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ABSTRACT

Quasars allow to probe the formation and evolution of supermassive black holes

throughout cosmic time. It is now understood that they are intimately related

to properties of their host galaxies and thus are potentially important for galaxy

evolution as well. The thesis at hand investigates the luminosity distribution of

quasars during the phase of rapid black hole mass growth (z = 2.5 − 4.5) and

explores black hole host galaxy co-evolution on the basis of the quasar luminosity

function (QLF).

We designed the Extremely Luminous Quasar Survey (ELQS) to provide a highly

complete sample of very luminous quasars at z = 2.5−4.5. In order to achieve a high

completeness for quasars at the targeted redshifts, we developed a highly inclusive

infrared color cut using the J,K photometric bands of the Two Micron All Sky

Survey (2MASS) as well as the W2 photometric band from the Wide Infrared Survey

Explorer (WISE) AllWISE survey. With photometric redshifts and further star-

quasar classification from Random Forests, a supervised machine-learning technique,

the ELQS achieves a completeness of ≥ 75% and a selection efficiency of 80%. We

have followed up 184 promising quasar candidates and identified 109 new quasars

at z = 2.8 − 4.5 with dereddened SDSS i-band magnitudes of mi ≤ 18.0, which

make up ∼ 26% of the full ELQS quasar sample (407 objects). We calculate the

bright-end QLF on the basis of the full ELQS quasar sample and find the bright-end

slope to be steep. Assuming a single power law with exponential density evolution,

we find the data to be well represented by a slope of β ≈ −4.1 and an exponent of

γ ≈ −0.4 for the density evolution. We constrain the bright-end slope to be steeper

than β ≤ −3.4 at 99% confidence.

We further investigate BH and galaxy co-evolution of the aggregate galaxy pop-

ulation by deriving black hole mass densities (BHMDs) from QLFs and stellar mass
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densities (SMDs) from a variety of stellar mass functions and the cosmic star for-

mation rate. We compare the BHMDs with the SMDs as a function of redshift and

find them to grow in lock-step with time from z ∼ 3 to z = 0.
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CHAPTER 1

Introduction

Quasars, which are highly accreting supermassive black holes (SMBH; M• ≥
106M�), are among the most extreme phenomena in our universe. At first thought to

be star-like objects, quasars were discovered to be the bright nuclei of distant galax-

ies (Schmidt, 1963), making them the most luminous non-transient light sources in

the universe. Soon after, it was realized that their strong emission was due to ra-

diation from material heated by the release of gravitational potential energy of the

accreting material onto a central SMBH (e.g., Salpeter, 1964; Lynden-Bell, 1969).

Quasars are the most luminous form of active galactic nuclei (AGN), the general

class of luminous compact regions in galaxies, whose emission originates not from

stars, but from the accretion process onto a SMBH. The different appearances of

AGN are explained and unified in one general model (Antonucci, 1993; Urry &

Padovani, 1995). In this picture, the view to the central accretion disk is obscured

by a dusty torus perpendicular to the polar axis of the accretion disk, potentially

blocking the view to the close-in regions from which the broad emission lines are

emitted. If broad emission lines are visible in the AGN spectrum the object is

classified as “type-I”, otherwise it is referred to as a “type-II” AGN.

AGN emit electromagnetic radiation throughout the entire spectrum. The ac-

cretion disc produces strong continuum radiation, starting from the near-infrared,

throughout the optical spectrum up to the UV. The dusty torus efficiently re-radiates

part of accretion disc emission in the infrared. While X-rays can be thermally emit-

ted by hot gas above the accretion disc, inverse Compton scattering is also able to

bring UV photons up to X-ray energies close to the SMBH. In addition, some AGN

show strong jets, launched by the direct accretion onto the SMBH. These relativistic

outflows of ionized gas produce radio and X-ray emission through synchrotron ra-

diation. Signatures of AGN are therefore observable at a multitude of wavelengths,
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which provides insight into different aspects of the phenomenon.

Current evidence suggests that massive, bulge dominated galaxies harbor at least

one SMBH at their centers. Measurements of black hole masses in local galaxies

revealed tight correlations with their velocity dispersion, bulge mass or bulge lu-

minosity (e.g. Magorrian et al., 1998; Ferrarese & Merritt, 2000; Gebhardt et al.,

2000; Kormendy & Richstone, 1995) suggesting an intimate connection between the

evolution of the SMBH and its host galaxy.

Quasars, as bright type-I AGN, allow us to probe beyond the formation and

growth of SMBHs and the connection to their host galaxies. Their strong emis-

sion at large distances makes them powerful background sources to study large

scale structure and the nature of the intergalactic medium (Simcoe et al., 2004;

Prochaska et al., 2005). Quasars at z ≥ 6 have provided strong constraints on the

H-reionization of the universe (Fan et al., 2006b; Mortlock et al., 2011; Bañados

et al., 2018). At z ∼ 3, bright quasars are used to investigate the He-reionization of

the universe (Reimers et al., 1997; Worseck & Prochaska, 2011).

The study of quasars and AGN is summarized in a few excellent review articles

detailing the current understanding of AGN unification (Netzer, 2015), the possible

co-evolution with their host galaxy (Kormendy & Ho, 2013) and their connection

to H-reionization (Fan et al., 2006a).

The text at hand focuses on the cosmic evolution of unobscured, type-I quasars

and their connection to galaxy evolution. For brevity we limit the subsequent in-

troduction to these areas of research.

1.1 Quasars and the Evolution of Supermassive BHs

Shortly after the discovery of quasars, Schmidt (1968) analyzed a sample of 33 radio-

selected quasars. He determined the quasar luminosity function (QLF) for the first

time and found an increase of the number density of quasars toward z ∼ 2, showing

that the characteristics of the quasar population change with redshift.

The QLF has become a standard tool to probe the formation and evolution
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of quasars and their properties over cosmic time. The differential QLF describes

the number density of quasars per unit comoving volume and unit luminosity as

a function of luminosity and redshift. Larger quasar samples allowed to introduce

the idea of a luminosity-dependent density evolution of the QLF (Schmidt & Green,

1983), where the number density evolution is not only a function of redshift, but also

of the quasar luminosity. While Schmidt & Green (1983) still assume an exponential

function for the QLF, Marshall (1985) find that the bright QLF at z ≤ 2 is better

fit by a single power law.

Studies of fainter quasars (Koo & Kron, 1988; Boyle et al., 1988) find a break

in the QLF towards fainter magnitudes and introduce a broken double power law

model to better describe the full quasar population (Boyle et al., 1988, 2000; Pei,

1995) which persists to this day:

Ψ(L, z) =
Ψ∗

(L/L∗)α + (L/L∗)β
(1.1)

The model consists of four parameters, a flatter faint-end slope α, a steeper bright-

end slope β, an overall normalization Ψ? and a characteristic break luminosity L∗,

where the slopes changes.

The efforts to find higher redshift quasars using deeper surveys discovered that

the quasar density declined again after reaching a maximum around z ∼ 2.5 (Osmer,

1982; Warren et al., 1994; Schmidt et al., 1995). This result has been more recently

confirmed with large quasar samples (Croom et al., 2004; Richards et al., 2006) and

at higher redshifts (Fan et al., 2001, 2006c; McGreer et al., 2013; Yang et al., 2016).

The period of high quasar activity, z = 2− 3, is now known as the quasar epoch.

All of the aforementioned studies are largely based on the identification of type-

I quasars selected by radio emission or their optical properties. However, optical

studies are strongly biased against the obscured type-II population and only a frac-

tion of quasars emit at radio wavelengths. Therefore, X-ray selected quasar samples

provide a complementary view on quasars and their quasar luminosity function.

In particular, the X-ray luminosity function provided first evidence that the quasar

number density of more luminous objects peaks at higher redshift (Cowie et al., 2003;
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Ueda et al., 2003; Hasinger et al., 2005). This phenomenon is often interpreted as

anti-hierarchical growth of quasars, where the more luminous quasars finish their

evolution earlier. Unfortunately, current X-ray surveys do not cover large enough

areas to the depth necessary to detect rare, high redshift quasars.

In contrast, optical quasar surveys have grown from thousands of objects in the

late 1990s, to tens of thousands of sources (2dF and 6dF QSO Redshift Surveys,

Boyle et al., 2000; Croom et al., 2004) in the early 2000s and hundred thousands in

the recent past (Schneider et al., 2010; Pâris et al., 2012, 2017, 2018). The samples

allowed to constrain the QLF (Croom et al., 2009; Ross et al., 2012; Palanque-

Delabrouille et al., 2013) over a wide range of luminosities and redshifts to high

precision. While the broken double power law still provides the best fits to the

data, departures from pure luminosity evolution (PLE) models are evident at z & 2

(Croom et al., 2009; Ross et al., 2012). However, there is no clear consensus on the

evolution of the slopes or the break magnitudes. Croom et al. (2009) find evidence

for an evolution in the density and the bright end slope at z = 0.5 − 2.5, whereas

Ross et al. (2012) do not find the bright end slope to change at all. Instead they

argue for a pure luminosity evolution model at z ≤ 2.2 and introduce a luminosity

and density evolution model (LEDE) at z ≥ 2.2. In the LEDE model the break

luminosity changes in addition to the density normalization. Recent studies at even

higher redshifts, z ≥ 4, find a rapid decline in the number density of quasars (Fan

et al., 2001; Jiang et al., 2007; McGreer et al., 2013; Yang et al., 2016) and the break

luminosity to be evolving more strongly at higher redshift (McGreer et al., 2013;

Yang et al., 2016).

Over fifty years after the first quasar was discovered, we have now gained a

basic understanding of the characteristics of the quasar population, which provides

valuable insight into their evolution. Yet a range of open questions still remain:

• How does the QLF evolve over cosmic time and is a double power law the best

description for it?

• What is the nature of the faint end slope at high redshifts, z > 5.
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• At which luminosities does the quasar density decrease at the faint end? While

it is expected for the QLF to turn down at the faint end, this downturn has

not been unequivocally observed yet.

• Does the bright end slope evolve at intermediate redshifts? Conflicting obser-

vations leave a flattening of the bright end slope at intermediate redshifts a

topic of debate.

As Chapters 2, 3, 4 will address the last question, I will provide some further context.

The number density of quasars at the very bright end of the QLF is very low and

thus constraints on it are mainly limited by the area of the surveys that these quasars

are selected from. Early work suggested that the bright-end slope is flattening from

z ∼ 2 towards higher redshifts (Koo & Kron, 1988; Schmidt et al., 1995; Fan et al.,

2001), which was seemingly confirmed by the SDSS DR3 QLF (Richards et al.,

2006). However, recent results at z ≤ 3 (Croom et al., 2009; Ross et al., 2012) as

well as higher redshifts (z ≥ 5 Jiang et al., 2008; Willott et al., 2010b; McGreer

et al., 2013; Yang et al., 2016) find the bright end slope to be steeper (β ≤ −3). It

seems that more recent analyses promote a consistent picture where the bright-end

slope remains steep at all redshifts. Unfortunately, the results at z = 2.5 − 4.5

(Fan et al., 2001; Richards et al., 2006) remain unchallenged as quasar selection at

these redshifts is difficult. Quasars at z ∼ 2 − 4 partially overlap with the stellar

distribution in optical color-space and the selection efficiency is very low, especially

for bright sources.

1.2 Quasar and Galaxy Co-evolution

Based on a small sample of five objects, Dressler (1989) proposed a relation between

the black hole mass and the bulge luminosity of its host galaxy. An independent

effort by Kormendy (1993) found a similar relation based on seven objects. After

Magorrian et al. (1998) published a larger sample of 32 objects displaying a clear

relation, black holes and their host galaxies were recognized to be connected. There-

after the black hole mass-bulge luminosity relation became known as the “Magorrian
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relation”. Subsequent studies discovered an even tighter relation between the black

hole mass and the host’s bulge velocity dispersion, the M − σ-relation, (Merritt,

2000; Ferrarese & Merritt, 2000; Gebhardt et al., 2000). While at first the M − σ-

relation was regarded as the fundamental relation for black holes and their host due

to its small scatter, the switch from the optical wavelengths to K-band measure-

ments of the host galaxy significantly tightened the Magorrian relation (Marconi &

Hunt, 2003). The Magorrian as well as the M − σ relation both implicitly probe

the bulge stellar mass, either in emitted light or through kinematics. Assuming a

light to mass ratio or the use of the virial theorem allows us to convert these rela-

tions into the black hole mass-bulge mass relation (Magorrian et al., 1998; McLure

& Dunlop, 2002; Marconi & Hunt, 2003; Häring & Rix, 2004). All relations and

their best characterization are discussed in detail in the review by Kormendy & Ho

(2013). They stand as strong observational evidence that galaxy formation and the

growth of supermassive black holes are intimately linked. There are currently three

distinct avenues that offer explanations for the existence of these relations:

1) It has long been recognized that the gravitational potential energy liberated

in the accretion process can surpass the binding energy of the gas in the host galaxy

as long as the accretion is efficient in converting it into momentum or energy-driven

winds that couple to the galaxy’s gas phase. This form of feedback is thought to

quench star formation and remove gas reservoirs in the inner parts of the galaxy,

relating the properties of the accretion process directly to the build up of stellar mass

(e.g., Silk & Rees, 1998; Wyithe & Loeb, 2003; Di Matteo et al., 2005; Hopkins

et al., 2006).

2) In recent years, simulations related the BH and galaxy properties to a common

gas supply regulated by gravitational torques (Anglés-Alcázar et al., 2013, 2015,

2016). In this scenario the BH and the galaxy are not directly related but rather

related to a common source, which acts as the driver for the relations independent

of feedback processes.

3) Mergers have been shown to average out broad distributions of galaxy stellar

mass-SMBH mass ratios. On this basis Peng (2007) and Jahnke & Macciò (2011)
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argue that the relations might not be due to an underlying physical connection but

rather the result of a statistical convergence process.

The relative importance of the three processes is not clear and it could well be

that each of them dominates at a different mass regime or cosmic epoch. Therefore,

it is important to not only study the galaxy SMBH relations locally but find ways

to investigate them in the distant past. However, it is impossible to measure the

BH mass of z > 2 galaxies directly through stellar kinematics and therefore one has

to rely on proxy measurements. If the SMBH is actively accreting, it is possible to

estimate the BH mass using reverberation mapping techniques or single epoch virial

mass estimators (e.g. Wandel et al., 1999). Unfortunately in this case, the AGN

emission drowns out the galaxy light and complicates measurements of the galaxy

properties. This problem is aggravated for the bulge component close to the central

AGN. While high resolution measurements allows us to disentangle the galaxy and

AGN emission in low redshift (z ∼ 0.5) sources (e.g., Woo et al., 2008; Canalizo

et al., 2012; Harris et al., 2012; Hiner et al., 2012), measurements of gas kinematics

using CO transitions allow to derive kinematic masses for the high redshift (z & 4)

population (Walter et al., 2004; Wang et al., 2010; Targett et al., 2012).

In their review Kormendy & Ho (2013) discuss the relations between the BH mass

and the host galaxy’s bulge/total mass at different redshifts. BH mass measurements

from z ≥ 1 quasars exhibit a similar relationship with their galaxy bulge/total mass

as local AGN at z ≤ 1. While the slope in that relation is similar, the amount

of scatter and the normalization is significantly different between the local and the

z ≥ 1 redshift sample. The data suggest that the BHs are “over-massive” at higher

redshifts compared to the local relations. The results encourage evolution in the

scaling relations. Nevertheless, it is possible that the high redshift measurement

techniques of the scaling relations carry systematic biases compared to the more

direct measurements applied locally.

The prospect of BH and galaxy co-evolution can also be approached from a more

statistical perspective. Instead of collecting measurements of individual systems, the

cosmic stellar mass density or the cosmic star formation rate can be compared with
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the cosmic black hole accretion rate. The latter is calculated based on the QLF,

assuming that the dominant BH growth happens in bright quasar phases (Soltan,

1982). Remarkably, both the cosmic star formation rate and the BH accretion rate

exhibit very similar redshift evolution (e.g., Aird et al., 2010), which encourages

a connection between stellar mass and black hole mass growth throughout cosmic

time.

1.3 Main results of the thesis

Following this introduction, four self-contained chapters present the results of two

distinct research projects that are published or in the process of publication.

Chapters 2 to 4 focus on the Extremely Luminous Quasar Survey (ELQS), which

has been designed to re-visit the QLF of classical, UV-selected, type I quasars at

intermediate redshifts (z = 2.8 − 4.5). Chapter 2 presents the motivation and the

design of the ELQS. Very luminous quasars are extremely rare and thus only wide

area surveys with highly complete quasar selections allow for the necessary number

counts to derive reliable statistics. We carefully re-examine the SDSS quasar sample

and find it to be significantly incomplete for bright quasars in the intermediate

redshift range. We identify the optically based quasar selection and the spectroscopic

incompleteness of the SDSS footprint as the main reasons. Based on these insights,

we develop a new quasar selection strategy incorporating infrared photometry and

utilizing modern machine learning techniques. We specifically target bright quasars

with absolute magnitudes at 1450Å of M1450 < −27 at 2.8 ≤ z < 5. This chapter

details the quasar selection used for the construction of the ELQS quasar samples

in the later chapters. In Chapter 3 we showcase the first observational results of the

ELQS survey in the completed North Galactic Cap footprint of SDSS ( ∼ 7600 deg2;

90 deg < RA < 270 deg). We carefully analyze the completeness of our selection

methods using a sample of simulated quasars. Furthermore, we use the resulting

selection function to calculate a first estimate of the bright end of the optical QLF

in the targeted redshift range. Chapter 4 concludes the ELQS, presenting the new
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quasar discoveries in the South Galactic Cap footprint of SDSS (4, 237.3 deg2). We

further measure the QLF at z = 2.8 − 4.5 based on 166 of our 407 quasars in the

final ELQS quasar catalog and consolidate our results from the previous chapter.

In Chapter 5 we investigate the co-evolution of SMBHs and their host galaxies up

to z ∼ 5 by relating black hole mass densities (BHMDs) with stellar mass densities

(SMDs) as a function of redshift. The BHMDs are calculated from a sample of six

different QLFs using the Soltan argument (Soltan, 1982), while the SMDs are based

on four stellar mass functions and the cosmic star formation rate density. The SMFs

are selected so that the SMDs span a large enough redshift range. Each of the six

BHMDs is compared to the full range of SMDs to rule out systematic effects of the

different QLFs.

Chapter 6 summarizes the work presented in the thesis and gives an outlook on

ongoing and future projects related to the presented research.
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CHAPTER 2

The Extremely Luminous Quasar Survey (ELQS) in the SDSS footprint I. Infrared

Based Candidate Selection

1

2.1 Introduction

Quasars are the most luminous non-transient light sources in the Universe. Powered

by the accretion onto super-massive black holes (SMBHs) in the centers of galaxies,

they provide important probes for the formation and evolution of structure in the

Universe up to the highest redshifts. As strong light-beacons their emission traverses

the intergalactic medium on their way to us and allows to study its properties and

evolution. Furthermore quasars produce large quantities of ionizing photons that

drive the He-reionization of the Universe (e.g. Haiman & Loeb, 1998; Madau et al.,

1999; Miralda-Escudé et al., 2000). The discovery of luminous quasars 0.8 Gyr after

the Big Bang (Mortlock et al., 2011), places strong constraints on the formation and

growth mechanisms of SMBHs.

