatter plot of the comparison between the photometric redshifts and
the spectroscopic redshifts before the priors is shown in Fig.5.12. Since some stars
are classified as quasars, there is also a histogram showing at which redshift these
stars are put, with the same color code as the quality cuts. We only show the real

quasars that end up classified as quasars and the real stars that are also classified as

quasars.
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Figure 5.12: Comparison between the photometric redshift with the spectroscopic redshift for the
real quasars of our sample that end up classified as quasars before the inclusion of priors for the
ALHAMBRA photometric system. The solid line gives zpjo10 = Zspec and the dashed lines represent
the boundary between good solutions and outliers. The colored dots represent our x> quality cuts,
which will be defined in the following. In the right, the histogram shows at which photo-z’s the real
stars are classified as quasars and the color code is the same as the quality cuts.

The precision of the photo-z estimation for the real quasars that end up
classified as quasars with the ALHAMBRA photometric system is oypap = 0.009.

Fig.5.13 compares the original stellar types of our sample and the types
with which the real stars end up classified before and after the priors.

In Fig.5.14, we show a comparison between the photometric redshift and
the spectroscopic redshift after the inclusion of priors.

Finally, in Fig.5.15 and 5.16 we compare the types of stars in which the
quasars end up wrongly classified, and also the types for the stars that end up

wrongly classified as quasars, before and after the priors.
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Figure 5.13: Comparison between the stellar types before and after the priors for the ALHAMBRA

photometric system.
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Figure 5.14: Comparison between the photometric redshift with the spectroscopic redshift for the
real quasars of our sample that end up classified as quasars after the inclusion of priors for ALHAM-
BRA. The solid line gives Zpjor0 = Zspec and the dashed lines represent the boundary between good
solutions and outliers. The colored dots represent our x> quality cuts. In the right, the histogram
shows at which photo-z’s the real stars are classified as quasars and the color code is the same as the
quality cuts. The accuracy of the photo-z estimation is oyyap = 0.007.
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Figure 5.15: Stellar types in which the quasars end up classified before and after the inclusion of

priors.

400

T T
Stars classified as quasars
Emm before priors (396)

350H mmm after priors (442)

300+

250+

=z 200+

150+

100+

50+

Figure 5.16: Stellar types of the real stars that end up classified as quasars before and after the

priors.

In table 5.1 we summarize the numbers of objects that satisfy each quality
cut, and how they are classified before and after the priors. We also define the purity
and completeness of our sample for quasars and stars, before and after the inclusion
of priors, for each quality cut. The purity p; and the completeness Cy, for the object
of kind k (quasar or star) are given by:
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K

- 5.1
O + Sk ©-

Pk

where Qy and Sy are the number of real quasars and real stars, respectively, that end

up classified as kind k;

C,=— 5.2
k Ne (5.2)

where K is the number of real objects of kind k that are classified as kind k and Ny
is the total number of objects of kind k in our sample (218 quasars and 2719 stars).

Table 5.1: Classification of our sample before and after the inclusion of priors for the ALHAMBRA

photometric system.

Before priors
Quality cut N Q S Pq Cy Ps C,
high 828 27(27) | 801(801) | 100% | 12.4% | 100% | 29.5%
medium 1562 | 67 (68) | 1493 (1494)| 98.5% | 30.7% | 99.9% | 54.9%
low 2130 |134 (140) 1983 (1990)| 95.7% | 61.5% | 99.6% | 72.9%
After priors
Quality cut N Q S Pq Cq Ps Cs
high 828 12 (15) | 798 (813) 80% 55% | 982% | 29.3%
medium 1562 | 34 (44) | 1484 (1518)| 77.3% | 15.6% | 97.8% | 54.6%
low 2130 |63 (119)|1933 (2011)| 52.9% | 28.9% | 96.1% | 71.1%

In Table 5.1, N is the total number of objects that satisfy the respective
quality cut, the numbers in parentheses in the columns Q and $ are the total numbers
of objects classified as quasars and stars, respectively. The numbers that appear out
of the parentheses are the real objects that were correctly classified. The indices
g and s that accompany the purity p and the completeness C correspond to the
characterization of the quasars and the stars, respectively.