A fundamental probe of the growth and evolution of SMBHs over cosmic time is

the quasar luminosity function (QLF). It is a measure of the spatial number density

of quasars as a function of magnitude (or luminosity) and redshift. From z = 0

on the number density of quasars increases (Schmidt, 1968) up to the peak epoch

of quasar activity at redshifts around z = 2 − 3. At redshifts beyond z ≈ 3 the

quasar number density is found to decline strongly (e.g. Schmidt et al., 1995; Fan

et al., 2001; Richards et al., 2006; Ross et al., 2013). The QLF is best fit with

a broken power law (Boyle et al., 1988, 2000; Pei, 1995) with a steep power law

slope at high luminosities and a flatter power law slope towards lower luminosities.

1This work is published in Schindler et al. 2017, ApJ, 851, 13
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The slopes, the break point and the overall normalization are known to evolve with

redshift and may provide insight into the physical mechanism of BH growth across

cosmic time and the structure formation of the Universe. For instance, the ratio of

bright quasars to faint quasars decreases from redshift z ≈ 4 to z ≈ 1, an indication

that the brighter quasars, associated with the more massive black holes, finish their

evolution first (Ueda et al., 2003; Marconi et al., 2004; Labita et al., 2009).

Investigations into the evolution of the QLF have previously found the bright-

end slope to be flattening (Koo & Kron, 1988; Schmidt et al., 1995; Fan et al., 2001;

Richards et al., 2006). However more recent measurements have now established

that it remains steep up to redshifts of z ∼ 6 (Jiang et al., 2008; Croom et al., 2009;

Willott et al., 2010a; McGreer et al., 2013; Yang et al., 2016).

The difficulty in measuring the bright-end QLF is partly due to the rapid decrease

in spatial density of quasars towards high luminosities and the overall decline of their

number density towards higher redshifts. Therefore only wide area surveys allow for

reliable measurements of the bright-end slope.

In addition, purely optical color selections are biased against certain redshift

ranges (Richards et al., 2006; Ross et al., 2013). While this bias was well accounted

for in previous calculations of the quasar luminosity function, the low number of

quasars at the brightest end does not allow for secure statistics.

Including its latest phase the Sloan Digital Sky Survey (SDSS; York et al. (2000))

has covered 14, 555 deg2 in the northern hemisphere with five band (ugriz ) optical

imaging and extensive spectroscopic follow-up. The first phase of the survey allowed

for the discovery of the first z ≥ 5 quasar (Fan et al., 1999). The quasar surveys of

the first and second phase of SDSS led to the DR7 quasar catalog (DR7Q; (Schneider

et al., 2010)) which contains ≥ 105, 000 quasars.

The SDSS-III Baryon Oscillation Spectroscopic Survey (BOSS; Eisenstein et al.

(2011); Dawson et al. (2013)) and the SDSS-IV extended Baryon Oscillation Spec-

troscopic Survey (eBOSS; Dawson et al. (2016)) have carried out dedicated spec-

troscopic follow-up of galaxies and quasars up to z ≈ 3. The DR14 quasar catalog

(DR14Q; Paris, I. et al. in preparation, see also Pâris et al. (2017) for DR12Q), the
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largest quasar sample to date, now includes more than 500, 000 known quasars.

However, we have discovered that the SDSS quasar surveys have missed many

bright (SDSS mi < 18.5) higher redshift (3.0 < z < 5.0) quasars. The optically

based color selection of quasar candidates in SDSS, BOSS and eBOSS has relatively

low completeness in these redshift regions, where the stellar locus overlaps with

quasars in optical color space (Richards et al., 2006; Ross et al., 2013). Furthermore

z > 3 quasars are not explicitly targeted in BOSS and eBOSS and the spectroscopic

follow-up of SDSS-I/II is not fully complete, especially in the fall sky (RA>270 deg

and RA<90 deg) of the SDSS footprint. As a result a substantial fraction of bright

3.0 < z < 5.0 quasars have been missed in previous estimations of the QLF.

The power of near- to mid-infrared photometry to comprehensively select quasars

that are otherwise indistinguishable from stars in optical bands was exploited with

the advent of large infrared surveys. New quasar selection methods were developed

using the infrared K-band excess in the UKIRT (UK Infrared Telescope) Infrared

Deep Sky Survey (UKIDSS; Warren et al. (2000); Hewett et al. (2006); Maddox et al.

(2008)), to efficiently separate quasars and stars at lower (z < 3 Chiu et al., 2007)

and higher (z > 6 Hewett et al., 2006) redshifts. A range of efforts combined optical

and near-infrared photometry. Barkhouse & Hall (2001) used the Two Micron All

Sky Survey (2MASS Skrutskie et al., 2006) and optical photometry from the Veron-

Cetty & Veron catalog (Veron-Cetty & Veron, 2000), whereas Wu & Jia (2010) and

Wu et al. (2011) combined SDSS and UKIDSS photometry. In the mid-infrared the

Wide-field Infrared Survey Explorer mission (WISE; Wright et al. (2010)) provided

deep photometry to further increase the efficiency of z < 3.2 quasar selections(Wu

et al., 2012).

We designed the Extremely Luminous Quasar Survey (ELQS) to re-examine

the SDSS footprint. This paper (Paper I) motivates the survey and outlines our

candidate selection. A follow-up paper (Paper II) will contain the spectroscopic

results of the ELQS spring sample along with a first estimate of the bright-end

QLF. At completion of the survey we will summarize all spectroscopic discoveries,

calculate the bright-end QLF over the entire surveyed footprint (∼ 12000 deg2) and
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discuss the resulting implications (Paper III).

We first describe the photometric data used for our candidates selection (Sec-

tion 2.2). Thereafter we carefully analyze why previous SDSS surveys missed bright

higher redshift quasars (Section 2.3). We further develop a solution to the incomplete

selection via near-infrared/infrared photometry and discuss rejection of extended

objects in Section 2.4. We continue to describe in detail how we employ machine

learning algorithms to classify quasar candidates and obtain redshift estimates in

Section 2.5. At last we present the construction of the ELQS quasar candidate

catalog (Section 2.6) and then summarize the results of this paper in Section 2.7.

All magnitudes are displayed in the AB system (Oke & Gunn, 1983) and cor-

rected for galactic extinction (Schlafly & Finkbeiner, 2011), unless otherwise noted.

We adopt the standard flat ΛCDM cosmology with H0 = 70 kms−1Mpc−1, Ωm = 0.3

and ΩΛ = 0.7, generally consistent with recent measurements (Planck Collaboration

et al., 2016).

2.2 Photometry

For our quasar candidate selection we use a combination of near-IR 2MASS and

mid-IR WISE photometry, complemented with optical photometry from SDSS.

2.2.1 The Sloan Digital Sky Survey (SDSS)

For all SDSS sources we use the point spread function asinh magnitudes (Lupton

et al., 1999) in the five optical band passes (ugriz ) (Fukugita et al., 1996). Through-

out this paper we only use AB magnitudes. We therefore converted the SDSS u-

band and z-band magnitudes with uAB = u′ − 0.04 mag and zAB = z′ + 0.02 mag.

All magnitudes are corrected for galactic extinction using the extinction values from

the Casjobs Data Release 13 (DR13) PhotoObjAll or PhotoPrimary tables (Schlafly

& Finkbeiner, 2011). The imaging data of the SDSS survey was completed in 2009

and covers a unique area of 14, 555 deg2. The magnitude limits (95% completeness

for point sources) in the five optical bands are 21.6, 22.2, 22.2, 21.3, 20.7 for u,g,r,i,z,
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respectively.

2.2.2 The Wide-field Infrared Survey Explorer (WISE)

WISE mapped the entire sky at 3.4, 4.6, 12, and 22µm (W1, W2, W3, W4). The re-

cent AllWISE data release combines the data from the cryogenic and post cryogenic

(Mainzer et al., 2011) phases of the mission2. The AllWISE source catalog achieved

95% photometric completeness for all sources with limiting magnitudes brighter than

19.8, 19.0 (Vega: 17.1, 15.7), in W1 and W2. Saturation affects sources brighter

than 8, 7 in the W1 and W2 bands. We restrict ourselves to photometry of the

W1 (3.4µm) and W2 (4.6µm) infrared bands and convert them to AB magnitudes

using W1AB = W1 + 2.699 and W2AB = W2 + 3.339. The WISE photometry is

then extinction corrected using the extinction coefficients AW1, AW2 = 0.189, 0.146

with the extinction values from the SDSS photometry.

2.2.3 The Two Micron All Sky Survey (2MASS)

2MASS has mapped the entire sky in the near-infrared bands J (1.25µm), H

(1.65µm) and Ks (2.17µm). We use the 2MASS point source catalog (PSC), which

was prematched to the WISE AllWise source catalog. The 2MASS PSC is gen-

erally complete at a level of 10σ photometric sensitivity for all sources brighter

than 16.7, 16.4, 16.1 (Vega: 15.8, 15.0, 14.3) in the J,H and Ks bands, respectively.

Yet, the 2MASS PSC includes all sources with at least a signal-to-noise ratio of

SNR ≥ 7 in one band or SNR ≥ 5 detections in all three bands. Furthermore due

to confusion of sources close to the galactic plane the photometric sensitivity is a

strong function of galactic latitude. Based on the online documentation3 we esti-

mate the limiting magnitudes of the 2MASS PSC for higher latitudes to be J = 17.7,

H = 17.5, Ks = 17.1. We generally convert the 2MASS magnitudes to AB using

JAB=J + 0.894, HAB=H + 1.374, Ks,AB=Ks + 1.84 and correct for galactic extinc-

2http://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-scan?submit=Select&projshort=

WISE
3Figure 7 on https://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec2_2.html

http://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-scan?submit=Select&projshort=WISE
http://irsa.ipac.caltech.edu/cgi-bin/Gator/nph-scan?submit=Select&projshort=WISE
https://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec2_2.html
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Figure 2.1: In this Figure we examine the fraction of quasars known in the MQC
but missed by SDSS at redshifts of 2.5≤z<5. Quasars that were identified by SDSS
are termed recovered. Left: The number distributions of missed and recovered
quasars as a function of i-band magnitude bins in the SDSS fall footprint. Middle:
The fractions of missed quasars to the total number of quasars in the MQC as a
function of i-band magnitude bins, divided into a fall sky and spring sky sample.
Right: The number distributions of missed and recovered quasars as a function of
i-band magnitude bins in the SDSS spring footprint. This figure illustrates, that
the majority of missed quasars are bright (mi<17.5) and located in the fall sky of
the SDSS footprint.

tion (AJ, AH, AKs=0.723, 0.460, 0.310). While we test the machine learning methods

using 2MASS photometry, the final selection of the quasar candidate catalog only

uses the 2MASS bands for the JKW2 color cut.

2.3 Bright High-z Quasars Missed By SDSS
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Table 2.1: Number counts of quasars missed in SDSS to the total number of known quasars in the SDSS matched MQC

i-band magnitude bins

14.0 ≤ mi 16.0 ≤ mi 17.0 ≤ mi 17.5 ≤ mi 18.0 ≤ mi 18.5 ≤ mi 19.0 ≤ mi

< 16.0 < 17.0 < 17.5 < 18.0 < 18.5 < 19.0 < 19.5

Fall sky and 2.5 ≤ z < 5

Missed QSOs 2 4 10 17 34 40 50
Known QSOs 3 12 26 123 438 1080 2180

Fraction 0.67 0.44 0.31 0.15 0.07 0.03 0.02

Spring sky and 2.5 ≤ z < 5

Missed QSOs 3 3 13 14 28 43 58
Known QSOs 7 33 126 404 1215 3014 6152

Fraction 0.43 0.09 0.10 0.03 0.02 0.01 0.01
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In order to investigate why and to what extent SDSS missed bright high redshift

quasars, we match a compilation of known quasars in the literature, the Million

Quasar catalog (hereafter MQC (Version 5.2), Flesch, 2015)) with SDSS DR14

photometry and the SDSS DR7 and DR14 quasar catalogs. The MQC includes

spectroscopically confirmed quasars as well as high probability quasar candidates

from various selection methods. For this exercise we will exclude all candidates.

We restrict ourselves to brighter quasars with mi<19.5 and at 2.5≤z<5. The

sample is further divided into a spring (90 deg<RA<270 deg) and fall (RA>270 deg

and RA<90 deg) portion of the SDSS footprint. All quasars that have SDSS pho-

tometry, but are not included in the DR7 and DR14 quasar catalogs, will be termed

missed quasars. We investigate the fraction of missed quasars to all quasars found

in MQ in Table 2.1 and Fig. 2.1. Both clearly illustrate that the fraction of missed

quasars is larger in the fall sky, than in the spring sky. For 2.5≤z<5 quasars with

i-band magnitudes mi<17.0, 17.5, 18.5 the fraction of missed to known quasars is

f ≈ 0.40, 0.39, 0.11 in the fall and f ≈ 0.15, 0.11, 0.03 in the spring sample. These

numbers demonstrate the poorer spectroscopic completeness of the SDSS survey in

the fall sky. Furthermore the fractions increase as we restrict ourselves to brighter

i-band magnitudes, emphasizing that especially known bright quasars were missed.

These fraction decrease towards fainter magnitudes as the SDSS quasar sample is

the main contributor to fainter quasars in the literature.

The majority (>90%) of the SDSS and BOSS quasars at 2.5≤z<5 were observed

during the BOSS campaign. In the SDSS and BOSS five-band optical color-space

quasars at z = 2.5 − 3.5 overlap significantly with the stellar locus. The survey

completeness of SDSS (Richards et al., 2006, their Figure 6) and BOSS (Ross et al.,

2013, their Figure 6) show the low completeness in those regions.

To illustrate the confusion between quasars at z = 2.5− 3.5 and stars, we show

the ugriz color-space diagrams in Figure 2.2. The stellar locus is shown in black

contours, while we display the missed quasars with SDSS, 2MASS PSC and AllWISE

photometry as filled circles color-coded by redshift. It should be noted that this is a

subset of all missed quasars, because some of them are not detected by 2MASS and
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Figure 2.2: We show the quasars with full SDSS, 2MASS PSC and AllWISE pho-
tometry that SDSS missed as filled circles, colored by redshift in the SDSS optical
color space (AB magnitudes) in panel a)-c). The numbers reference the missed
quasars described in Sec. 2.3.1. A significant fraction of the missed quasars are al-
ways overlapping with the stellar locus (black contours). We further display the
SDSS high redshift inclusion boxes (ugr in a), z ≥ 3.0; gri in b), z ≥ 3.6; riz in c),
z ≥ 4.5). Panel d) shows the population of missed quasars in the near-IR J-Ks and
Ks-W2 color-space of 2MASS and WISE. The quasars are well separated from the
stellar locus. We display our new JKW2 color cut as the thick black line.
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WISE. In panels a)-c) the majority of the missed quasars overlaps significantly with

the stellar locus. The SDSS inclusion regions for higher redshift quasars (Richards

et al., 2002) also miss some of the z > 3.5 quasars that scatter into the stellar locus.

Fiber collisions during observations and quality criteria on the photometry may

have contributed to the number of missed quasars. In addition, quasar lenses can

have extended morphologies and will have been likely rejected. In some cases ob-

jects with extremely bright apparent magnitudes (mi . 15.5) were excluded for

spectroscopic follow-up to avoid scattered light from nearby fibers. However, the

main reasons SDSS and BOSS missed bright high redshift quasars are the ugriz

optical based candidate selection and the spectroscopic incompleteness of the fall

sky footprint.

2.3.1 Notes on the Brightest, Missed High Redshift Quasars in the SDSS

Spring Sky Footprint

We have selected all missed quasars with mi < 17.0 and 2.5 ≤ z < 5 that fall into

the well surveyed spring sky of the SDSS footprint to understand why they were

missed. We analyze whether the non-fatal and fatal image quality flags and the high

redshift inclusion regions of the original selection (Richards et al., 2002) play a role

in them being overlooked. All of the quasars below with z ≥ 2.8 are selected with

our selection method and will be included in the ELQS spring sample (Paper II).

(1) Q 1208+1011

This object is a known quasar lens (Magain et al., 1992; Bahcall et al., 1992) (mi =

16.77) with a redshift of z = 3.80. One of the non-fatal quality flags is raised and

it is not included in any of the high redshift inclusion regions. Finally, this Quasar

is located too close to the stellar locus in optical color space (see Fig. 2.2), to be

selected by previous SDSS campaigns.
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(2) APM 08279+5255

This object is a well known, lensed broad absorption line quasar with multiple images

at z = 3.91 (Ibata et al., 1999). It has an SDSS i-band magnitude of mi = 14.84.

While it does not show any fatal or non-fatal flags, it is also not selected in the

high redshift inclusion regions. The colors of this quasar (see Fig. 2.2) place it well

away from the stellar locus in ug-gr color space, but it is too bright for the SDSS

spectroscopic target list to avoid scattered light from nearby fibers.

(3) SDSS J1622+0702A

This object is a bright (mi = 16.87) binary quasar at z = 3.26 (Hennawi et al.,

2010). The fatal and non-fatal flags are not raised and it actually falls into the

UGR inclusion region. This quasar has the correct target flag in SDSS, but it was

not observed, because of fiber collisions with a nearby galaxy.

(4) B 1422+231

This lensed quasar has a total of four components and is measured to be at z = 3.62

(Patnaik et al., 1992). It is very bright with mi = 15.31. While its image quality

flags are not raised and it actually falls into the GRI inclusion region, it is marked

as extended (type= 3) by SDSS. However, it would not have been rejected by our

selection for its morphology (see Sec. 2.4.3).

(5) CSO 167

CSO 167 is a z = 2.56 quasar (Sanduleak & Pesch, 1984; Everett & Wagner, 1995)

with mi = 16.50. None of the fatal or non-fatal image quality flags are raised. It is

not expected to and also does not fall into one of the high redshift inclusion regions.

This quasar is too close to the stellar locus (see Fig. 2.2) to be selected in previous

SDSS campaigns.
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(6) CSO 1061

Similar to CSO167, CSO 1061(Sanduleak & Pesch, 1989) is at a lower redshift

(z = 2.67; mi = 16.33) and therefore is not expected to be selected by any of the

inclusion regions. None of the fatal or non-fatal image quality flags are raised. This

object was also not observed because it is too close to the stellar locus.

2.4 Bright Quasar selection based on near-infrared photometry

Our new survey for extremely luminous quasars, ELQS, is designed to bypass the

limitations of a purely optical quasar candidate selection by harnessing the informa-

tion of near-infrared and infrared photometry. For this purpose we have examined

the distribution of stars and quasars in the color space of the 2MASS and WISE

all-sky surveys. We discovered that the combination of J-K and Ks-W2 colors offers

a clear separation of stars and quasars and designed a JKW2 color cut in this color

space.

This color cut is very efficient in rejecting stars and in concert with a measure

to eliminate galaxies, the quasar fraction should be fairly pure. Nevertheless, the

fraction of bright stars, which make the cut, to bright quasars is non-negligible and

the color cut does not discriminate between quasars of different redshifts. In fact,

the majority of quasar candidates will be at z < 2.5 and therefore also reduce the

efficiency of our selection. Hence, it is necessary to estimate photometric redshifts

and to classify candidates at a later stage (Sec. 2.5) .

For an early overview, we illustrate the general steps of our quasar candidate

selection in Fig. 2.3. They will be described in detail in Section 2.6.

2.4.1 The JKW2 Color Cut

While we have shown the overlap between the missed quasars and the stellar locus

in optical color-space in Figure 2.2 panel a)-c) , we also show the 2MASS and WISE

J-Ks,Ks-W2 color space in panel d). Here the stellar locus clearly separates from the

distribution of missed quasars. After examining the distribution of known quasars
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to known stars in this color-color space we qualitatively determined the color cut,

that separates these distributions best. In Vega magnitudes the color cut reads,

KsVega −W2Vega ≥ 1.8− 0.848 · (JVega −KsVega) , (2.1)

while in AB magnitudes it changes to

Ks−W2 ≥ −0.501− 0.848 · (J−Ks) . (2.2)

The color cut separates quasars from stars because of their difference in the K-

W2 flux ratio (or K-W2 color). This flux ratio is fundamentally different in stars

(up to spectral type T) and quasars (up to redshifts of z ≈ 5). For those stars and

quasars the stellar flux declines more strongly between the K-band and the W2-

band than the quasar flux. Hence, quasars will have a redder K-W2 flux ratio (or

color). Emission lines, like Hα in the K-band at z ≈ 2.1− 2.50 or Hβ in the K-band

at z ≈ 3.2 − 3.8, do affect the K-W2 flux ratio, but their influence is negligible.

As a result the JKW2 color cut cannot discriminate between quasars at different

redshifts.

Six known quasars lie beneath the JKW2 color cut within the stellar locus in

Figure 2.2 panel d). For none of these objects spectra were available in the literature.

A closer examination of their identifications and photometry concluded that either

the photometry or the identification reference seem to be unreliable.

We test the color cut in a ∼ 70 deg2 region (RA=120−130 deg,

Decl.=40−50 deg), shown in Figure 2.4. For this purpose we have selected all sources

in SDSS DR13 (PhotoObjAll) brighter than SDSS mi=18.5, matched the sources

with the AllWISE source catalog, including matched 2MASS Point Source Cata-

log (PSC) photometry, and retrieved spectral identification from the SDSS DR13

(SpecObj) catalog, where possible.

The full test field includes a total of 1,327,439 sources detected with full SDSS

photometry of which 1,155,203 sources have full 2MASS and WISE W1 and W2

photometry.

For our purposes we estimate the efficiency of the color cut using the knowledge

about the spectroscopically identified quasars (at all redshifts), stars and galaxies
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Figure 2.4: We show all sources with SDSS mi ≤ 18.5 and petroRad i≤ 2.0 arcsec
of a 70 deg2 region (RA = 120− 130, Dec. = 40− 50) in J-Ks, Ks-W2 color space.
Only sources with full 2MASS and WISE W1 and W2 photometry are selected. The
green line is the JKW2 color cut and quasars, black dots, lie clearly above the color
cut. The majority of spectroscopically unidentified sources, as shown by the white
to blue color map, lies below the cut. The stellar locus shown by the orange contours
coincides with the dark regions of the color map below the cut. Spectroscopically
identified galaxies are shown as purple dots and straddle the color cut on both sides.
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Table 2.2: Selection criterion on 70 deg2 test region: JKW2 color cut

Data Sample Quasars Stars Galaxies Full sample No spectral Id.

full SDSS colors 526 3,327 5,685 1,327,439 1,317,901

SDSS+2MASS+W1W2 301 2,138 5,517 1,155,203 1,147,247
JKW2 color cut 298 8 2,706 25,470 22,458

Fraction 99.00% 0.37% 49.05% 2.20% 1.96%

SDSS+2MASS+W1W2 207 2,081 39 841,926 839,599
petroRad i≤ 2.0 arcsec

JKW2 color cut 205 7 15 1,296 1,069
petroRad i≤ 2.0 arcsec

Fraction 99.03% 0.34% 38.46% 0.15% 0.13%

and the total number of sources with 2MASS and WISE W1 and W2 colors. The

results are summarized in Table 2.2.

The color cut clearly separates stars and quasars. It reduces the total number of

sources in the test region to 25,470 out of 1,155,203 (2.20 %). The stellar contamina-

tion is greatly reduced. Only 0.37 % (8/2138) of spectroscopically identified stars in

SDSS DR13 make the color cut. Of all 526 quasars in this region 301 have 2MASS

and WISE W1 and W2 colors and of these 298 are included in the JKW2 color cut.

Only considering the quasars with full near-infrared photometry, the color cut has

an estimated completeness of ∼ 99%.

The quasar sample in the 70 deg2 test region is rather small. Therefore we test

our color cut with all quasars from the DR7 and DR12 quasar catalogs that have

2MASS photometry in the J and Ks bands and WISE W2 photometry. This sample

includes 5945 quasars out of which 5927 are included in the color cut, a fraction of

more than 99%.

Galaxies, however straddle the JKW2 color cut and only half of all spectroscopi-

cally identified galaxies (2706/5517) are excluded. Therefore we believe the majority

of the remaining 25470 sources above the color cut to be galaxies.

In total the JKW2 color cut manages to eliminate the majority of stellar sources,

while retaining a highly complete sample of bright quasars, uniform in redshift and

SDSS i-band magnitude. However, in order to efficiently use the color cut we need

to first reject galaxy contaminants and secondly estimate the photometric quasar
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redshifts.

2.4.2 Photometric completeness of 2MASS and WISE

The 2MASS and WISE surveys do not reach the depth of optical surveys, like SDSS.

Therefore fainter sources might only show spurious detections or not detections at

all. Even for a bright quasar survey this is a concern regarding the photometric

completeness. We analyze the fraction of sources in the MQC without detections in

the 2MASS and WISE bands necessary for the JKW2 color cut. More than 99.5% of

mi < 18.0 quasars at z>2.5 in the SDSS matched MQC are detected with SNR > 5

in the W1 and W2 bands. 2MASS is more shallow but still allows for about >80%

of mi < 18.0 quasars at z>2.5 in the SDSS matched MQC to be detected in J and

Ks. The photometric completeness of all surveys will be taken account, when we

calculate the overall survey completeness in Paper II.

2.4.3 Galaxy Rejection using the Petrosian Radius

The SDSS survey offers the type parameter to differentiate between different source

types. It allows to distinguish between point sources (type=6) and sources that

are classified as extended (type=3). However, we do not generally want to exclude

quasar lenses in our selection and thus do not use this parameter. Instead we turn

to a more quantitative measure, the petrosian radius.

At redshifts above z=2.5 even lensed quasars will be reasonably compact

(petroRad i<2′′), if they are not strongly distorted, but might still be categorized

as extended objects (SDSS flag type=3, e.g. the lensed quasar B 1422+231).

In Figure 2.5 we show that a petrosian radius of 2′′ in the SDSS i-band strongly

reduces the number of galaxies in the total test region, while mainly reducing the

number of quasars between 0 ≤ z ≤ 1.0, where their hosts are likely resolved in

the SDSS photometry. In the targeted redshift range of 2.5≤z≤4.0 this cut on the

petrosian radius in the SDSS i-band does not reject any quasars.



43

0 2 4 6

Redshift

100

101

102

103

N
u

m
b

er
co

u
nt

s
(l

og
ar

it
h

m
ic

)

Spectr. QSOs in test field

no restriction

petroRad i <= 3.0

petroRad i <= 2.0

petroRad i <= 1.5

STAR GALAXY QSO · 10

Spectroscopic Classes

0

1000

2000

3000

4000

5000

N
u

m
b

er
co

u
nt

s

Spectr. objects in test field

Figure 2.5: Left: The redshift distribution of the spectroscopically identified quasars
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Table 2.3: Selection criterion on 70 deg2 test region: Petrosian radius

Criterion - petroRad i≤ 3.0 arcsec petroRad i≤ 2.0 arcsec petroRad i≤ 1.5 arcsec
Full sample 1,155,203 965,887 841,925 544,643

Galaxies 5,517 578 39 12
Quasars 301 257 207 166

Stars 2,138 2,112 2,081 1,781
No spectral Id. 1,147,247 962,940 839,598 542,684
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We summarize the effects of the cuts in petrosian radius on the 70 deg2 test

region (Fig. 2.4) in Table 2.3. The limit on the petrosian radius reduces the number

of spectroscopically identified quasars from 301 to 207 out of which 205 (99 %)

are within the JKW2 color cut. As expected, the petrosian radius limit does not

significantly alter the number of stars within the color cut. Yet, it reduces the total

number of spectroscopically identified galaxies that make the JKW2 color cut from

2706 to 15, and the total number of sources from 25470 to 1296. The majority of

the rejected sources will be galaxies with a contribution from low redshift (z≤1.0)

quasars.

2.5 Photometric Redshift Estimation and Quasar-Star Classification

The JKW2 color cut is very efficient in rejecting stellar sources and the additional

limitation on the petrosian radius excludes the majority of galaxies. However, we

currently have no measure to exclude low redshift quasars, since the JKW2 color

cut does select quasars independent of their redshift. About ∼ 95% of the DR7

and DR12 quasars that make the JKW2 color cut are at lower redshifts. While this

distribution is biased due to the selection of SDSS and BOSS quasar candidates,

it still shows us that our sample will suffer from a large quantity of lower redshift

quasars. In addition, bright quasars (mi ≤ 18.5) would make up less than half of the

sources selected by these two criteria, the other half still being stellar contaminants.

Hence, we decided to use the SDSS, 2MASS and WISE photometry to further

estimate their photometric redshifts and also classify quasar candidates. Our meth-

ods of choice here are two supervised machine learning algorithms, support vector

machines (Vapnik et al., 1995; Burges, 1998; Vapnik, 1998) and random forests

(Breiman, 2001).

While the amount of galaxies included in the JKW2 color cut might seem non-

negligible, the visual inspection of photometric cutouts efficiently reduces them fur-

ther and our spectroscopic observations show that they are insignificant contami-

nants. Consequently we decided not to include them in the classification process.
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We will first explain the construction of the training sets that both algorithms

will rely on, then introduce the methods themselves and finally discuss the results.

2.5.1 Training Sets

The Empirical Quasar Catalog

In order to devise training sets for the classification and photometric redshift es-

timation, we combined the SDSS quasar catalogs with 2MASS All-Sky and WISE

AllWISE photometry.

We select all quasars from the SDSS DR7 and DR12 quasar catalogs (DR7Q and

DR12Q, respectively) and matched them with SDSS DR13 (PhotoObjAll) sources

in a 2′′ radius to obtain additional information about the sources. The resulting

catalog is then matched to WISE AllWISE and 2MASS All-Sky photometry in a 1′′

radius to make sure that the matches are accurate. We exclude magnitude outliers

(2<i and i>29; i≡apparent i-band magnitude) from the catalog. The magnitudes

are then corrected for galactic extinction (mi≡ extinction corrected apparent i-

band magnitude). Fluxes and flux errors (where possible) are then calculated from

the extinction corrected magnitudes. To ensure that the magnitude error distribu-

tions are free of outliers, objects with positive values in the SDSS flags INTERP and

DEBLEND AT EDGE are excluded.

The resulting quasar catalog is termed the “empirical” quasar catalog and has

a total of 215,087 objects with full SDSS photometry. An overview of the different

sample sizes drawn from this catalog is given in Table 2.4.

The column “photometry” refers to the photometric information included in this

training set. Not all sources in the full empirical quasar catalog have information

in the 2MASS or WISE filter bands, because the 2MASS and WISE surveys do not

always reach the same depth as the SDSS photometry. If we mandate values in the

WISE W1 and W2 bands or the 2MASS bands and their corresponding errors the

size of the training set decreases.

One additional question that naturally arises, is: Can we find a bright population
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Table 2.4: The different training sets for the photometric redshift estimation and
quasar classification.

Data Set Photometry Constraints Size
Emp. QSOs SDSS - 215,087
Emp. QSOs SDSS mi < 18.5 12,408
Emp. QSOs SDSS+W1W2 - 153,890
Emp. QSOs SDSS+W1W2 mi < 18.5 12,388
Emp. QSOs SDSS+2MASS+W1W2 - 4,815
Emp. QSOs SDSS+2MASS+W1W2 mi < 18.5 4,021
Emp. QSOs SDSS+2MASS+W1W2 mi < 18.5, JKW2 4,015
DR13 Stars SDSS - 387,854
DR13 Stars SDSS mi < 18.5 219,375
DR13 Stars SDSS+W1W2 - 245,326
DR13 Stars SDSS+W1W2 mi < 18.5 197,798
DR13 Stars SDSS+2MASS+W1W2 - 174218
DR13 Stars SDSS+2MASS+W1W2 mi < 18.5 159,211
DR13 Stars SDSS+2MASS+W1W2 mi < 18.5, JKW2 209

of quasars, that does not exist in the training set? The distribution of the brightest

quasars does not have inherently different spectral slopes. As a consequence their

flux ratios (or colors) do not differ substantially from fainter ones. Since the main

features used in the machine-learning methods are the flux ratios of adjacent photo-

metric bands, bright quasars should be comprehensively selected without problems.

The Empirical Star Catalog

To construct a catalog of stars, we have restricted our sample to only spectroscopi-

cally classified stars in the SDSS footprint. Some of those spectroscopic validations

were a result of quasar selection and as such our star catalog may be biased to-

wards stellar classes that can be confused with quasars. However, this works to our

advantage as common quasar contaminants will be over-represented in the sample.

Using the Casjobs4 interface our query automatically added SDSS photome-

try with the 2MASS PSC and the WISE AllWISE catalogs where objects were

pre-matched. To ensure good quality photometry in the SDSS bands we have

4http://skyserver.sdss.org/casjobs/

http://skyserver.sdss.org/casjobs/
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Table 2.5: Spectroscopic star classes

Spectral class # of objects
O 547

OB 533
B 4638
A 47714
F 158233
G 29953
K 60233
M 64691
L 1329
T 172

WD 15782
CV 3363

Carbon 321

used the following quality flags: zWarning=0, INTERP=0, BINNED1!=0, not (EDGE,

NOPROFILE, NOTCHECKED, PSF FLUX INTERP, SATURATED), BAD COUNTS ERROR=0,

DEBLEND NOPEAK=0, INTERP CENTER=0, COSMIC RAY=0

The resulting catalog contains a total of 387,854 objects which have full SDSS

photometric information. A detailed list of the size of different subsamples, which

have more photometric information, is given in Table 2.4.

For the purpose of quasar-star classification we have summarized the number of

stellar subclasses of SDSS DR13 (SpecObj) into the following stellar classes: O, OB,

B, A, F, G, K, M, L, T, WD, CV and Carbon. The number of object per class is

shown in Table 2.5.

2.5.2 Introduction to Random Forest Methods

The random forest method (Breiman, 2001) uses an ensemble of decision (or re-

gression) trees to vote for the most popular class (value), regarding a classifica-

tion (regression) problem. The method is a supervised machine learning method.

Therefore it requires a training set to learn from. Furthermore random forests are

non-parametric, inherently allow for multiple (> 2) classes and avoid the problem
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of over-fitting.

Since random forests rely on decision (or regression) trees, we will shortly intro-

duce their operation.

The features of the training set, which are fluxes and flux ratios for our purposes,

generate the multi-dimensional input space for the classification or regression. A

decision tree divides this input space into cuboid regions along the feature axis.

Each of these regions contains one or more data points which determine the target

class or target value for that cuboid.

This structure is built corresponding to a binary tree, where at each node a

decision on one input feature is made on how to split the tree into two branches.

This is called recursive binary partitioning. The decision is reached using a criterion

that encourages the formation of regions, where the majority of the data points

belong to only one class.

To predict the target class or target value for a new data point, the class or value

of the cuboid region, that the data point falls into, is chosen.

Decision trees are invariant under scaling of the feature values and to the inclu-

sion of irrelevant features. They also produce re-viewable models of the data, that

are easy to visualize and inherently work with multiple (> 2) classes.

In the random forest method each decision tree is fit on a bootstrap sub-sample

of equal size to the original input sample. During the construction of the decision

tree a random sub-set of all available features is used to determine the best splits for

all nodes. In our case the number of random features considered is taken to be the

square-root of the total number of features. A full decision tree is grown without

pruning the tree during the construction. The forest contains a large number of

these trees (> 100), each of which gives a classification (target value) for every

object. The class with the most votes is then chosen to be the final class of the

object. For random forest regression the mean of all target values is calculated to

be the final regression value.

While one decision tree is prone to over-fitting the training sets, random forests

overcome this problem through the averaging process of many randomized decision
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trees.

Breiman et al. (2003) first proposed this machine learning technique as an as-

tronomical classification tool to find quasars. In astronomy the method has since

been applied for classification of variable stars (Dubath et al., 2011; Richards et al.,

2011) and variable quasars (Pichara et al., 2012), photometric redshift estimation

(mainly aimed at galaxies) (Carliles et al., 2010; Carrasco Kind & Brunner, 2013)

and quasar classification (Carrasco et al., 2015).

We are using the implementation of the random forest classifier and regressor

provided by the scikit-learn (Pedregosa et al., 2011) python library with many

of the default parameters.

For the construction of the binary tree we use the Gini impurity to determine

the best split at each step. While the original random forest method (Breiman,

2001) lets each classifier vote for the final class, this implementation averages the

probabilistic predictions of each classifier to find the final probabilities for each class.

We adopt the hyper-parameters that control the size of the decision trees

(min samples split, max depth) as well as the size of the forest (n estimators)

to find the best classification/regression model. The best-fit values for these hyper-

parameters are found using a limited grid search.

2.5.3 Introduction to Support Vector Machines

Support vector machines (SVMs) (Vapnik et al., 1995; Burges, 1998; Vapnik, 1998)

offer a sparse kernel method for classification, regression and novelty detection.

Similar to random forests SVMs belong to supervised machine learning methods

and therefore rely on a well constructed training set. Fundamentally a two-class

classifier, the extension of SVMs to multi-class (> 2) classification is problematic.

In the case of classification the algorithm calculates a decision boundary (hy-

perplane) to divide the multi-dimensional feature space into two regions, according

to the two classes. The decision boundary is constructed to maximize the smallest

distance between itself and any of the data samples. In the end only a small subset

of original data points is necessary to define the decision boundary. These data
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points are the support vectors. One strength of the SVM lies in this reduction of

information to only a few data samples that define how to split the feature space.

As a result the SVM is very fast in making predictions.

SVMs as kernel methods use an algorithm that allows for the use of a kernel

function to implicitly transform the original feature space into an higher-dimensional

feature space. In such an algorithm the input vector enters only in the form of its

scalar product and is then substituted by the kernel. Therefore the coordinates in

the higher-dimensional feature space don’t have to be calculated explicitly, but only

their inner product. The kernel allows for complex decision boundaries that are

non-linear in the original feature space and allow for more complicated distributions

of the two classes.

However, many data sets do not have fully separable classes even if non-linear

kernels are used. As a solution the algorithm allows for training data to lie on the

“wrong” side of the decision boundary. These data points are then misclassified but

ignored by the algorithm. They are called slack variables and allow for a better

generalization of the classification. In older formulations of the SVM algorithm the

amount of slack variables are controlled with the parameter C.

Similar to other regression problems SVM regression also seeks to minimize a

regularized error function. This error function incorporates the previously intro-

duced slack variables as well as an ε-insensitive error function (Vapnik et al., 1995).

Therefore data points within ε of the regression model have no associated error and

the number of data points outside of this region is controlled using the slack variable

parameter C.

SVMs have been widely used in astronomy for galaxy (Wadadekar, 2005; Wang

et al., 2008) and quasar (Han et al., 2016) photometric redshift estimation and

source classification (Gao et al., 2008; Huertas-Company et al., 2008; Kim et al.,

2012; Peng et al., 2012; Kurcz et al., 2016).

We use the scikit-learn (Pedregosa et al., 2011) implementation of sup-

port vector regression for a comparison of the photometric redshift estimation

with the random forest method above. We use the radial basis function kernel
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(kernel=’rbf’), which adds the hyper-parameter gamma. In order to estimate the

optimal hyper-parameters C, epsilon and gamma, we carry out limited grid searches.

Furthermore it is important to note that the features of the input and test vector

need to be normalized because SVMs are not scale invariant.