We are also interested in objects classified at z > 2.1, which is motivated by
their importance for studies in the Ly forest. In Table 5.2 we report the numbers
of quasars (at any zp..) that are classified as z > 2.1 quasars (q), the true number
of Zgpec = 2.1 quasars that are classified as zp00 > 2.1 quasars (t) and stars that are
classified as z > 2.1 quasars (s), as well as the final purity p =t/(g+s), before and

after the priors.
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Table 5.2: Photometric redshift classification (z > 2.1) of our sample before and after the inclusion
of priors for ALHAMBRA.

before priors after priors
Quality cut q t s p q t s p
high 3 3 0 100% 1 1 0 100%
medium 11 11 0 100% 9 9 2 81.8%
low 19 19 0 100% 17 17 5 77.3%

5.3.2 J-PAS with 42 filters

In the following we show the results for the J-PAS photometric system with
42 filters.
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Figure 5.17: Magnitude-y? diagram with the templates of quasars for the J-PAS photometric system
with 42 filters before the inclusion of priors. The colored lines represent the quality cuts: the red one
(first curve from left to right) is the high, orange is the medium and green is the low; all the objects
below any of these curves satisfy the respective cut. All of the objects that do not satisfy any of the
cuts are represented in blue. Real quasars classified as quasars are represented as dots; real quasars

classified as stars are represented with a symbol of star.
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Figure 5.18: Magnitude-y? diagram with the templates of stars for the J-PAS system with 42 filters

before the inclusion of priors. The colored lines represent the quality cuts: the red one (first curve

from left to right) is the high, orange is the medium and green is the low; all the objects below

any of these curves satisfy the respective cut. All of the objects that do not satisfy any of the cuts

are represented in blue. Real stars classified as stars are represented as dots; real stars classified as

quasars are represented with a cross.
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Figure 5.19: Comparison between the photometric redshift with the spectroscopic redshift for the

real quasars of our sample that end up classified as quasars before the inclusion of priors for the

J-PAS photometric system with 42 filters. The solid line gives zpnor0 = Zspec and the dashed lines

represent the boundary between good solutions and outliers. The colored dots represent our x>

quality cuts. In the right, the histogram shows at which photo-z’s the real stars are classified as

quasars and the color code is the same as the quality cuts.
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The accuracy of the photo-z estimation for the real quasars that end up clas-

sified as quasars with the J-PAS photometric system with 42 filters is oymap = 0.011.
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Figure 5.20: Comparison between the stellar types before and after the priors for the J-PAS photo-

metric system with 42 filters.
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Figure 5.21: Comparison between the photometric redshift with the spectroscopic redshift for the

real quasars of our sample that end up classified as quasars after the inclusion of priors for the J-PAS

photometric system with 42 filters. The solid line gives zZpno10 = Zspec and the dashed lines represent

the boundary between good solutions and outliers. The colored dots represent our x> quality cuts.

In the right, the histogram shows at which photo-z’s the real stars are classified as quasars and the

color code is the same as the quality cuts. The accuracy of the photo-z estimation is oyyap = 0.009.
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Figure 5.22: Stellar types in which the quasars end up classified before and after the inclusion of

priors.
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Figure 5.23: Stellar types of the real stars that end up classified as quasars before and after the

priors.
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Table 5.3: Classification of our sample before and after the inclusion of priors for the J-PAS photo-

metric system with 42 filters.

Before priors
Quality cut N Q S Pq C, Ps C
high 825 38 (40) | 783 (785) 95% 174% | 99.7% | 28.8%
medium 1339 |93 (107) 1220 (1232)| 86.9% | 42.7% 99% | 44.9%
low 1640 [136 (173) 1445 (1467)| 78.6% | 62.4% | 98.5% | 53.1%
After priors
Quality cut N Q S Pq Cq Ps Cs
high 825 |35(185)| 635(640) | 18.9% | 16.1% | 99.2% | 23.4%
medium 1339 |82 (453)| 863 (886) | 18.1% | 37.6% | 97.4% | 31.7%
low 1640 [110 (630) 962 (1010) | 17.5% | 50.5% | 95.2% | 35.4%

Table 5.4: Photometric redshift classification (z > 2.1) of our sample before and after the inclusion
of priors for J-PAS with 42 filters.

before priors after priors
Quality cut q t s p q t s p
high 3 3 0 100% 3 3 62 4.6%
medium 20 19 0 95% 15 15 34 30.6%
low 37 35 10 74.5% 27 27 38 41.5%