2.5.4 Photometric Redshift Estimation

With the JKW2 color cut rejecting the majority of stars and the limit on the pet-

rosian radius filtering out unwanted galaxies, lower redshift quasars become major

contaminants for our survey targeted at z≥2.8 quasars. Hence, it is critical to es-

timate the quasar redshift and use this photometric redshift as a criterion for our

candidate selection. Instead of relying on optical color cuts (e.g. Richards et al.,

2002), we aim to utilize the full photometric information given with support vector

machine regression (SVR) and random forest (RF) regression.

The training sets for both algorithms are drawn from the empirical quasar cata-

log, which is based purely on the SDSS DR7 and DR12 quasar catalogs, as described

above.

We use three different training sets build from the empirical quasar data, to

test the effects of different feature sets and the size of the training sets on the

regression outcome. The first (SDSS; Table 2.6 rows 1 and 5) includes all sources

with full SDSS photometry, the second (SDSS+W1W2; Table 2.6 rows 3 and 7)

includes W1 and W2 information in addition to full SDSS photometry, whereas

the last (SDSS+W1W2 mi < 18.5; Table 2.6 rows 4 and 8) uses only sources with

SDSS i-band magnitude brighter than mi < 18.5 of the SDSS+W1W2 subset. In

general it is advisable to always include the largest amount of information possible.

However because we want to evaluate the benefit of including the W1 and W2 bands

in addition to SDSS photometry, we limit ourselves to SDSS photometry for a test

case on the SDSS+W1W2 subset (Table 2.6 rows 2 and 6).

We do not build a training set based on full SDSS, 2MASS and W1, W2 pho-

tometry, because the number of quasars with full 2MASS photometry is too small

(∼ 1000) to allow for sufficient training in the large feature space. In addition a cut
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on the i-band magnitude at mi < 18.5 strongly reduces the number of higher redshift

quasars in the training set. As a consequence the feature space is not sufficiently

populated at higher redshifts and the method is biased against those quasars.

For training sets with only SDSS features we use the four adjacent flux ratios

(u/g, g/r, r/i, i/z) from the five photometric bands and the SDSS i-band magnitude.

When we include WISE photometry (SDSS+W1W2) we expand the flux ratios

accordingly (+ z/W1, W1/W2) and add the W1-magnitude to the feature set.

For each subset we use a grid search on the hyper-parameters of the random forest

and support vector Machine regression to determine the best regression model. We

calculate the regression results for all subsets using both machine learning methods

to compare them to each other.

The grid for the random forest regression has the following hyper-parameters:

n estimators = [50,100,200,300], min samples split = [2,3,4] and max depth =

[15,20,25] (36 combinations).

For the support vector Machine regression we use a grid of C = [10,1.0,0.1], gamma

= [0.01,0.1,1.0], epsilon = [0.1,0.2,0.3] (27 combinations).

We use 5-fold cross validation on the full training set and always train on 80%

of the full training set, while the remaining 20% are used to test the regression.

Before we continue to discuss the results of the calculations, we will first introduce

the typical regression metrics.
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Figure 2.6: The distribution of the difference between the measured redshift of
test quasars and their given regression value ∆z = zspec − zreg. The left panel
shows results from the SDSS feature set (rows 2 and 6 of Table 2.6) while the right
panel includes the WISE W1 and W2 information (SDSS+W1W2, rows 3 and 7 of
Table 2.6). The orange curves correspond to the support vector machine regression,
whereas the blue curves are from the random forest method on the same training
sets.
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Table 2.6: Results of the Photometric Redshift estimation methods

Data set Training / Test size Constraints Features Algorithm δ0.3 δ0.2 δ0.1 σ R2

DR7DR12Q 172069 / 43018 SDSS fl.r. SDSS RF 0.87 0.81 0.65 0.483 0.654
DR7DR12Q 123112 / 30778 SDSS+W1W2 fl.r. SDSS RF 0.84 0.76 0.58 0.503 0.624
DR7DR12Q 123112 / 30778 SDSS+W1W2 fl.r. SDSS+W1W2 RF 0.96 0.94 0.86 0.277 0.884 ?
DR7DR12Q 9910 / 2478 SDSS+W1W2 fl.r., mi < 18.5 SDSS+W1W2 RF 0.98 0.97 0.93 0.189 0.937

DR7DR12Q 172069 / 43018 SDSS fl.r. SDSS SVR 0.87 0.82 0.66 0.491 0.642
DR7DR12Q 123112 / 30778 SDSS+W1W2 fl.r. SDSS SVR 0.85 0.77 0.60 0.512 0.614
DR7DR12Q 123112 / 30778 SDSS+W1W2 fl.r. SDSS+W1W2 SVR 0.96 0.92 0.81 0.291 0.873
DR7DR12Q 9910 / 2478 SDSS+W1W2 fl.r., mi < 18.5 SDSS+W1W2 SVR 0.98 0.96 0.89 0.194 0.933
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Regression Metrics

To evaluate the success of the photometric redshift estimation methods we use the

standard R2 regression score as well as the residual between photometric and spec-

troscopic redshift ∆z = zspec − zreg.

The R2 score, also called the coefficient of determination, gives a measure of the

goodness of fit of a model. Let’s assume that the true redshifts are denoted by zi

and the predicted redshift values are denoted by ẑi. The R2 score is then calculated

from the total sum of squares SStot and the residual sum of squares SSres, where z̄

is the mean redshift, according to:

SStot =
∑
i

(zi − z̄)2 , SSres =
∑
i

(zi − ẑi)2 , (2.3)

R2 = 1− SSres

SStot

. (2.4)

In the best case scenario the residual sum of squares will go to 0 and the R2 score

will reach 1. If the model always predicts the mean value of the training data z̄,

then it results in a R2 score of 0. For bad models it is possible that the R2 reaches

negative values. We use the R2 as a measure to compare models with one another

to find the model that represents the data best. Therefore we focus on the relative

values of different models and do not interpret the absolute one.

In the literature the goodness of the photometric redshift estimation is often

measured by the fraction of test quasars N with absolute redshift residuals |∆z| =
|zi − ẑi| smaller than a given residual threshold e (Bovy et al., 2012; Richards et al.,

2015; Peters et al., 2015).

∆ze =
N(|zi − ẑi| < e)

Ntot

(2.5)

Typical values chosen are e = 0.1, 0.2, 0.3. However, in many cases the redshift

normalized residuals are used instead:

δe =
N(|zi − ẑi| < e · (1 + zi))

Ntot

. (2.6)
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Results

The results of the regression calculations using RF regression and SVR are shown

in Table 2.6.

The top half of the table details the results from the RF method, whereas the

bottom half shows the corresponding results for the SVR. Both algorithms perform

similarly well for all four training and feature sets used. If the WISE W1 and W2

photometry is included, the RF method performs slightly better.

A comparison between the qualitative results of the two methods is given in

Figure 2.6. The left panel shows the results of the second and sixth row of Table 2.6

while the right panel shows the third and seventh row of the same table. The

orange and blue curves are histograms of the redshift residuals ∆z for the SVR and

RF regression, respectively. While the RF method shows a tighter distribution of

the histogram around ∆z = 0, the different colored curves show the same general

qualitative behavior in both panels.

The main difference between both methods lies in the computing time. For

the subset referenced with the ? (Table 2.6) the computing time for RF regression

amounted to 281 s, whereas the same subset calculated with SVR took 4682 s for

similarly good results. This is an inherent drawback of the SVR method as the

computing time scales with O(N3), where the number of objects in the training set

is N . For comparison the random forest method computing time scales with the

number of trees in the Forest T and the depth of each tree D as O(T ·D). Hence, for

large training sets the random forest regression should always be preferred if both

regression methods perform equally well.

If one compares the R2 score of the second and third row of Table 2.6 it becomes

obvious that the inclusion of more photometric features clearly improves the regres-

sion results. While the R2 score summarized the quantitative effect in one number,

we show the qualitative differences in Figure 2.6. From the left to the right panel

the distribution of test quasars tightens significantly around ∆z = 0 and the second

bump around ∆z ≈ −0.8 disappears.
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The price is the reduction of the training sample from 172,069 quasars to 123,112.

However, a comparison between the first and second row of Table 2.6 shows that a

larger training set improves the regression results if the same number of features are

considered. This suggests that an addition of training objects still leads to a better

characterization of the target values in the feature space.

The best regression results are achieved on the SDSS+W1W2 training set with

mi < 18.5. Because we ignore the distribution of fainter quasars here, the photo-

metric errors on this training set are smaller. As a result the regression achieves

better results. However, we have to advise caution here. The mi < 18.5 cut severely

reduces the number of training and test objects. Because the redshift distribution

of the empirical training set is dependent on the i-band magnitude of the quasars,

it biases the training set against higher-redshift sources.

We choose the RF method with the SDSS+W1W2 training set and all available

features for our photometric redshift estimation (marked with a ? in Table 2.6).

Figure 2.7 shows the density map of the random forest regression test results

using this training set as a function of the measured spectroscopic redshift The

color of the map corresponds to the number of test objects per rectangular bin. The

photometric redshift of the majority of test objects is well estimated. However a

distribution of outliers still persists at spectroscopic redshifts of z ≈ 0.8, 1.6 and

2.0− 2.3.

Comparison to other methods

The difficulty in comparing different methods for redshift estimation is that the

same training set should be used in all cases to create the model. Otherwise model

comparisons, even using the same regression metrics, are not meaningful.

In a recent study on the photometric selection of quasars (Yang et al., 2017), the

authors incorporate asymmetries into a model of the relative flux distributions of

quasars. As part of their work they carry out a comparison (see their Table 1 Yang

et al., 2017) between their new method (Skew-t) and a range of frequently used

algorithms in the literature (XDQSOz Bovy et al. (2012), KDE Silverman (1986),
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Figure 2.7: Photometric redshift estimate of our test set calculated using the random
forest method with training and feature set ? against the measured spectroscopic
redshift. The color bar shows the number of objects per rectangular bin. The three
solid black lines illustrate the ∆z = 0 diagonal and the |∆z| = 0.3 region.
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Table 2.7: Comparison of the photo-z regression

Method Features/ Training set δ0.2 δ0.1 Total data set size
Skew-t SDSS 0.82 0.75 304,241

RF SDSS 0.81 0.65 215,087
SVR SDSS 0.82 0.66 215,087

Skew-t SDSS+W1W2 0.93 0.87 229,653
RF SDSS+W1W2 0.94 0.86 153,890

SVR SDSS+W1W2 0.92 0.81 153,890

CZR Weinstein et al. (2004)) based on the same photometric test and training

sample. Their method achieves slightly better results than the other ones on the

same training set based only on SDSS photometry.

While their training/test sample includes a range of high redshift quasars from

the literature, the majority of the sample is also based on the DR7 and DR12 quasar

catalogs. Therefore we compare our results (Table 2.6) with theirs in Table 2.7. The

RF and SVR are outperformed by the Skew-t method on the SDSS feature/training

set (see δz = 0.1), meanwhile the RF method performs equally well, once the WISE

W1 and W2 bands are included. Hence, random forests can keep up with other

modern methods of photometric redshift estimation.

2.5.5 Quasar-Star Classification

To classify our quasar candidates as stars or quasars we only use the random forests,

because the support vector machine algorithm is not suited for simultaneous classi-

fication with more than two classes.

The training set for the classification problem is build from the empirical quasar

and star catalogs described above. Both catalogs are added to form the full empirical

training set on which the random forest classification for different stellar spectral

classes and quasar redshift classes will be trained.

However we limit ourselves to stars with spectral classes A,F,G,K,M, since these

classes have enough objects for sufficient training and the main contaminants of

quasars with redshifts z = 2 − 5 are K and M stars. Most L and T dwarfs are too
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faint for our extremely luminous quasar survey and conflict only with even higher

redshift quasars in color space. We have also excluded O and B stars because they

are very rare and their blue colors are hardly confused with z > 2 quasars.

Since quasar colors change considerably over redshift, we divide quasars into four

redshift classes similar to Richards et al. (2015). The classes are designed to split

the quasars at redshifts, where dominating features change the u-band to g-band

flux ratio. The redshift classes are “vlowz” with 0<z≤1.5, “lowz” with 1.5<z≤2.2,

“midz” with 2.2<z≤3.5 and “highz” with 3.5<z. At z = 1.5 the Lyα emission line

is just blueward of the u-band and the CIV emission line is still in the g-band. The

second break at z = 2.2 marks the point where the Lyα line is leaving the u-band

and the last break at z = 3.5 is marked by a strong flux decrease in the u-band as the

Lyα-forest absorbs flux blueward of the Lyα line. We use these four quasar classes

and five stellar classes to form the nine main labels for our classification problem.

For evaluation purposes we introduce the binary labels “STAR” and “QSO”, that

encompass all stellar classes and all quasar classes, respectively. We will use them

to calculate the completeness of the quasar selection against stars in general.

The RF algorithm is trained only on the photometric information. For classifi-

cations using only SDSS color space the features are the four adjacent flux ratios

(u/g, g/r, r/i, i/z) from the five photometric bands and the SDSS i-band magni-

tude. When we include the 2MASS or WISE photometry we expand the flux ratios

accordingly and add the J-band magnitude or the W1-magnitude to the feature set.

We investigate the effects of two magnitude limits in the SDSS i-band, mi <

21.5 and mi < 18.5, and the use of different sets of photometric features (SDSS,

SDSS+W1W2 and SDSS+2MASS+W1W2) on the results of the random forest

classification. The six subsets of the full empirical training set have different sizes,

since not every object has always the full photometric information required. If

information in one photometric band or its associated error is missing, we reject the

source from the training set.

For each of the six subsets we find the best combination of the training hyper-

parameters by calculating the classification results on a grid of n estimators =
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[50,100,200,300], min samples split = [2,3,4] and max depth = [15,20,25] (36 com-

binations). We use 5-fold cross validation and always train on 80% of the full training

set, while the remaining 20% are used to test the classification.
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Table 2.8: Results of the random forest classification on the full empirical training set

Training / Test size Constraints Features pa/ rb/ F1c(highz) pa/ rb/ F1c(QSO) pa/ rb/ F1c(STAR)
183108 / 45778 SDSS fl.r., mi < 18.5 SDSS 0.92 / 0.71 / 0.80 0.88 / 0.96 / 0.92 1.00 / 0.99 / 1.00
167076 / 41770 SDSS+W1W2 fl.r., mi < 18.5 SDSS+W1W2 0.97 / 0.86 / 0.91 0.91 / 1.00 / 0.95 1.00 / 0.99 / 1.00
129934 / 32485 SDSS+2MASS+W1W2 fl.r., mi < 18.5 SDSS+2MASS+W1W2 0.88 / 0.88 / 0.88 0.93 / 0.99 / 0.96 1.00 / 1.00 / 1.00
442529 / 110634 SDSS fl.r., mi < 21.5 SDSS 0.87 / 0.87 / 0.87 0.77 / 0.94 / 0.85 0.96 / 0.85 / 0.90
313453 / 78364 SDSS+W1W2 fl.r., mi < 21.5 SDSS+W1W2 0.92 / 0.95 / 0.93 0.88 /1.00 /0.94 1.00 / 0.92 / 0.96 ?
141837 / 35460 SDSS+2MASS+W1W2 fl.r., mi < 21.5 SDSS+2MASS+W1W2 1.00 / 0.69 / 0.82 0.90 /0.99 /0.94 1.00 / 1.00 / 1.00

1Precision, as defined in Section 2.5.5
2Recall, as defined in Section 2.5.5
3F1-score, as defined in Section 2.5.5
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Classification Metrics

In order to measure the performance of the classification, we will introduce three

standard classification metrics: The precision, the recall and the F1-score (Bishop,

2006).

Precision (p) is defined as the ratio of the true positives (tp) to the sum of

true and false positives (tp + fp). Usually in quasar selection one speaks of the

purity/efficiency of the selection synonymous to the precision of the selection.

Whereas the recall (r) is the ratio of true positives to the sum of true positives

and false negatives (tp + fn). Regarding quasar selections the recall is equivalent to

the completeness of the selection.

p =
tp

tp + fp
r =

tp
tp + fn

(2.7)

The harmonic mean of precision and recall values is the traditional F-measure

or balanced F-score. The F1-score reaches its best value at 1 and the worst score at

0.

F1 = 2 · precision · recall

precision + recall
(2.8)

For multi-class classification problems one can define a precision, recall and F1

score for each class individually against all other classes.

Also an average precision, recall and F1 score weighted by the number of oc-

currences in each true class, can provide an idea of how well the classifier generally

works for a problem with multiple classes.

A helpful visualization for the results of classification problems is the confusion

matrix C. Each entry Ci,j is the number of objects known to be in class i, but

predicted in class j. Therefore the entries Ci,i show the true positives (tp) for each

class i. All other values in the row i show the number of false negatives (fn), objects

predicted to belong to other classes, while they truly belong to class i. All other

values in the column i are the false positives (fp), the values predicted to belong to

class i, while they are truly belonging to other classes in the sample.
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Table 2.9: The binary label confusion matrices for the random forest classification
of the SDSS+W1W2 subset (mi < 21.5) with all features (top) and only the SDSS
features (bottom)

SDSS+W1W2 pred. STAR pred. QSO
STAR 48015 309
QSO 61 29979

SDSS pred. STAR pred. QSO
STAR 47747 577
QSO 333 29707

Results

We present the results of the random forest classifications in Table 2.8. It shows the

six different subsets of the full empirical training set along with their respective con-

straints and features used. We show the results of the classification as the precision

(p), recall (r) and F1-measures for the “highz” quasar class as well as the grouped

classes of all quasars (”QSO“) and stars (”STAR“).

As expected, it is evident from Table 2.8, that the inclusion of more photometric

features always leads to better classification results at the price of the training

sample size.

The subsets with the same amount of features but different limits on the SDSS

i-band show that the brighter samples (mi < 18.5), the ones with the qualitatively

better photometry, also show more accurate classifications. Again, the training sets

for those three subsets are much smaller and will not be able to populate the entire

feature space as well as a fainter limit of mi < 21.5 would allow.

Since the number of higher redshift quasars is a strong function of the i-band

magnitude any limitation of the training set in this regard will bias the classification

of those objects. For example the training set with full SDSS+2MASS+W1W2

photometry and mi < 18.5 (mi < 21.5) has only 38 (42) ”highz“(z > 3.5) training

objects and 8 (13) test objects. This demonstrates that these classification results

cannot be fully trusted, because of the low number of objects that the precision,

recall and F1-score are based upon.
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Based on these insights we adopt the SDSS+W1W2 subset with mi < 21.5 as

the best training and feature set for the quasar classification in our ELQS quasar

selection (see ? in Table 2.8). It achieves the highest completeness (recall) of ”highz“

quasars and ”QSO“ in general of all subsets in Table 2.8 with the hyper-parameters

set to n estimators = 300, min samples split = 3 and max depth = 25.

For this particular training and feature set we show the full confusion matrix in

Figure 2.8. The rows correspond to the true class of the object, while the columns

show the predicted labels. The values on the diagonal are the correctly classified

objects. Each entry in the matrix shows the total number of objects and the per-

centage of the objects in that entry with respect to the true class (the full row).

The entries are colored coded based on this percentage with a darker blue color

corresponding to a higher percentage.

While the stellar classification encounters difficulties for the A,F and G stars

the later spectral types and the quasars are well classified with diagonal entries

above 80%. Only a very small percentage of stars are classified as quasars (top right

corner) with the majority of stellar contaminants falling into the ”midz“ quasar class

(2.2<z<3.5). This is the redshift range in which the quasar distribution overlaps

with the stellar locus the most in optical color space.

Conversely the bottom left corner shows quasars classified as stellar sources.

Again the majority of these objects fall into the ”midz“ quasar class.

We can simplify this confusion matrix by grouping all stellar spectral classes and

all quasar classes to the binary classes ”QSO“ and ”STAR“. The binary classifica-

tion results are shown in Table 2.9. Here the top part summarizes the results of the

confusion matrix in Figure 2.8. In the bottom part we have used the same training

set but reduced the feature set to only include the SDSS photometry. As a result

the off-diagonal values are much higher, reflecting a larger fraction of stellar con-

taminants and a lower quasar completeness. This demonstrates how the information

gained by including the WISE W1 and W2 bands enhances the performance of the

classifications.
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2.5.6 On the prospect of using only Random Forests for Quasar Selec-

tion

We have demonstrated that random forests efficiently classify quasars and estimate

their photometric redshifts using the SDSS optical bands in concert with WISE W1

and W2 photometry. In this context, we need to ask whether the JKW2 color cut

is really necessary for our quasar candidate selection.

To evaluate this questions we assume the RF classification contamination as

shown in Table 2.9 and apply it to the spectroscopically unidentified sources in

the 70 deg2 test regions (Table 2.2). In this case the number of stellar contaminants

would at least rise from∼ 1000, which make the color cut, to∼ 1700. This illustrates

how important the information of the 2MASS J and K bands is to reject stars.

Unfortunately only a small fraction of all known quasars and stars in the training

sets have well detected 2MASS J and K photometry. The resulting training samples

are too small to properly populate the multi-dimensional feature space to allow

for sufficient training of the RF model. In addition the quasar training set would

be strongly biased against higher redshift (z & 3) objects, which have less bright

apparent magnitudes and are therefore less likely to be detected by 2MASS. Even

though we are focusing on the brightest quasars, it is important for the redshift

range above z ≈ 3 to be well populated in the training set to achieve reliable results

in the classification and regression.

As long as J and K band photometry is limited to the brightest objects in the

training sets, the JKW2 color cut will play an important role in rejecting stellar

sources.

2.6 The ELQS Quasar Candidate Catalog

2.6.1 Area coverage of the ELQS Survey

The ELQS survey includes all SDSS photometry with galactic latitudes b< − 20

or b>30. To estimate the effective area of the ELQS Survey, we are using the

Hierarchical Equal Area isoLatitude Pixelization Górski et al. (HEALPix 2005).
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The process of the calculation and the general parameters used are identical to the

description in Jiang et al. (2016).

The effective area of the full ELQS survey is 11, 838.5 ± 20.1 deg2, with a con-

tribution of 7, 601.2 ± 7.2 deg2 from the spring (90 deg<RA<270 deg) sky and a

contribution of 4, 237.3± 12.9 deg2 from the fall (RA>270 deg and RA<90 deg) sky.

2.6.2 Construction of the Candidate Catalog

With all tools at hand, we begin the construction of the ELQS quasar candidate

catalog in the SDSS footprint. An overview is given in Fig. 2.3. The general source

selection is based on the WISE AllWISE catalog matched with photometry from

the 2MASS PSC. Both surveys are all-sky and therefore include the galactic plane,

where the source density of stars is extremely high and leads to confusion in the

near- and mid- infrared surveys. Therefore we restrict the quasar candidates to

larger galactic latitudes and only include sources with either b<− 20 or b>30. We

also require the WISE W1 and W2 photometry to have a SNR > 5 and positive

J band magnitudes to exist for all objects. All sources that pass these criteria

and obey the JKW2 color cut K −W2 ≥ 1.8 − 0.848 · (J−K) are selected in our

WISE-2MASS-allsky catalog. It comprises a total of 3,376,354 sources.

We then proceed to match all of these sources to the SDSS DR13 (PhotoPrimary)

catalog in a 3.96′′ aperture. We do not reject any objects based on their photometric

flags. None of the fatal or non-fatal flags of Richards et al. (2002) are evaluated in

our selection. We rather inspect the images of all quasar candidates (∼ 400 objects)

in the very end to be as complete as possible. The matched SDSS-WISE-2MASS

catalog has a total of 1,690,813 objects.

In the next step we apply the criterion on the petrosian radius (petroRad i

≤ 2.0; see Section 2.4.3) to reject the majority of galaxies. We also require all

sources to satisfy the i-band magnitude cut of mi < 18.5.

For the remaining candidates we calculate photometric redshifts and evaluate

their quasar probabilities using RF regression and classification (see Section 2.5).

This demands that all sources have quantified photometric errors for all SDSS and
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WISE W1 and W2 photometry. The classification calculates the most probable

class of the objects (rm emp mult class pred), the general quasar or star class

(rf emp bin class pred) and the total probability of the object to belong to the

quasar class (rf emp qso prob). The regression delivers the best estimate for the

photometric redshift (rf emp photoz).

With this information at hand, all objects that obey the photometric redshift cut

of zreg > 2.5 and are generally classified as quasars (rf emp bin class pred=QSO)

or fall into the high redshift inclusion boxes defined in Richards et al. (2002) are

considered quasar candidates.

In addition to these primary candidates, we allow all objects that pass the pho-

tometric redshift cut and also have a probability of > 30% to belong to the quasar

class (rf emp qso prob≥ 0.3) to be included as additional candidates. This results

in a candidate catalog of 2253/1735 total/primary sources out of which 920/876 are

known quasars from the literature and 1333/859 are valid candidates for spectro-

scopic follow-up. From this sample we prioritize bright high-redshift objects with

zreg ≥ 2.8 and mi ≤ 18.0, that will make up the ELQS spectroscopic survey. These

criteria leave 742/594 total/primary candidates out of which 341/327 are known

and 401/267 need to be followed up.

In the last stages every candidate’s photometry will be inspected before observa-

tion to check for image defects or obviously extended sources. Of the total/primary

sample roughly 59%/69% are good candidates, 10%/8% are blended with other

sources in WISE, 9%/6% are extended and 22%/17% have bad image quality in at

least one of the bands or are contaminated by bright sources close by. The final

ELQS quasar candidate catalog includes a total of 237 targets out of which 184 are

primary candidates.

2.7 Conclusion

In this paper we show that the SDSS and BOSS quasar surveys have systematically

missed bright quasars at redshifts z ∼ 3 and above. This is mainly due to stellar
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contamination at redshifts where quasars overlap in optical color-space with the

stellar locus, and the surveys’ incomplete spectroscopic observations in the fall sky

(RA>270 deg and RA<90 deg) of the SDSS footprint.

We have developed a more inclusive quasar selection algorithm that is based

on a near-infrared/infrared color criterion with high quasar completeness. Further

inclusion of the SDSS optical photometry allows for galaxy rejection, classification of

sources in stellar spectral types and quasar redshift classes and photometric redshift

estimation. The latter tasks are accomplished using the random forest machine-

learning method on a training sample of SDSS DR13 spectroscopic stars and quasars

from the SDSS DR7 and DR12 quasar catalogs.

While the near-infrared/infrared color criterion is very effective, the limiting

magnitude of the 2MASS survey only allows to use it at the brightest end of the

quasar distribution. This limits the use of this criterion, as even our first estimates,

taking the combined SDSS DR7 and DR12 quasar catalogs as a basis, show that we

only reach 80% photometric completeness for mi < 18.0 quasars at z>2.5. Future

infrared surveys (e.g. EUCLID) with deeper photometry will be able to exploit this

color cut to create a fainter, highly complete quasar sample.

The total/primary high-priority quasar candidate catalog comprises 237/184 ob-

jects with zreg ≥ 2.8 and mi < 18.0. Observations taken up to August 2017, have

successfully identified a total of 67 quasars at z ≥ 2.8 in both total and primary

candidate samples. We estimate the efficiency of our quasar selection on the spectro-

scopically completed ELQS spring sky sample. It includes 340 primary candidates

of which 39 are newly identified quasars as part of ELQS and 231 are known quasars

in the literature. The remaining primary candidates were either low-redshift quasars

(36) or identified not to be quasars (35) by our survey. This results in an efficiency of

roughly ∼ 79%. The efficiency predicted by the RF classification reaches 80%−90%

for ”midz” and ”highz” quasars. The reason for our somewhat lower efficiency value

is likely found in our loose quality criteria on the SDSS, WISE, and 2MASS photom-

etry. We do not use any of the standard SDSS, 2MASS or WISE quality flags and

only rely on SNR ≥ 5 in the WISE W1 and W2 bands and the quality requirements
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of the 2MASS PSC.

In a forthcoming publication we will present the spectroscopic observations of

the completed spring sky footprint of SDSS, along with a discussion on the full

completeness of the ELQS survey and a first estimation of the bright end quasar

luminosity function. With the conclusion of the survey, a final publication will

calculate the ELQS quasar luminosity over the full survey footprint and discuss the

implications for the evolution of the brightest quasars and thus the most massive

black holes.
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Figure 2.8: We show the confusion matrix for the classification using the W1 and
W2 bands in addition to all SDSS photometry (subset SDSS+W1W2 mi < 21.5).
The true labels of the test set are on the row axis, whereas the columns refer to
the predicted labels. The number of objects in each entry is displayed along with
the percentage of that entry against the total number of objects with the same
true label. Therefore all percentages in a row add up to 100%. The color coding
highlights the entries per row with the majority of objects.
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CHAPTER 3

The Extremely Luminous Quasar Survey (ELQS) in the SDSS footprint. II. The

North Galactic Cap Sample

1

3.1 Introduction

Quasars, the rapidly accreting supermassive black holes (SMBHs) at the centers of

galaxies, are the most luminous non-transient light sources in the Universe. They

play an important role in the formation and evolution of galaxies as the mass of

the SMBH seems to be closely related to the properties of the host galaxy (see

Kormendy & Ho, 2013, for a review). As strong light beacons they further allow

astronomers to probe the large-scale structure formation of the Universe and the

nature of the intergalactic medium (Simcoe et al., 2004; Prochaska et al., 2005;

Worseck & Prochaska, 2011). Quasars discovered within the first billion years of

the Universe (Mortlock et al., 2011; Bañados et al., 2018) place strong constraints

on the formation and growth of SMBHs.

The Sloan Digital Sky Survey (SDSS; York et al., 2000), the SDSS Baryon Oscil-

lation Spectroscopic Survey (BOSS; Eisenstein et al. (2011); Dawson et al. (2013))

and the SDSS extended BOSS (eBOSS; Dawson et al. (2016)) have built the largest

quasar sample to date with over 500,000 objects at redshifts z < 6. At higher red-

shifts quasar samples have now grown to ∼ 120 quasars (Bañados et al., 2016; Jiang

et al., 2016) allowing statistical studies at z > 6 for the first time.

The most important statistic for studying the formation and growth of SMBHs is

the quasar luminosity function (QLF). The QLF is a measure of the spatial number

density of quasars as a function of absolute magnitude (or luminosity) and redshift.

1This work has been accepted for publication in the Astrophysical Journal.
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The large SDSS quasar samples provide the tightest constraints on the optical QLF

so far (Richards et al., 2006; Shen & Kelly, 2012; Ross et al., 2013).

The QLF is best described by a “broken” double power-law (Boyle et al., 1988,

2000; Pei, 1995), defined by a bright-end and a faint-end slope, the break point

between the slopes, and an overall normalization. The faint-end slope is gener-

ally flatter than the bright-end slope and all parameters are known to change with

redshift.

The bright-end slope at intermediate redshifts, z = 3− 5, has been the topic of

debate in the literature. While earlier studies discovered a flattening of the slope

towards higher redshifts (Koo & Kron, 1988; Schmidt et al., 1995; Fan et al., 2001;

Richards et al., 2006), a range of more recent studies argued that it remains steep

until the highest redshifts (Jiang et al., 2008; Willott et al., 2010a; Croom et al.,

2009; McGreer et al., 2013; Yang et al., 2016).

However, it is challenging to reliably constrain the evolution of the bright-end

slope, because the spatial quasar density rapidly decreases towards higher redshifts

and higher luminosities. For example, at redshifts z = 3 − 4 the spatial number

density of quasars with absolute magnitudes M1450 . −27.5 (Mi[z = 2] . −29) is

less than 10−9 Mpc−3mag−1 (see Richards et al., 2006; Shen & Kelly, 2012; Ross

et al., 2013). Therefore wide area spectroscopic surveys like SDSS are necessary

to achieve a large enough sample size to measure the bright-end slope reliably.

Furthermore, in order to avoid systematic biases in the measurement of the quasar

luminosity function a well constrained survey completeness and selection function

is crucial.

In Schindler et al. (2017, hereafter Paper I) we have shown that the SDSS and

BOSS quasar selection missed bright z = 3− 4 quasars due to the survey’s incom-

pleteness in the South Galactic Cap (RA>270 deg or RA<90 deg) and difficulties in

the purely optical quasar selection at these redshifts, where quasar photometry is

indistinguishable from stars.

In order to more reliably constrain the bright-end QLF, we have designed the

ELQS using a more inclusive quasar selection based on a near-infrared/infrared color
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criterion using photometry from the Two Micron All Sky Survey (2MASS Skrutskie

et al., 2006) and the Wide-field Infrared Survey Explorer mission Wright et al.

(WISE; 2010). We further apply random forests to the joint infrared and optical

photometry to classify the candidates and estimate their photometric redshifts. We

briefly summarize our quasar selection method in Section 3.2. For a full discussion

on the quasar selection and the resulting quasar candidate catalog, please refer to

Paper I.

In this work, we present the results of the ELQS survey in the North Galactic

Cap (ELQS-N; 90 deg<RA<270 deg) of the SDSS footprint. The survey is limited to

objects with SDSS i-band magnitudes mi ≤ 18.0. We have followed up all ELQS-N

quasar candidates, resulting in a spectroscopically complete area of ≈ 7, 600 deg2.

Based on this sample we calculate a first estimate of the bright-end QLF at z =

2.8− 4.5 (see Section 3.6).

We begin with a short description of our quasar selection process and a review of

quasar catalogs from the literature used in this work (Section 3.2). In Section 3.3 we

describe the spectroscopic observations and the data reduction. Subsequently, we

present the ELQS-N quasar catalog in Section 3.4 and discuss the ELQS selection

function and the survey’s completeness in Section 3.5. We continue to describe the

impact of the ELQS on the luminosity function in Section 3.6 before we summarize

our findings in Section 3.7

All magnitudes are displayed in the AB system (Oke & Gunn, 1983) and cor-

rected for galactic extinction (Schlafly & Finkbeiner, 2011) unless otherwise noted.

We denote magnitudes not corrected for galactic extinction only by x, where x refers

to the wavelength band in question, as opposed to extinction corrected magnitudes

mx. We adopt the standard flat ΛCDM cosmology with H0 = 70 kms−1Mpc−1,

Ωm = 0.3 and ΩΛ = 0.7 in general consistent with recent measurements (Planck

Collaboration et al., 2016).
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3.2 ELQS Candidate Selection and Quasar Identifications from the Lit-

erature

3.2.1 The ELQS Candidate Selection

In Paper I we developed a quasar selection method that includes near-

infrared/infrared photometry to overcome the difficulties of pure optical quasar se-

lections. We have used 2MASS J- and K-band photometry as well as WISE W2-band

photometry to devise a highly inclusive color cut: K −W2 ≥ 1.8 − 0.848 · (J−K)

(Vega magnitudes). The ELQS is focused on the brightest quasars (M1450 < −27)

at 2.8 ≤ z < 5, which are detectable with 2MASS and WISE. We therefore select

sources from the WISE AllWISE catalog, which is prematched with the 2MASS

Point Source Catalog (PSC), using our JKW2 color cut and then cross-match them

with SDSS photometry. Extended sources are rejected using a limit on the Petrosian

radius (petroRad i≤ 2.′′0) and we require the sample to satisfy an i-band magnitude

cut of mi ≤ 18.5.

In the next step we employ the random forest method (Breiman, 2001) to calcu-

late photometric redshifts and further classify our candidates. Photometric redshift

estimation is carried out using random forest regression trained on a quasar sample

built from the SDSS DR7 and DR12 quasar catalogs (Schneider et al., 2010; Pâris

et al., 2017). As features we use flux ratios built from all SDSS bands and the WISE

W1 and W2 bands as well as the SDSS i-band and WISE W1-band magnitudes. To

achieve a higher efficiency for the quasar selection, we also employ random forests

to classify our candidates in five stellar classes according to the A, F, G, K and M

spectral types and four quasar redshift classes (0<z≤1.5, 1.5<z≤2.2, 2.2<z≤3.5,

and 3.5<z). In this case, the training set is built from the SDSS DR7 and DR12

quasar catalogs and a sample of spectroscopically classified stars based on SDSS

DR13. For the classification we have used the same features as described above for

the regression. We apply our quasar selection to the full SDSS footprint excluding

the galactic plane (b < −20 or b > 30).

Our primary high-priority sample encompasses all candidates, which are gen-
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erally classified to be quasars, have a regression redshift of zreg ≥ 2.8 and satisfy

mi ≤ 18.0. We identify 594 of these objects with our quasar selection method, of

which 324 were previously identified in the literature. The remaining 270 candidates

lack spectroscopic identification. After a visual inspection, we discard 85 candidates

due to unreliable photometry. In most cases the WISE image in the W1 or W2

bands was blended with another source or the image showed artifacts, like bright

tails, detected as a source. In a few cases similar artifacts were persistent in the

2MASS or SDSS photometry. We have followed up 184 primary candidates in the

ELQS-N and ELQS South Galactic Cap sample (ELQS-S). Data reduction and spec-

troscopic identification of the ELQS-S sample still continues. The ELQS-S sample

will be published along with a full analysis of the QLF in Paper III (Schindler et

al. 2018b, in preparation). Table 3.1 provides an overview of the candidate sample.

For further details regarding the quasar selection, we refer the interested reader to

Paper I.

3.2.2 ELQS Candidates in the Literature

The majority of previously identified ELQS candidates were observed as part of the

Sloan Digital Sky Survey I/II (SDSS)(Abazajian et al., 2009), BOSS, and eBOSS

and published in the SDSS DR7 (Schneider et al., 2010) and DR14 (Pâris et al.,

2018) quasar catalogs. Further quasar identifications come from the Million Quasar

Catalog (Flesch, 2015) and an ongoing survey by Yang et al. (2018, in preparation).

3.2.3 SDSS DR7

The DR7 concluded the SDSS I/II spectroscopic survey. The quasar target selection

is described in Richards et al. (2002) and the data were reduced with the standard

SDSS pipeline (Stoughton et al., 2002). The quasar target selection flagged all

objects as candidates, which are outliers of the stellar locus in griz color space, in

addition to several inclusion regions to target specific redshift ranges (Richards et al.,

2002). The DR7 quasar catalog (DR7Q) presented over 100,000 spectroscopically



78

Table 3.1: ELQS primary candidate sample

Primary candidates Full area ELQS-N ELQS-S
(mi <= 18.0 and zreg >= 2.8) (90 deg<RA<270 deg) (RA>270 deg

or RA<90 deg)

Total selected primary candidates 594 375 219
Good primary candidates 509 340 169
(excluding bad photometry)

In the literature 324 252 72
Observed 184 88 96
To observe 1 0 1
In the literature at z > 2.8 298 231 67
Observed and identified as z > 2.8 QSOs 108 39 69a

1Data reduction and spectroscopic identification of the ELQS-S sample is not complete.

confirmed quasars in a ≈ 9380 deg2 region of the SDSS DR7 footprint (Schneider

et al., 2010).

In our full primary candidate sample, obeying the JKW2 color cut withmi ≤ 18.0

and regression redshifts zreg ≥ 2.8, there are 203 known quasars from the DR7Q, of

which 194 are at z ≥ 2.8 and 9 below z = 2.8.

The full DR7Q catalog contains 265 quasars with mi ≤ 18.0 at z ≥ 2.8. We lose

54 objects, because they do not have the necessary 2MASS/WISE photometry or

do not make the JKW2 color cut. We miss another 17 quasars, because our redshift

estimates at 2.8 ≤ z ≤ 3.0 are not fully accurate. Both of these effects are reflected

in our selection function described in Section 3.5.