5.3.3 J-PAS with 55 filters

In the following we show the results for the J-PAS photometric system with
55 filters.
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Figure 5.24: Magnitude-y> diagram with the templates of quasars for the J-PAS system with 55
filters before the inclusion of priors. The colored lines represent the quality cuts: the red one (first
curve from left to right) is the high, orange is the medium and green is the low; all the objects below
any of these curves satisfy the respective cut. All of the objects that do not satisfy any of the cuts are
represented in blue. Real quasars classified as quasars are represented as dots; real quasars classified
as stars are represented with a symbol of star.
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Figure 5.25: Magnitude-x> diagram with the templates of stars for the J-PAS system with 55 filters
before the inclusion of priors. The colored lines represent the quality cuts: the red one (first curve
from left to right) is the high, orange is the medium and green is the low; all the objects below
any of these curves satisfy the respective cut. All of the objects that do not satisfy any of the cuts
are represented in blue. Real stars classified as stars are represented as dots; real stars classified as

quasars are represented with a cross.
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Figure 5.26: Comparison between the photometric redshift with the spectroscopic redshift for the
real quasars of our sample that end up classified as quasars before the inclusion of priors for the
J-PAS system with 55 filters. The solid line gives zppo0 = Zspec and the dashed lines represent the
boundary between good solutions and outliers. The colored dots represent our x> quality cuts. In
the right, the histogram shows at which photo-z’s the real stars are classified as quasars and the color
code is the same as the quality cuts.

The accuracy of the photo-z estimation for the real quasars that end up clas-
sified as quasars with the J-PAS photometric system with 55 filters is oymap = 0.008.
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Figure 5.27: Comparison between the stellar types before and after the priors for the J-PAS with 55
filters.
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Figure 5.28: Comparison between the photometric redshift with the spectroscopic redshift for the
real quasars of our sample that end up classified as quasars after the inclusion of priors for the J-
PAS with 55 filters. The solid line gives zpj010 = Zspec and the dashed lines represent the boundary
between good solutions and outliers. The colored dots represent our 2 quality cuts. In the right, the
histogram shows at which photo-z’s the real stars are classified as quasars and the color code is the

same as the quality cuts. The accuracy of the photo-z estimation is oyyap = 0.007.
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Figure 5.29: Stellar types in which the quasars end up classified before and after the inclusion of

priors.
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Figure 5.30: Stellar types of the real stars that end up classified as quasars before and after the

priors.

Table 5.5: Classification of our sample before and after the inclusion of priors for the J-PAS photo-

metric system with 55 filters.

Before priors
Quality cut N Q S Pq Cy Ps C,
high 406 26 (26) | 373 (380) | 100% | 11.9% | 98.2% | 13.7%
medium 875 1102 (110)| 751 (765) | 92.7% | 46.8% | 98.2% | 27.6%
low 1152|150 (196)] 931 (956) | 76.5% | 68.8% | 97.4% | 34.2%
After priors
Quality cut N Q S Pq Cq Ps Cs
high 406 24 (85) | 312(321) | 28.2% 11% 97.2% | 11.5%
medium 875 | 88(338)| 509 (537) 26% 40.4% | 94.8% | 18.7%
low 1152|127 (494)] 610 (658) | 25.7% | 58.3% | 92.7% | 22.4%

Table 5.6: Photometric redshift classification (z > 2.1) of our sample before and after the inclusion
of priors for J-PAS with 55 filters.

before priors after priors
Quality cut q t s p q t s p
high 3 3 0 100% 3 3 12 20%
medium 17 16 0 94.1% 16 15 39 27.3%
low 31 29 2 87.9% 29 27 23 51.9%

5.3.4 Summary

Although we considered an ALHAMBRA filter system with only 18 fil-
ters, its performance is superior to that of J-PAS if we consider only the number of
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real quasars classified as quasars (200/218) and stars classified as stars (2323/2719)
before the priors. As for the photo-z accuracy, J-PAS with 55 filters performs best,
with oymap = 0.008. After the priors, both J-PAS photometric systems perform
better for classifying real quasars as quasars, but ALHAMBRA classifies best real
stars. The photo-z uncertainty decreases for all systems after the priors. These dif-
ferences can be attributed to the fact that ALHAMBRA goes deeper in magnitude,
while the narrow-band filters from J-PAS were designed to detect better emission
lines from quasars.