3.2.4 BOSS and eBOSS

The BOSS quasar survey targeted quasars and galaxies to investigate Baryon Acous-

tic Oscillations (BAO). Quasars in a redshift range of 2.2 < z < 3.5 were primarily

targeted to study BAOs using the quasars themselves and their Lyα forests (McDon-

ald & Eisenstein, 2007; Ross et al., 2012). The BOSS survey used the extreme decon-

volution algorithm (XDQSO, Bovy et al., 2011) to select quasar candidates, which

was optimized for the targeted redshift range. The BOSS spectra are obtained with

a fiber-fed multi-object spectrograph (Smee et al., 2013) and were reduced using a
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pipeline described in Bolton et al. (2012). The BOSS quasar campaign culminated

in the publication of the DR12 quasar catalog (DR12Q, Pâris et al., 2017) with

≈ 300, 000 quasars. The SDSS-IV extension of the BOSS observational cosmology

program is the extended Baryon Oscillation Spectroscopic Survey (eBOSS, Blanton

et al., 2017; Dawson et al., 2016). For the eBOSS BAO measurements quasars in a

redshift range of 0.9 < z < 2.2 are targeted. In BOSS and eBOSS more than 60,000

quasars were discovered at z > 2.1. The quasar selection is described in Myers et al.

(2015). Primarily the XDQSO method and a mid-IR color cut were used to form a

uniform quasar sample over ≈ 7500 deg2 with g < 22 or r < 22.

A second selection based on quasar variability uses multi-epoch imaging from

the Palomar Transient Factory to discover quasars up to g < 22.5 at z > 2.1. With

the 14th data release of SDSS, the first eBOSS quasar catalog (DR14Q; Pâris et al.,

2018) was published containing more than 500,000 objects. It includes all quasars

identified with the BOSS and the majority of quasars from the original DR7Q.

In our full primary candidate sample, obeying the JKW2 color cut withmi ≤ 18.0

and zreg ≥ 2.8, there are 256 known quasars from DR14Q of which 240 are at z ≥ 2.8.

These 240 quasars include all but one quasar from the original SDSS DR7Q.

The DR14 quasar catalog includes a total of 341 quasars with mi ≤ 18.0 at

z ≥ 2.8. The majority of quasars we don’t recover do not have the necessary

2MASS and WISE photometry to evaluate the JKW2 color cut. Due to our cut on

the photometric redshift estimate we loose an additional 25 quasars from DR14Q,

which are between 2.8 ≤ z ≤ 3.16. Our selection function reflects these effects

(Section 3.5).

One of our quasar candidates had a spectrum taken as part of the Segue 2 pro-

gram and was flagged as a broad-line quasar by the automated pipeline, but it was

not included in any of the SDSS quasar catalogs. We visually determined it to be a

BAL quasar at z = 3.65 and discuss its properties in Section 3.4.3.
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3.2.5 Million Quasar Catalog

The Million Quasar Catalog (MQC, Flesch, 2015) is a compendium of type I and II

AGN from the available literature. It includes over 600,000 type-I AGN and quasar

candidates from the NBCKDE (Richards et al., 2009), NBCKDE-v3 (Richards et al.,

2015), XDQSO (Bovy et al., 2011), AllWISE (Secrest et al., 2015) and Peters (Pe-

ters et al., 2015) photometric quasar catalogs as well as from all-sky radio/X-ray

associated objects, which are calculated by the author. With a total of ∼ 2, 000, 000

objects the MQC is the largest compilation of quasars and candidates to date. How-

ever, we are only using the spectroscopically confirmed quasars. The MQC includes

all quasars in the SDSS quasar catalogs. With regard to the MQC we will only dis-

cuss quasar candidates below that don’t have successful cross-matches to the SDSS

DR7Q, DR12Q and DR14Q. Our primary candidate catalog over the entire SDSS

footprint, excluding the galactic plane, includes 39 MQC quasars that make the

JKW2 color cut and have mi ≤ 18.0 and zreg ≥ 2.8, of which 31 are at z ≥ 2.8.

The ELQS-N quasar sample includes 15 validated quasars from the MQC. The

redshift references of these objects are mainly from the Half Million Quasar Catalog

(12 objects, Flesch, 2015), the Large Sky Area Multi-Object Fibre Spectrograph

(LAMOST) DR3 (2 objects) and SDSS DR14 (1 object). The SDSS DR14 quasar is

not included in the DR14Q quasar catalog and was targeted as part of the Segue 2

project.

3.2.6 Yang et al. Bright Spectroscopic Quasar Survey

Yang et al. (2018, in preparation) are currently conducting a spectroscopic survey

similar to this work. The goals of their survey are to find bright quasars at z ≈ 2−3

and at z ≥ 4 missed by the SDSS/BOSS/eBOSS quasar surveys and to test different

quasar selection criteria for the upcoming LAMOST quasar survey. The survey is

based on two different candidate samples. The first sample uses photometry from

SDSS, the UKIRT (UK Infrared Telescope) Infrared Deep Sky Survey (UKIDSS)

and the Vista Hemisphere Survey. Candidates are selected using the YK-gz and
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JK-iY color cuts presented in Wu & Jia (2010). The second sample is based on

SDSS and WISE photometry using the methods presented in Wu et al. (2012).

Spectroscopic observations are carried out using the Lijiang telescope (2.4 m) and

the Xinglong telescope (2.16 m).

In our total primary candidate sample, obeying the JKW2 color cut with mi ≤
18.0 and zreg ≥ 2.8, there are 34 new quasars identified as part of their observational

campaign, of which 33 are at z > 2.8.

The ELQS-N includes 10 quasars spectroscopically identified as part of their

survey and another 8 quasars that were both identified by this work as well as their

survey.

3.2.7 HST GO Proposal 13013 - PI: Gabor Worseck

In addition to the references above, all quasar candidates were matched

to the NASA/IPAC Extragalactic Database (NED) to exclude other al-

ready known quasars. However, even though one of our quasar candidates,

J163056.335+04:35:59.42, was not flagged as a quasar, we later discovered that

it was part of the HST GO program 130132 (PI: Gabor Worseck) and subsequently

studied by Zheng et al. (2015). Although this quasar can be found in the literature,

we decided to include it in our new discoveries to formally publish its classification.

3.3 Spectroscopic Observations and Data Reduction

The 88 ELQS-N primary candidates were observed with the Vatican Advanced Tech-

nology Telescope (VATT) and the MMT 6.5 m Telescope. In this section we will

provide details regarding the spectroscopic observations and the data reduction.

3.3.1 VATT Observations

The majority of the spectroscopic identifications were carried out with the VATT

using the VATTSpec spectrograph. We have used the 300 g/mm grating in first

2http://www.stsci.edu/hst/phase2-public/13013.pro

http://www.stsci.edu/hst/phase2-public/13013.pro
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order blazed at 5000 Å. The spectra have a resolution of R ∼ 1000 (1.′′5 slit) and a

coverage of ∼ 4000 Å around a central wavelength of ∼ 5775 Å.

The observations for the ELQS were conducted in multiple campaigns. Pilot

observations started in 2015 April 21-25, with continuing observations in October

8-12. The program continued through 2016 March 10-15, April 10-13, November

19-23 and December 18-20. In 2017 we finished the North Galactic Cap footprint

with observations on April 3-6, April 17-19 and May 3-5. About 45% percent of the

awarded VATT time was lost, mainly due to bad weather conditions.

The exposure times varied between 15 to 30 minutes depending on the weather

conditions and the brightness of the candidate resulting in low signal-to-noise ratio

spectra. Quasars were easily identified by their prominent emission lines.

The data were reduced using the standard long slit reduction methods within

the IRAF software package (Tody, 1986, 1993). This includes bias subtraction, flat

field corrections and sky subtractions using polynomial background fits along the slit

direction. The last task was carried out using the apall routine. All observations

since October 2016 were reduced using optimal extraction (weights=variance) and

cosmic ray reduction within the apall routine. Wavelength calibration was carried

out using an internal HgAr lamp. Flux calibration was done using standard stars

observed once per night. Absolute flux calibration may not be reliable in all cases

due to passing clouds. Therefore we have adjusted the flux levels in the spectra

to reflect the measured SDSS magnitudes. In all cases we used the SDSS r-band

for this re-calibration. The spectra have not been corrected for telluric absorption

features.

The candidate selection for the ELQS survey was finalized in September 2016.

Previous observations include candidates with less efficient selection criteria based

on simple color cuts or with a fainter limiting magnitude of mi = 18.5. Overall

we have observed 325 unique candidates with the VATT, out of which 121 were

generally identified as quasars. A full catalog of all observed objects, not included

in the ELQS-N quasar catalog, will be published with the completion of the ELQS

survey.
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3.3.2 MMT Observations

We have used the MMT Red Channel Spectrograph to carry out follow-up observa-

tions of our newly discovered quasars. For all observations we have used the MMT

270 g/mm and 300 g/mm gratings blazed at 1st/7300Å and 1st/4800Å, respectively.

Regarding the 270 g/mm grating we used central wavelengths of 6400Å and 7150Å.

For the 300 g/mm we used central wavelengths of 5000Å, 5500Å, 5560Å, 5570Å and

6083Å. The 270 g/mm grating has an approximate coverage of 3705Å, whereas the

300 g/mm grating has an approximate coverage of 3313Å. We chose exposure times

of ∼ 3− 15 minutes per spectrum, depending on the object and conditions.

Based on the seeing conditions, we have either used the 1.′′25 or the 1.′′5 slit,

providing a resolution of R ≈ 300−400 with both gratings. Observations were taken

in 2015 on May 9, November 8-9 and 11, and December 1 as well as in 2017 on May

17-18. The data reduction procedure is analogous to the one used for the VATT data

above. For the wavelength calibration we have used the internal HeArNe lamps and

spectrophotometric standards were observed once per night. The flux calibration

may not be reliable due to changing weather conditions. As for all observations we

have rescaled the spectral flux to match the SDSS r-band magnitudes.

After the completion of the survey we noticed that the MMT Red Channel Spec-

trograph dim continuum lamp failed during our run on May 17-18 2017 resulting

in very low signal to noise flat fields for those two nights. For all spectra with the

300 g/mm grating and a central wavelength of 5560Å, we were able to use flat fields

of a different observing run with the same grating and a slightly different central

wavelength, 5570Å, to reduce the data. The other spectra, centered around 6083Å,

are still reduced with the low signal-to-noise flat fields, introducing additional noise

into the spectra. However, the detector of the spectrograph does not show strong

sensitivity variations along the spatial direction and variations along the disper-

sion direction are indirectly taken care of by the standard calibration procedure.

Therefore, our analysis of the spectra will not be impacted.
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Figure 3.1: The distribution of the ELQS-N candidates as a function of apparent
i-band magnitude. Known quasars from the literature are shown in blue. Red
and green refer to newly identified quasars with z ≥ 2.8 and z < 2.8, respectively.
Candidates that are not identified to be quasars are shown in orange. All candidates
have been followed up.

3.4 The ELQS-N Quasar Catalog

We have finished the spectroscopic identification campaign of ELQS-N, while data

reduction of the ELQS-S still continues. With regard to the full ELQS candidate

sample, at the time of this writing (May 2018), we have identified over one hundred

new quasars at z ≥ 2.8, of which 39 are located in the North Galactic Cap.

The ELQS-N quasar sample includes 375 candidates with mi ≤ 18.0 and

zreg ≥ 2.8 selected using our quasar selection algorithm (Section 3.2). However,

we discarded 35 candidates during a visual inspection of the photometry. All ob-

jects that were strongly blended in the WISE bands or showed photometric artifacts,

for instance, bright trails identified as the source, were not followed up spectroscop-
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Figure 3.4: (continued)
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Table 3.2: Newly discovered quasars at z ≥ 2.8 in the ELQS-N sample

R.A.(J2000) Decl.(J2000) mi M1450 Spectroscopic near UVa far UVa BAL flagb Notesc

[hh:mm:ss.sss] [dd:mm:ss.ss] [mag] [mag] Redshift [mag] [mag]
08:03:57.742 +39:08:23.05 17.10± 0.01 -28.09 2.975 - - 1 161218
08:35:25.575 +22:13:09.71 17.78± 0.01 -27.39 2.935 - - 0 170417
08:35:56.094 +25:30:48.05 17.57± 0.02 -27.90 3.360 - - 0 160412

08:47:53.690 +27:36:54.59 17.77± 0.02 -27.96 3.870 - - 0 170418d

08:48:08.164 +62:28:21.93 17.91± 0.02 -27.29 2.980 - - 0 170404
08:49:01.620 +32:54:05.51 17.75± 0.01 -27.78 3.510 - - 0 170517

10:02:48.008 +66:30:40.27 17.36± 0.02 -28.40 3.890 - - 0 170517d

10:04:49.630 +62:16:27.21 17.39± 0.01 -27.68 2.800 - - 0 161119
10:14:00.201 +31:27:12.33 17.46± 0.01 -27.60 2.810 - - 0 160311
10:15:42.805 +78:57:36.79 17.98± 0.02 -27.18 2.910 - - 0 170404
10:24:37.592 +02:30:59.24 17.48± 0.02 -27.64 2.885 20.49± 0.05 - 0 160310
11:03:09.562 +78:57:47.98 17.98± 0.01 -27.28 3.065 - - 0 170404
11:20:44.331 +44:23:55.41 17.79± 0.01 -27.50 3.095 - - 0 170517
11:33:24.095 +19:43:16.71 17.74± 0.01 -27.40 2.895 21.16± 0.23 - 0 170417

11:50:10.783 +65:12:45.79 17.82± 0.02 -27.48 3.120 - - 0 170517d

12:03:31.145 +20:38:18.69 17.90± 0.02 -27.61 3.475 21.34± 0.40 22.07± 0.52 0 170404
12:11:17.716 +33:45:02.65 17.94± 0.02 -27.25 2.970 - - 0 170404

12:28:14.791 -01:09:53.50 17.75± 0.01 -27.36 2.850 22.13± 0.26 - 0 170405d

12:58:49.601 +23:38:55.54 17.58± 0.02 -27.76 3.195 - - 0 170504

13:05:18.099 +28:38:17.12 17.44± 0.02 -27.67 2.870 - - 0 160311d

13:12:35.368 -03:19:51.44 17.48± 0.02 -27.70 2.940 - - 0 170404d

13:44:25.527 +40:47:53.79 17.88± 0.02 -27.32 2.985 - - 0 170406

14:19:22.545 +04:23:31.75 17.46± 0.02 -27.60 2.800 - - 1 170404d

14:42:10.930 +39:40:26.69 17.36± 0.02 -27.80 2.910 - - 1 170404
15:21:43.156 -12:02:24.53 17.68± 0.01 -27.67 3.200 21.57± 0.40 - 0 170518
15:23:09.415 +00:21:41.73 17.31± 0.01 -27.79 2.840 - - 0 170405
15:24:41.404 +16:40:07.57 17.51± 0.02 -27.69 2.990 - - 1 170405
15:28:42.296 +61:09:08.29 17.37± 0.01 -27.91 3.090 - - 0 170517
15:53:15.300 -02:32:28.05 17.83± 0.02 -27.69 3.470 - - 0 170406
16:05:39.507 +02:17:03.82 17.62± 0.01 -27.70 3.165 22.76± 0.46 - 0 170518
16:06:08.671 -02:03:29.48 17.83± 0.01 -27.35 2.950 - - 0 150509
16:25:39.599 -00:53:41.10 17.94± 0.01 -27.56 3.415 - - 0 170405
16:28:00.530 +30:21:05.55 17.82± 0.02 -27.56 3.260 - - 0 170518
16:30:56.335 +04:35:59.42 17.39± 0.01 -28.30 3.780 21.18± 0.23 21.42± 0.32 0 170518e

16:36:22.097 +49:29:41.28 17.88± 0.02 -27.65 3.530 22.02± 0.26 - 1 160313

16:39:51.938 +09:04:01.71 17.98± 0.02 -27.31 3.120 - - 0 150509d

16:48:04.848 +49:33:26.80 17.11± 0.01 -28.84 4.220 - - -1 170517
16:54:36.038 +73:28:35.04 17.58± 0.02 -28.49 4.410 - - -1 170517
17:23:38.809 +39:26:21.42 17.83± 0.06 -27.68 3.465 - - 1 170517

aThe near and far UV magnitudes were obtained from cross-matches within 2.′′0 to the GALEX
GR6/7 data release

bVisual qualitative BAL identification flag: 1 =BAL; 0 =no BAL; −1 = insufficient wavelength
coverage or inconclusive archival data

cThis columns shows the observation date (YYMMDD) and provides further information on
individual objects.

dThese objects were also independently discovered by Yang et al.
eSee also HST GO Proposal 13013 (PI: Gabor Worseck) and Zheng et al. (2015)
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ically. Of the remaining 340 candidates 231 are known quasars from the literature

at z > 2.8, while 21 are low redshift (z < 2.8) quasars (DR14Q:13 objects, MQC:5

objects, SDSS spectrum: 2 objects, DR7Q:1 object). We have followed up all of the

88 candidates with optical spectroscopy and discovered 39 new quasars at z ≥ 2.8

and 15 quasars at z < 2.8. The majority of our contaminants could be identified

as K-dwarf stars, which have similar optical colors to quasars in our targeted red-

shift range. Table 3.1 provides an overview over the candidate samples. The final

ELQS-N quasar catalog includes 270 quasars with mi ≤ 18.0 and z ≥ 2.8:

• 204 quasars from the DR14Q

• 39 newly identified quasars

• 15 quasars from the MQC

• 10 quasars from Yang et al. (2018, in preparation)

• 1 quasar with SDSS DR14 spectrum (BAL)

• 1 quasar from the DR7Q

Excluding the 35 objects with unreliable photometry, we have identified 270

quasars out of a candidate sample of 340, resulting in a selection efficiency of ∼ 79%.

In Figure 3.1 we show a histogram of all 340 objects included in the original candidate

catalog. All previously known quasars (regardless of redshift) are shown in blue.

Quasars identified as part of the ELQS are colored red (z ≥ 2.8) and green (z < 2.8).

The remaining candidates, which were observed but identified not to be quasars, are

shown in orange.

The majority of spectra cover the Lyα, Si IV and C IV broad emission lines

with a reasonable S/N. Only two of our quasar spectra at z > 4.0 have just the

Lyα line available. However, both spectra clearly show the Lyα-forest blue-ward of

the broad Lyα emission line. All ELQS-N quasars are Type I quasars with broad

emission lines (FWHM> 1000 kms−1). It is known that the C IV line can show
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offsets from the systemic redshift, which are correlated with quasar properties such

as luminosity or radio loudness (e.g., Richards et al., 2011). Hence, we determine

the redshift of our discovered quasars based on visually matching a quasar template

spectrum (Vanden Berk et al., 2001) to the observed spectra. We estimate that this

method results in an uncertainty of ∆z ≈ 0.02, which is accurate enough for the

calculation of the quasar luminosity function.

We use a grid of simulated quasar spectra (Section 3.5.1) to derive k-corrections

as a function of redshift and magnitude to calculate the absolute monochromatic

magnitude at rest-frame 1450 Å (M1450) from the SDSS i-band magnitude. We

interpolate on this grid to retrieve individual k-corrections for all quasars in our

sample. Figure 3.2 shows the luminosity dependent k-correction (Ki⇒1450) calculated

from the simulated spectra over a redshift range of z = 2− 5. We use it to account

for the emission line contribution of C III], C IV, Si IV and Lyα to the k-correction,

who pass through the SDSS i-band at redshifts z = 2.8− 4.5.

Figure 3.3 shows the distribution of all quasars included in the ELQS-N catalog

in the M1450 and redshift plane. The newly discovered quasars are shown as red

diamonds, whereas known quasars from the DR7Q, DR14Q and SDSS DR14 are

depicted as small blue filled circles and quasars from the other sources (MQC and

Yang et al. 2018, in preparation) are shown as green triangles. The three green

stars are the well known quasar lenses Q1208+1011 (z = 3.8) (Bahcall et al., 1992;

Magain et al., 1992), B1422+231B (z = 3.62) (Patnaik et al., 1992) and APM

08279+5255 (z = 3.91) (Ibata et al., 1999) that were missed by SDSS but included

in our selection, as we discussed in Schindler et al. (2017). A match of our ELQS-

N catalog to all known quasar lenses registered in the NASA/IPAC Extragalactic

Database (NED), the CfA-Arizona Space Telescope LEns Survey of gravitational

lenses (CASTLES,C.S. Kochanek, E.E. Falco, C. Impey, J. Lehar, B. McLeod, H.-

W. Rix)3 and the Sloan Digital Sky Survey Quasar Lens Search (SLQS Inada et al.,

2012) did not return additional results.

We display the spectra of all 39 newly identified quasars in the ELQS-N cata-

3https://www.cfa.harvard.edu/castles/

https://www.cfa.harvard.edu/castles/
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log in Figure 3.4. It shows the fully reduced discovery spectra sorted by redshift,

highlighting the Lyα, Si IV, and C IV emission lines with dark blue, orange and red

bars at the top of each panel. In Table 3.2 we provide additional information to all

of these objects, including the position in equatorial coordinates, SDSS apparent

i-band magnitude, the absolute magnitude at 1450Å, near- and far-UV magnitudes

from GALEX, a flag indicating visual broad absorption line quasars classification

and the determined spectroscopic redshift. The full ELQS-N catalog is available in

a machine-readable format on-line. The catalog format is described in Table A.1.

3.4.1 Matches to FIRST, GALEX, ROSAT 2RXS and XMMSL2

We matched the ELQS-N quasar sample to the VLA Faint Images of the Radio

Sky at Twenty-Centimeters (FIRST) catalog (Becker et al., 1995) in an aperture of

3.′′0 to obtain 1.4 GHz peak flux densities. The cross-match returned 34 matches, of

which one, J083525.575+221309.71, is a newly discovered quasar at z = 2.94. The

FIRST survey area has been chosen to coincide with the SDSS North Galactic Cap

footprint and therefore we can roughly estimate a radio-loud fraction for the ELQS-

N sample by counting all quasars with radio detections in FIRST. This results in a

radio-loud fraction (RLF) of ≈ 12.6%.

Ivezić et al. (2002) analyzed the radio fraction of quasars observed by the FIRST

Survey and the SDSS. The authors argue that their sample does not show a depen-

dency of the radio fraction on quasar luminosity or redshift. However, they state

that dependencies on both could conspire to produce no observed effect. Jiang et al.

(2007) revisit the RLF of SDSS quasars at z = 0 − 5 and −30 ≤ Mi < −22. Con-

trary to Ivezić et al. (2002) the authors find that the RLF changes as a function of

redshift and absolute magnitude. They find their discovery to be well fit by

log

(
RLF

1− RLF

)
= b0 + bz(1 + z) + bM(M2500 + 26) , (3.1)

where b0 = −0.132, bz = −2.052 and bM = −0.183. As a result the RLF at z = 0.5

declines from 24.3% to 5.6% as luminosity decreases from M2500 = −26 to −22 and

at a fixed M2500 = −26 it decreases from 24.3% at z = 0.5 to 4.1% at z = 3.



93

The ELQS-N sample has a median redshift of zmed ≈ 3.15 and a median absolute

magnitude of M1450,med ≈ −27.7, which is equivalent to M2500 ≈ −28, assuming a

spectral slope of α = −0.5. Using the relation of the RLF described in (Jiang et al.,

2007), we predict an average RLF of ∼ 8.5%. Our measured RLF of ≈ 12.6% is

in rough agreement with the predicted result using the Jiang et al. (2007) relation,

taking into account that we classify quasars as radio-loud if they have any detection

in FIRST. This likely increases our numbers in comparison to Jiang et al. (2007)

who only consider quasars with a radio-to-optical ratio of R = f6 cm/f2500 > 10,

where f6 cm and f2500 are fluxes at the respective rest frame wavelengths of 6 cm and

2500 Å. We will revisit this analysis more rigorously in Paper III.

We further cross-matched our catalog with the GALEX GR6/7 Data Release

(Martin et al., 2005) in an aperture of 2.′′0, corresponding to the GALEX position

accuracy. We obtained photometry in the far- and near-UV bands at 1350− 1750 Å

and 1750 − 2750 Å, where available. A total of 38 quasars have counterparts in

GALEX, out of which 10 are detected in the far-UV band, 37 in the near-UV band,

and 9 in both. Of the 39 newly discovered quasars, 8 have valid near-UV magnitudes

and two, J120331.145+203818.69 and J163056.335+043559.42, were detected in the

far-UV as well. The detection of luminous quasars in the near- and far-UV suggests

that their flux was not fully absorbed by neutral hydrogen along the sight line of

the quasar. These objects are prime targets to study the Helium re-ionization of

the Universe (see, Worseck & Prochaska, 2011; Worseck et al., 2016).

The rate of UV detections in the ELQS-N sample (38/270 ≈ 14%) is lower

compared to the new ELQS quasars (8/39 ≈ 20%). A likely explanation is found in

Worseck & Prochaska (2011). The authors confirm that the SDSS quasar selection

preferentially selects quasars with intervening H I Lyman limit systems at 3 . z .

3.5. The optical photometry of quasars at these redshifts without intervening H I

Lyman limit systems is bluer and shifts them into the stellar locus in optical color

space. We have demonstrated (Schindler et al., 2017) that our quasar selection

overcomes the limitations of purely optical color selection by including near- to

mid-IR photometry. It would not be surprising, if it resulted in a higher rate of UV
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detections. However, our current sample is too small to be statistically relevant.

Therefore, we will re-evaluate this fraction with the full sample.

Lastly, we match our quasar catalog with pre-matched AllWISE counterparts

to X-ray detections (Salvato et al., 2018) from the ROSAT (Truemper, 1982) re-

processed 2RXS catalog (Boller et al., 2016) and the XMM Newton Slew 2 Survey

(XMMSL2). These catalogs contain 106,573 counterparts to 0.1 − 2.4 keV 2RXS

sources as well as 17,665 counterparts to 0.2 − 12 keV XMMSL2 sources. The All-

WISE positions of our sample are matched to the AllWISE positions of the matched

counterparts in a 6′′ aperture. We find 8 positional matches to the ROSAT 2RXS

catalog, all of which are already known quasars in the literature. The ROSAT 2RXS

fluxes are included in the ELQS-N quasar catalog.

3.4.2 Broad Absorption Line (BAL) Quasar Fraction

We roughly estimate the fraction of broad absorption line (BAL) quasars in the

ELQS-N sample. First, we cross-match our catalog to the SDSS DR12 quasar

catalog (Pâris et al., 2017), which flags all quasars with visually identified BAL

features (BAL FLAG VI= 1). This is a purely qualitative measure as opposed to the

balnicity index (BI) (Weymann et al., 1991) or the absorption index (Hall et al.,

2002). The DR12Q BAL flag provides information on 190 of our 270 quasars, of

which 40 are flagged as BALs. For all the remaining objects, we visually inspect

their spectroscopy, where available, or use previous classification from the literature

to determine their nature. Of our 39 newly discovered quasars 6 show BAL fea-

tures (J080357.742+390823.05, J141922.545+042331.75, J144210.930+394026.69,

J152441.404+164007.57, J163622.097+492941.28, J172338.809+392621.42) and two

do not have sufficient wavelength coverage to allow for clear classification. In total

we can identify 57 out of 262 ELQS-N quasars to be BALs, resulting in an observed

BAL fraction of ∼ 22%.

Estimates of the traditional BAL fraction, BAL quasars identified with BI > 0,

range from 10% to 30% (see e.g., Hewett & Foltz, 2003; Trump et al., 2006; Dai

et al., 2008; Maddox et al., 2008; Allen et al., 2011). This large range arises in part
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from the difficulties to quantify the selection of BALs accurately. Therefore we limit

comparisons to the observed traditional BAL fraction only.

Within the SDSS DR3 quasar catalog Trump et al. (2006) find an observed tra-

ditional BAL fraction of ∼ 10% over a redshift range of z = 1.7 − 4.38. However,

quasar selection using near-infrared/infrared photometry is shown to result in quasar

samples with a larger fraction of BAL quasars. Dai et al. (2008) demonstrate this

on a 2MASS and SDSS DR3 matched quasar sample. This result was confirmed by

Maddox et al. (2008), who found a traditional observed BAL fraction of ∼ 17.5%

in their K-band excess selected quasar sample using the UKIRT (UK Infrared Tele-

scope) Infrared Deep Sky Survey.

Allen et al. (2011) investigate the luminosity and redshift dependence of the BAL

fraction using a quasar sample from SDSS DR6 and the SDSS DR5 quasar catalog

(Schneider et al., 2007). The authors estimate an observed mean BAL fraction in

C IV of 8± 0.1% and find that the intrinsic BAL fraction increases towards higher

redshift.

Our observed BAL fraction of ∼ 22% is higher in comparison to the studies

of Trump et al. (2006), Maddox et al. (2008) and Allen et al. (2011). Yet, it is

unclear whether this is a result of our infrared based quasar selection (Dai et al.,

2008; Maddox et al., 2008), a suggested redshift evolution of the BAL fraction (Allen

et al., 2011), a luminosity dependence on the BAL fraction or any combination of

these effects. A more detailed analysis of the balnicity and absorption index of our

BAL quasar spectra is needed to draw further conclusions. However, this is beyond

the scope of this work.

3.4.3 Notes on individual objects

J083525.575+221309.71

This quasar at z = 2.94 was found to have a match in FIRST with a peak flux

density of F1.4 ,pk = 1.05± 0.145 mJy beam−1 at a match distance of 0.′′4.



96

J120331.145+203818.69

This quasar at z = 3.475 was matched to a GALEX source with a distance of 0.′′7

with contributions in the near and far UV band. It has a near-UV magnitude of

21.34 ± 0.40 and a far-UV magnitude of 22.07 ± 0.52. However, there is a faint

galaxy, J120331.19+203823.65, close to the quasar at a separation of ≈ 5′′, which

could contaminate the near and far UV flux measured by GALEX.

J163056.335+043559.42

This quasar at z = 3.78 also has GALEX near- and far-UV counterparts with

magnitudes of 21.18 ± 0.23 and 21.42 ± 0.32, respectively. The match distance

between the SDSS and GALEX coordinates is ≈ 0.′′8. There is a faint point source,

J163056.48+043602.55, with i ≈ 22.46 close to the quasar at a separation of 3.′′84

that could technically be confused with the quasar in GALEX. Other nearby sources

have separations of at least 10′′. This object was independently discovered by Gabor

Worseck (see HST GO proposal 13013) and further studied by Zheng et al. (2015).

It has not been formally published in any quasar catalog and we therefore include

the object in the newly identified quasars of the ELQS-N sample.

J131608.97+254930.43

This object was observed as part of the Segue2 survey and was identified as an

z ≈ 3.24 broad line quasar by the pipeline. A visual re-evaluation of the pipeline

spectrum resulted in the discovery that the object is a low ionization BAL quasar

at z ≈ 3.65. We show its spectrum along with a quasar template for comparison in

Figure 3.5.

3.5 Selection function and completeness calculation

To calculate the quasar luminosity function for the ELQS sample, we have to care-

fully analyze the completeness of our quasar selection. We utilize a large grid of sim-

ulated quasar spectra to model the quasar photometry and then apply our quasar
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Figure 3.5: The SDSS spectrum of the low ionization BAL, J131608.97+254930.43,
in comparison to the Vanden Berk et al. (2001) quasar template shifted to a redshift
of z = 3.65.

selection to this simulated data set. We calculate the selection function for the full

selection as well as for the photometric selection, the JKW2 color cut, quasar-star

classification and the redshift estimation individually.

3.5.1 Simulated Quasar sample

We constructed a sample of simulated quasar fluxes and magnitudes using simqso4

(v1.1). McGreer et al. (2013) developed this software based on the spectral quasar

model of Fan (1999). It follows the assumption that quasar spectral energy distri-

butions do not evolve with redshift (Kuhn et al., 2001; Yip et al., 2004; Jiang et al.,

2006).

The model of the quasar spectrum is based on a set of broken power laws (fν =

A · να). We model the quasar continuum using 11 break points and 12 mean slopes

roughly based on the spectral energy distribution template of Elvis et al. (1994).

4https://github.com/imcgreer/simqso

https://github.com/imcgreer/simqso
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All break points and slopes are listed in Table 3.3. The individual continuum slopes

for each spectrum are drawn from a Gaussian distribution around the mean slope

(α) with a width of σ = 0.3.

Emission lines are then added onto the power law continuum following the emis-

sion line profiles from the Glikman et al. (2006) template. The composite spectrum

of fainter low redshift quasars seem to resemble the same emission line properties

as high redshift luminous quasars (Selsing et al., 2016) and it is therefore suitable

for our work. The continuum and emission line model were chosen to be a good

representation of observed flux ratios of SDSS quasars as a function of redshift (see

Appendix A.2).

We have used the IGM absorption model of Worseck & Prochaska (2011) to

simulate Lyα absorption along the quasar sight-lines. The Fe emission is based on

a template of Vestergaard & Wilkes (2001).

In addition, Yang et al. (2016) included the Fe template of Tsuzuki et al. (2006)

for the wavelength region of 2200 − 2500Å into the software, which separates FeII

emission from the MgII λ2897 emission line. They further added Fe emission around

3500− 7500Å using the Boroson & Green (1992) template.

For each band and survey the simulation includes photometric error models con-

structed from the observed magnitude dependent photometric error distributions.

Using these models, photometric errors are added to the simulated photometry.

These error models were previously extended by Yang et al. (2016) to encompass

AllWISE W1 and W2 photometric bands. In order to conduct simulations for our

survey, we have added the 2MASS J,H and Ks bands along with error models to

the software. The simulations do not include a model for intrinsic extinction of the

quasar, since the main focus of this work is on the unobscured quasar population.

We calculated quasar photometry on a grid with 28 cells in a magnitude range

of 14 < mi < 18.5 and 53 cells in a redshift range of 0.2 < z < 5.5. Each cell

was uniformly populated with 200 quasars, resulting in a total of 296,800 simulated

quasars. Lyα forest absorption was simulated with a total of 2000 different sight-

lines up to z = 5.5.
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Table 3.3: Wavelength break points and slopes for the simulated quasar spectrum

Break points in Å slope before break point (α)

1250 -1.50
2851 -0.40
4809 -0.20
8047 -0.20

10,857 0.20
13,447 -1.54
20,942 -2.15
22,000 -1.56
144,751 -0.80
403,479 -0.25
> 403, 479 -1.05

3.5.2 Completeness Analysis of the ELQS Candidate Selection

In this section we evaluate the completeness of the ELQS in the SDSS footprint.

This includes the photometric completeness as given by the AllWISE source cat-

alog, the 2MASS PSC and the SDSS DR13 data release (Panel a Figure 3.6) and

the completeness of our complex selection function. The latter is a combination of

the JKW2 color cut (Panel b Figure 3.6), the random forest classification (Panel c

Figure 3.6) and the random forest redshift estimation (Panel d Figure 3.6). We cal-

culate the completeness by applying our selection criteria to the grid of simulated

quasars.

Photometric Completeness

Our photometric selection is based on the AllWISE source catalog rematched with

2MASS PSC, where we first apply quality criteria and the JKW2 color cut resulting

in a WISE-2MASS all-sky catalog (for details see Paper I). This catalog is subse-

quently matched to SDSS photometry within a 3.′′96 aperture. The influence of the

JKW2 color cut will be discussed below, while we focus here on the photometric

completeness only.

The AllWISE source catalog is complete to 95% for point sources with magni-
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tudes of W1 = 17.1 and W2 = 15.7, not taking into account losses due to source

confusion or contamination. Confusion in the SDSS is known to decrease the overall

source completeness for quasars down to 95% (Richards et al., 2006). No quantita-

tive analysis has constrained the effect of confusion to the overall completeness of

point sources in the AllWISE source catalog. However, confusion in the AllWISE

catalog will reduce the completeness to the SDSS value at minimum, due to the

larger WISE point spread function. Therefore, we adopt a uniform 95% complete-

ness level and the WISE 95% limiting magnitudes for the completeness calculation.

The AllWISE photometry is also known to have a variable characteristic sensitivity

due to the variable depth of coverage. However, this only affects fainter magnitudes

than are included in our selection due to our focus on bright sources (mi ≤ 18.0).

The 2MASS PSC is uniformly complete to J = 15.8, H = 15.0, Ks = 14.3

(VEGA) at a level of 10σ photometric sensitivity. All sources have at least a signal-

to-noise ratio SNR > 7 in one band or are detected in all three bands with a

SNR > 5. However, the photometric sensitivity is a strong function of galactic

latitude, where sources in the galactic plane are generally less complete due to

source confusion in highly crowded fields. Furthermore many more sources with

fainter magnitudes are included in the 2MASS PSC still fulfilling their signal-to-

noise criteria. For sources at high galactic latitudes and a photometric accuracy of

SNR > 5(σ ≤ 0.198), the 2MASS PSC is roughly photometrically complete down

to J = 16.8, H = 16.1, Ks = 15.35 (VEGA). We adopt these magnitude and error

limits for our calculation of the photometric completeness and impose them for the

quasar luminosity function analysis.

We further add signal-to-noise ratio limits to the completeness calculation. They

reflect the 2MASS PSC criteria above as well as our additional criteria on AllWISE

sources, i.e. SNR > 5 in W1 and W2.

Figure 3.6 a shows the overall photometric completeness of the ELQS survey in

the SDSS footprint. At magnitudes brighter than mi ≤ 17.5 it is complete to 95%

5see Figure 7 on https://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec2_2.

html

https://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec2_2.html
https://www.ipac.caltech.edu/2mass/releases/allsky/doc/sec2_2.html
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at all redshifts. At fainter magnitudes the limiting depth of the 2MASS PSC is

the reason for the strong decrease in the completeness, which falls below 20% at

mi & 18.

Completeness of the Quasar Candidate Selection

The quasar candidate selection for the ELQS survey has three major components.

Quasar candidates are selected by 1) passing the JKW2 color cut, 2) either are

classified as quasars by the random forest method or are included in the Richards

et al. (2002) high redshift color boxes and 3) having an estimated redshift of zreg ≥
2.8.

The JKW2 color cut is applied at the very beginning of the selection process,

when we construct the WISE-2MASS all-sky catalog of potential quasars from the

AllWISE source catalog. Only after optical photometry from SDSS is matched to

these sources, we use random forests to estimate quasar redshifts and classify the

candidates. To calculate the completeness, we use the same training set and hyper-

parameters that were used in the construction of the candidate catalog (see Paper

I). We quantify the completeness of these three criteria individually, to discuss their

influence on the overall completeness of our survey.

Figure 3.6 b shows the completeness of the JKW2 color cut. It uniformly selects

> 95% of all quasars with mi ≤ 18.5. Only around mi = 18.5 the completeness

seems to drop slightly below 95%. This demonstrates the very high completeness of

the JKW2 color cut that we only evaluated in a 70 deg2 test region Paper I.