In general, we note that, for the three photometric systems, most of the
quasars that end up classified as stars are classified as white dwarfs, and most of the
stars that end up classified as quasars, both before and after the priors, are M-type
stars. So, we identify a pattern which might be related to the template choices or
might be related to intrinsic features of our objects.

The completeness relates the number of objects that satisfy the quality cuts
to the total number of the correspondent species in the sample, so it reflects the way
by which these cuts are defined. Although low for the three photometric systems, the
completeness does not vary a lot from the case without priors to the case with priors.
The purity, on the other hand, indicates if the objects end up classified with their real
classification. We note in our analysis that the purity for stars is always higher than
that for quasars, both before and after the priors, indicating that, comparatively,
few quasars end up classified as stars. However, the contamination of the quasar
population by stars is still high, and thus some refinements are necessary in our
methods.

We also identify z,,0;, = 2 as the photometric redshift where most of the
stars classified as quasars are placed. However, we see in tables 5.2, 5.4 and 5.6 that
actually very few stars end up classified as z > 2.1 quasars, and this is an important
result for separating quasars from stars in imaging surveys. This gives us a clear
idea of which are the bins of redshift where the contamination problem occurs more
frequently.

The results for all the photometric systems are summarized in table 5.7.

Table 5.7: Results for the photo-z estimation using ALHAMBRA and J-PAS.

Before priors After priors
Filter system | quasar star Opnmad quasar star Opnmad
Alhambra 200 2323 0.009 105 2277 0.007
J-PAS 42 180 1572 0.011 153 1705 0.009
J-PAS 55 178 1086 0.008 158 1692 0.007
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5.3.5 Additional analysis

In this section we present a combined analysis including the results of the
three filter systems, when we consider an additional uncertainty of o7 to account
for the fact that the quasar templates do not fit well the spectra of real quasars in
our sample. This procedure was briefly explained in Chapter 4 (§4.2), and consists
basically of adding an uncertainty o7 in the denominator of the likelihood of the

fluxes:

y (fi = 1)’

e e 5.3
T Of +07 e

ZL(f|t,z) =exp [—

where we assume o7 to be 10% of o;.

Table 5.8: Classification of the objects in our sample in the case in which an error of 10% is at-
tributed to a possible mismatch between the quasar templates and the spectra of quasars in our

sample.
Before priors After priors
Filter system | quasar star Opnmad quasar star Opnmad
Alhambra 197 2326 0.01 101 2287 0.01
J-PAS 42 188 1574 0.01 142 1699 0.008
J-PAS 55 170 1087 0.006 162 1678 0.006

In table 5.8, “quasar” refers to the total number of real quasars classified as
quasars; similarly, “star” refers to the total number of real stars classified as stars.
These are the number of objects without considering any sort of quality cut.

The photo-z uncertainties improve a lot when we introduce an error to the
templates of quasars to account for the wavelength-dependent template mismatches.
However, we do not verify a significant improvement in the way the objects are
classified. In other words: by including an error for the quasar templates we would
expect to find less stars being classified as quasars, i.e., an increase in the number
of real stars that end up classified as stars.

This means that our problem of having a mismatch between the quasar
templates and the quasar spectra is not so trivial to be solved. Therefore, a more
detailed study will be necessary to understand these limitations, include more rep-

resentative quasar templates, and improve our results.
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There is strong evidence that quasars and stars can be confused in color-
color diagrams (and also in color-magnitude diagrams), especially at intermediate
redshifts (z ~ 1.5 —2.5), where quasars overlap with the stellar locus.

The goal of this work was to develop an efficient technique to classify ade-
quately quasars and stars using medium- and narrow-band filter systems. The main
novelty of this approach is the use of Bayesian priors both for the angular distri-
bution of stars of different types on the sky and for the distribution of quasars and
AGNs as a function of redshift. In this context, we present the combined analysis of
photometric redshift determination and characterization of a population of quasars
and stars both without priors and using Bayesian priors.

We employ two photometric redshift codes in our analysis: BPZ and Le-
Phare. Since BPZ was developed to work with galaxies, some adaptations were
necessary in order to include templates for quasars and stars. In the analysis of a
mixed sample of quasars and stars, we had actually to run BPZ twice and perform a
joint analysis with the results. LePhare, on the other hand, has a size limitation with
respect to the dimension of some vectors, which takes into account the redshift step
and the number of filters, and does not provide all the redshift likelihoods for stars.

Since we use template-fitting codes, we start with a previous study of the
set of quasar templates that minimizes the photometric redshift uncertainty for a
sample of 63 spectroscopically confirmed quasars detected in the ALHAMBRA
fields. This set contains 7 quasar templates.

The stars are categorized in 118 types and are later collected into eight
“broad” types (O, B, A, F, G, K, M and white dwarf) because, in principle, the
information of subclasses is not relevant for this analysis.

We compare the photometric redshift estimation for LePhare and BPZ for

a sample of 8,716 quasars. This comparative study is performed for J-PLUS and
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ALHAMBRA systems, because their reduced number of filters (11 and 18, respec-
tively, in the wavelength range of our spectra) allow us to use LePhare. The results
suggest that ALHAMBRA performs better than J-PLUS, and we attribute this to
the higher number of filters and absence of holes in the wavelength coverage of the
ALHAMBRA photometric system, which improves the photo-z estimation, since
more spectral features can be detected.

Our main results are shown for a sample that contains the mean expected
number of quasars and stars on 1 deg” given, respectively, by the luminosity func-
tion of Croom et al. (2009) and the Besancon Model for the Milky Way stellar
population. We have 218 quasars selected from a SDSS catalog of about 10,000
quasars and 2,719 stars selected from the SDSS Spectra of Everything.

With the sample of (z, ijqg) for quasars and (7, i) for stars, we simulate
the fluxes we would expect in three photometric systems (ALHAMBRA with 18
filters, an incomplete set of filters from J-PAS with 42 filters and J-PAS with 55
filters). The goal of this analysis was to determine the effect of inclusion of priors,
and it was performed using only BPZ.

A comparison between the results before and after the priors is presented
in terms of different 2 and magnitude quality cuts, as well as in terms of the com-
pleteness and purity of the sample.

We can notice that, before the priors, the performance with ALHAMBRA
is superior than that with J-PAS if we consider only the number of real quasars
classified as quasars (200/218) and stars classified as stars (2323/2719). As for the
photo-z accuracy, J-PAS with 55 filters performs best, with oxymap = 0.006. Af-
ter the priors, both J-PAS photometric systems perform better for classifying real
quasars as quasars, but ALHAMBRA classifies best real stars. These differences
can be explained by the fact that ALHAMBRA goes deeper in magnitude, while the
narrow-band filters of J-PAS are best for identifying quasars. The photo-z uncer-
tainty decreases for all systems after the priors.

In general, few stars end up classified as z > 2.1 quasars, which is an im-
portant result for separating quasars from stars in imaging surveys. The analysis for
these objects (z > 2.1) is motivated by their importance for studying the Ly forest.

The photometric redshift uncertainties improve a lot when we introduce an
error to the templates of quasars to account for the wavelength-dependent template
mismatches. However, we would expect the number of real stars that are classified
as quasars to decrease when we introduce this error, and this is not what we have ob-
tained. There is no significant improvement in the way the objects end up classified,

especially the stars, and thus more refinements are still necessary.
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As for further developments, some improvements are necessary before ap-
plying our method to real catalogs. First, we must improve our set of quasar tem-
plates so that it can reproduce better our population of quasars. We would also like
to study which is the best set of templates for stars that maximizes the classifica-
tion in types and also that minimizes the number of stars that end up classified as
quasars. Lastly, we would also like to properly identify a larger number of low
luminous objects.

We show the results for only one realization of the combined sample of
quasars and stars. In order to account for the low number of objects (especially
stars, what has limited our analysis at 1 degz) and Poisson variations, it would also
be desirable to make more realizations (ideally >10) of different samples.

There are still many open issues which can be analyzed with these new
tools, which allow a fresh look at existing datasets. We will also, of course, study
those issues with the data coming in the near future from J-PLUS and J-PAS.

First, we lack a thorough understanding of the environments where quasars
are found, especially a) whether or not the bias of those objects is scale-dependent
and b) what is the role of assembly bias.

Second, the numbers and redshift distributions of quasars of different mag-
nitudes should be better understood (i.e., there are uncertainties in the quasar lumi-
nosity function at high redshifts and at the faint end), and we must be able to tell the
difference between true modulations in the distribution of those objects, and gaps in
our catalogs created by incompleteness or impurity of our datasets.

Finally, we also need to determine how the different abundances of stars
at different regions of the sky affect the quasar catalog—especially at the faint end
of our survey. We would like to apply our new methods and the improved, higher-

quality datasets to test these issues.
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