The completeness of the selection based on the random forest classification and

the inclusion regions is shown in Figure 3.6 c. The completeness is generally inde-

pendent of the i-band magnitude, but strongly dependent on the redshift. Around

z ≈ 5 the completeness drops steeply from over 95% to 0%. We attribute this be-

havior to poor training of the random forest method at these redshifts, because the

empirical training set does not include any quasar with mi ≤ 18.5 at z > 5 and

only 46 quasars with z > 5 in total. Between redshifts z ≈ 3.0 to z ≈ 3.5 quasar

photometry is indistinguishable from stars in optical color space. The WISE W1
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Figure 3.6: The ELQS completeness as a function of redshift and i-band magnitude,
as determined by the fraction of simulated quasars selected by our different criteria
to all simulated quasars per grid cell: Panel a Photometric completeness of the
AllWISE, 2MASS and SDSS catalogs. Panel b Completeness of the JKW2 color
cut. Panel c Completeness of the quasar selection based on the random forest
classifier and the high-redshift color inclusion regions. Panel d Completeness of the
redshift selection based on the random forest regression. Contour levels are drawn
with solid lines at 50%, 75%, 90% and 95% completeness.
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and W2 bands help to lift this degeneracy and the completeness still reaches a level

of ∼ 80%. In a second redshift band from z ≈ 4.0 to z ≈ 4.5 the completeness

decreases slightly below 95%. At these redshifts quasars cross the stellar locus in

SDSS ugr and gri color space again.

Panel d in Figure 3.6 shows the completeness for our redshift selection based

on the estimated redshift, zreg that we calculated from random forest regression.

Candidates with zreg ≥ 2.8 are selected and for redshifts higher than z ≈ 3.5, the

completeness is well above 95%. Below the completeness drops steadily to 0% at

z ≤ 2.8. If the estimated redshift zreg was symmetrically distributed around the true

redshift of the simulated quasars our completeness would extend to lower redshifts

than z = 2.8 and would also be higher. We have tested the random forest redshift

regression in Paper I. In that case, the test and the training set belonged to an

empirical quasar sample built from the SDSS DR7Q and DR12Q quasar catalogs.

The resulting analysis (see Paper I, Figure 7) showed that the regression redshifts

are more symmetrically distributed around the spectroscopic redshifts of the test

quasars. This is clearly not the case if we train on the empirical quasar set and

predict regression redshifts for the simulated quasar sample, as shown by the redshift

estimates of the simulated quasars against their true values in Figure 3.7. This figure

demonstrates that the simulated quasar sample is not a one-to-one representation of

the empirical quasar training set. Our empirical training set might carry biases from

the original SDSS and BOSS quasar selections that manifest as systematic deviations

in the distribution of estimated to true redshifts in Figure 3.7. For example, Worseck

& Prochaska (2011) show that color dependent biases in the original SDSS selection

exist. They uncover biases of the original SDSS quasar selection towards quasars

with redder u-g colors at 3.0 ≤ z ≤ 3.5. However, it is unclear at this point whether

the empirical training set carries biases strong enough to induce these effects or if

the photometric properties of the simulated quasar sample, dominated by the slopes

and break points of the model spectrum, is misrepresenting reality. Therefore we

will cautiously interpret our results at 2.8 ≤ z ≤ 3.0, where completeness is most

affected by the redshift estimation.
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Completeness of the ELQS in the SDSS footprint

In Figure 3.8 we show the completeness of the full ELQS quasar selection as a func-

tion of redshift and i-band magnitude. The shape and structure reflects the combi-

nation of the different selection criteria discussed above.

In a region between z ∼ 3.0 and z ∼ 5 and at i-band magnitudes brighter than

mi ≈ 17.5 the ELQS is complete to more than 70%. Towards lower redshifts the

completeness drops, because of our selection on the photometric redshift estimate

(zreg ≥ 2.8). This results in a strip with 50%-70% completeness between z ∼ 3 to

z = 3.5 and mi < 17.5. The completeness drops considerably at z ≤ 3.0 due to the

selection on regression redshifts, at z ≥ 5.0 due to the quasar classification selection

and at magnitudes fainter than mi ≈ 17.5 due to the shallow photometry of the

2MASS PSC.

As the completeness drops below 20%, the completeness corrections become

large enough that the associated systematic uncertainties of the selection dominate.

These are associated with the construction of the photometric catalogs from SDSS,

2MASS and AllWISE, the random forest training sets and the assumptions of the

model spectra.

The completeness of the SDSS quasar survey, which extends over a much wider

redshift range than ELQS, is discussed in Richards et al. (2006, their Figure 6).

Unfortunately, a comparison between both surveys’ completeness estimates is likely

misleading, because the underlying quasar model, from which the selection function

is derived, has evolved strongly over the last decade. This includes our choice of

power law slopes from which the SED is built, the inclusion of the Baldwin effect,

a recent model of the Lyman-α forest and updated Fe emission around the Mg II

emission line. Since we recover known quasars from the literature not selected in the

original SDSS selection and we are able to discover 39 new quasars missed by SDSS

in the well-surveyed North Galactic Cap, it appears that our selection is generally

more inclusive than the selection of the original SDSS quasar survey.

The SDSS BOSS quasar selection function is depicted in Figure 6 of Ross et al.
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(2013) and focuses on a fainter population of quasars (mi ≥ 18.0). This is mirrored

in their selection function as their estimated completeness drops from ∼ 60% at

mi ≈ 18.0 to below 1% at mi ≈ 17.7. In this case, there is very little overlap

between the selection function of their and our survey, because we focus on the

bright quasar population. As a result, it is not surprising that we were able to

discover new bright quasars at z = 2.8− 4.5, which were not selected by BOSS.

3.6 The ELQS-N Quasar Luminosity Function

In this section we attempt a first analysis of the ELQS quasar luminosity func-

tion (QLF) using a binned approach, a non-parametric analysis and a maximum

likelihood fit to the ELQS spring sample. Completeness corrections based on the

selection function presented in the previous section are important for a consistent

result.

Unfortunately, part of the ELQS-N quasar sample does not fully adhere to the

uniform selection criteria of the 2MASS PSC that we adopted for our completeness

calculation (see Section 3.5.2). There is a range of objects with less stringent pho-

tometric criteria included in the WISE-matched 2MASS PSC. For sake of a clean

analysis we enforce the discussed photometric criteria of the 2MASS PSC (J ≤ 16.8,

H ≤ 16.1, Ks ≤ 15.3 and SNR > 7 in one band or SNR > 5 in all three bands)

on the ELQS-N sample. This reduces it from 270 to 120 quasars at z ≥ 2.8 (95 at

z ≥ 3.0), of which 10 are newly identified and another 16 were not recovered in the

SDSS DR14Q catalog. This reduced sample is only used for the QLF analysis. The

ELQS-N catalog (see Appendix A.1), which contains the full ELQS-N quasar sample

of 270 objects (last two rows of Table 3.1), includes a boolean flag to indicate which

objects were used in the QLF analysis in this Section.

3.6.1 Binned QLF

The binned QLF is calculated on the ELQS-N QLF sample divided into dis-

crete bins in redshift and absolute magnitude (M1450). We construct four red-
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shift and five magnitude bins with bin edges z = 2.8, 3.0, 3.5, 4.0, 4.5 and M1450 =

−29.1,−28.7,−28.3,−28,−27.7,−27.5.

The binned quasar luminosity function is then calculated over the ELQS-N foot-

print (7, 601.2± 7.2 deg2, see Paper I) using the 1/Va method (Schmidt, 1968; Avni

& Bahcall, 1980) with the modification of Page & Carrera (2000). The incomplete-

ness due to the selection function (see Sec. 3.5) is corrected for the binned QLF

calculation.

We display the resulting binned QLF in Figure 3.9 in comparison to previous

estimates of the optical quasar luminosity function in SDSS (Richards et al., 2006;

Ross et al., 2013). The absolute magnitudes M1450 were converted to absolute i-band

magnitudes Mi[z = 2] (= M1450−1.486) continuum k-corrected to a redshift of z = 2

(Richards et al., 2006), to allow for better comparison to the previous publications.

The binned SDSS DR3 QLF (Richards et al., 2006) and the SDSS DR9 QLF

(Ross et al., 2013) are shown with orange and blue filled circles, respectively. While

we have chosen our three higher redshift bins to have identical boundaries compared

to their work, our lowest redshift bin (2.8 ≤ z < 3.0) differs slightly due to our

redshift selection. Both the SDSS DR3 QLF and DR9 QLF do include quasars at

2.6 ≤ z < 3.0 in this bin.

The binned ELQS QLF is shown with filled and open red circles. The open

circles denote values that are either in bins, which are not fully covered by our

quasar selection, or have an average completeness below 50% (Ncorr/N ≥ 2) and

could therefore have substantial systematic biases due to the selection function. The

error bars only show the purely statistical error based on the number of quasars per

bin.

We further display the best fits to all three QLFs with solid lines colored cor-

responding to the binned data. The QLF fits are evaluated in the centers of the

four redshift bins. The fit for the SDSS DR9 QLF is extrapolated beyond z = 3.5,

indicated by a dashed line. The best fit values for the ELQS-N QLF are taken from

the first row of Table 3.5.

With the ELQS survey, we are now able to extend the QLF by one magnitude
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Table 3.4: The binned QLF

M1450 N Ncorr log Φ σΦ bin filled

2.8 ≤ z < 3.0
-28.9 2 3.9 -9.27 3.86 True
-28.5 3 5.5 -9.12 4.47 True
-28.15 8 18.4 -8.47 12.37 True
-27.85 4 11.0 -8.69 10.28 True
-27.6 8 33.7 -8.03 34.35 True
3.0 ≤ z < 3.5
-28.9 3 3.9 -9.66 1.26 True
-28.5 8 10.3 -9.23 2.06 True
-28.15 17 24.7 -8.73 4.54 True
-27.85 20 44.4 -8.47 7.68 True
-27.6 14 58.3 -8.18 18.37 False
3.5 ≤ z < 4.0
-28.9 2 2.1 -9.90 0.89 True
-28.5 4 4.7 -9.56 1.40 True
-28.15 8 13.0 -8.99 3.78 True
-27.85 4 10.8 -9.04 4.64 False
-27.6 1 5.0 -8.75 17.68 False
4.0 ≤ z < 4.5
-28.9 2 2.3 -9.84 1.01 True
-28.5 5 7.8 -9.31 2.21 True

toward the bright end. Our results of the binned QLF, shown in Figure 3.9, demon-

strate that the bright-end slope is steeper than the bright-end slope of the Richards

et al. (2006) QLF fit. Our QLF values agree with the QLF fit of Ross et al. (2013)

in the two lower redshift bins, where their fit is not yet extrapolated. The values

for the binned ELQS QLF are given Table 3.4.

3.6.2 Test of Correlation between the Luminosity and Redshift Distri-

butions

The ELQS survey probes the extreme bright end of the quasar distribution at z =

2.8 − 4.5. The resulting quasar sample is rather small and statistical uncertainties

dominate the highest luminosity bins, as shown in Figure 3.9.
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However, if the redshift and luminosity distributions in the quasar sample are

uncorrelated, we can calculate the marginal differential redshift and luminosity dis-

tributions. Because the distribution is marginalized over one variable, this approach

allows for larger statistical samples to probe the quasar distribution along the other

one. The assumption that the data can be expressed in terms of two uncorrelated

variables is identical to an underlying QLF of the form: Ψ(M1450, z) = ρ(z)ψ(M1450).

While at lower redshifts and luminosities the QLF is best fit by a double power

law (e.g., Boyle et al., 2000; Croom et al., 2004; Richards et al., 2006), our survey only

probes the highest luminosities. Following McGreer et al. (2013, see their Figure 19),

the break luminosity evolves from M∗
1450 ≈ −25.6 at z=2.8 to M∗

1450 ≈ −27.0 at

z=5.0. Therefore the break of the double power law distribution is not sampled in

our survey and we can safely assume that our data can be represented by a single

power law.

In this subsection, we test whether the slope of this power law is independent of

redshift using the correlation test for truncated samples developed by Efron & Pet-

rosian (1992) and Maloney & Petrosian (1999), which was generalized to arbitrary

selection functions by Fan et al. (2001). We quantified the selection function of the

ELQS survey and displayed it in Figure 3.8. Our selection function is not truncated

at the bright end, but it does have a complicated structure and decreases contin-

uously towards higher and lower redshifts as well as higher apparent magnitudes.

Therefore we follow the methodology laid out in Fan et al. (2001) to perform the

correlation test. For this and the following section (Section 3.6.3) we will omit the

wavelength subscript on the absolute monochromatic magnitude M1450 to make the

mathematical expressions more clear.

The probability of selecting a quasar with a certain magnitude M and redshift

z is given by our selection function p(M, z). At first we define the comparable or

associated data set Ji for each quasar i in the sample,

Ji = {j : Mj < Mi} . (3.2)

It includes all quasars that have a lower absolute magnitude than the object i in
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question. In the next step, we determine the “total weighted number” of objects

in each set Ji by weighting each point j in the set. The weight is proportional

to the selection probability p(Mi, zj) if the object had the same magnitude as the

object in question (object i), for which the comparable set was determined. It is

further inversely proportional to its own selection probability p(Mj, zj). We define

the quantity Ti for each set Ji as a measure of the “total weighted number” of objects

in the set Ji selected by our selection function p(M, z):

Ti =

Ni∑
j=1

p(Mi, zj)

p(Mj, zj)
. (3.3)

Here Ni is the actual number of quasars in the comparable set Ji. In the next step

we calculate the rank Ri of redshift zi in the comparable set Ji:

Ri =

Ni∑
j=1

p(Mi, zj)

p(Mj, zj)
,where zj < zi . (3.4)

Where Ti was the total summed weight of all objects in set Ji, Ri is the total summed

weight of the subset {j ∈ Ji; zj < zi}. If the distribution of quasars is a separable

function of redshift z and absolute magnitude M and hence those parameters are

independent from each other, then the rank Ri should be distributed uniformly

between 0 and Ti. In assumption of a uniform distribution the expectation value Ei

and variance Vi for each set should follow:

Ei =
Ti
2

Vi =
T 2
i

12
(3.5)

At last one can define a single statistic τ :

τ =

∑
i(Ri − Ei)√∑

i Vi
(3.6)

This statistic τ is equivalent to Kendell’s τ statistic. In the case of |τ | . 1, the

luminosities and redshifts can be regarded as uncorrelated parameters at the ∼ 1σ

level and can be treated independently. Using our selection function, we calculate the

τ statistic for the ELQS-N sample. For the cosmology specified in the introduction,

we obtain τ = −0.29 (τ = 0.0; M1450 ≤ −27.7) for 2.8 ≤ z ≤ 4.5 and τ = −0.80
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(τ = −0.91; M1450 ≤ −27.7) if we restrict the redshift range to 3.0 ≤ z ≤ 4.5.

Therefore we can safely assume that our data, limited in absolute magnitude and

redshift by our survey design, can be represented as a bivariate function of two

uncorrelated variables, absolute magnitude M and redshift z.

3.6.3 The Differential Marginal Luminosity Functions

We have demonstrated that one can regard the absolute magnitude and redshift

distributions of the ELQS quasar sample as uncorrelated. Therefore one can write

the bivariate luminosity function as Ψ(M, z) = ρ(z)ψ(M), where ψ(M) and ρ(z)

are the marginal distributions of the luminosity function in the redshift and the

absolute magnitude directions. Using Lynden-Bells C− estimator (Lynden-Bell,

1971) we can now calculate the cumulative marginal luminosity function along the

magnitude (luminosity) direction Φ(M) ≡
∫
ψ(M)dM:

Φ(Mj) = Φ(M1)

j∏
k=2

(1 +N−1
k ) . (3.7)

Nk denotes the “total weighted number” of objects in the comparable set. For an

arbitrary selection function we use the comparable set defined in equation 3.2 and

calculate

Nk =
∑
j

p(Mk, zj)

p(Mj, zj)
, (3.8)

instead of the absolute number of objects in the comparable set. For this calculation

all objects need to be sorted along the absolute magnitude direction: M1 < ... <

Mi−1 < Mi < ...MN .

In analogy to Φ(Mj) the cumulative marginal distribution in redshift is

σ(zj) = σ(z1)

j∏
k=2

(1 +W−1
k ) , (3.9)

where Wk is now the summed weight of the comparable sample, defined by the

equation 3.2 for all zj < zk:

Wk =
∑
j

p(Mj, zk)

p(Mj, zj)
. (3.10)
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In addition, all objects are sorted in order of their redshifts: z1 < ... < zi−1 < zi <

... < zN .

In our case the M and z distributions are uncorrelated. However, if they were

correlated, one has to transform the correlated variables (M, z) to a set of uncorre-

lated ones x(M, z), y(M, z). Then the C− estimator can be used to calculate their

marginal distributions (Maloney & Petrosian, 1999).

The C− estimator provides the shape of the two marginal cumulative distribu-

tions, but not their normalization. Both distributions can be normalized by requiring

that the total number of observed objects is equal to the predicted number:

Nobs =

∫ ∞
0

ψ(M)σ(zmax(M))dM

=

∫ ∞
0

ρ(z)Φ(Mmax(z))dz .

(3.11)

We described how the C− estimator offers an efficient non-parametric method to

calculate the marginal cumulative distributions without the need to bin the data. In

order to derive the marginal differential distributions binning along one variable is

still needed. In comparison to the 1/Va method, where we binned the data in both

M and z directions, the C− estimator retains a larger data sample when calculating

either marginal distribution.

We use a modified version of the C− estimator offered by the astroML6 library

(see also Ivezić et al., 2014) to calculate the normalized differential distributions

in absolute magnitude ψ(M1450) and redshift ρ(z) with errors estimated on twenty

bootstrap samples of our data.

The marginal differential magnitude distribution ψ(M)/Φ(M ≤ −27.7), the

number density of quasars as a function of magnitude, was calculated in magni-

tude bins with edges −27.7,−28,−28.3,−28.7,−29.1 and normalized to the total

number of observed object Nobs with M ≤ −27.7. The bin edges were chosen to

be identical to the binned QLF (Section 3.6.1). We have fit this distribution with

a power law, log(ψ(M1450)) ∝ −0.4 · (β + 1) ·M1450, corresponding to ψ(L) ∝ L−β,

6https://github.com/astroML
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to estimate the slope of the bright-end QLF. The maximum likelihood fit for all

quasars with M1450 ≤ −27.7 was calculated for two cases. Over the entire redshift

range (2.8 ≤ z ≤ 4.5) we find the best fit slope to be β = −3.98± 0.18, while over

a redshift restricted sample (3.0 ≤ z ≤ 4.5) we find β = −4.21± 0.23.

Similarly, we calculate the marginal differential redshift distribution ρ(z), the

spatial density of quasars as a function of redshift, over redshift bins with edges

2.8, 3.0, 3.5, 4.0, 4.5. We fit ρ(z) with an exponential, log(ρ(z)) ∝ γ ·z, corresponding

to ρ(z) ∝ 10γz. The first fit includes all quasars with 2.8 ≤ z ≤ 4.5, while the

second one only focuses on the objects with 3.0 ≤ z ≤ 4.5. We find best fit values of

γ = −0.31± 0.02 and γ = −0.34± 0.02, respectively. Both differential distributions

as well as the best fit power laws over the entire redshift range (2.8 ≤ z ≤ 4.5) are

shown in Figure 3.10.

3.6.4 Maximum Likelihood Estimation of the QLF

Instead of binning the data in redshift or magnitude, we derive parametric fits to

the full data set using maximum likelihood estimation. The maximum likelihood

estimate for the QLF Ψ(M, z) can be calculated by minimizing the log likelihood

function given by Marshall et al. (1983) as

S =− 2
N∑
i

ln (Ψ(Mi, zi)(p(Mi, zi))

+ 2

∫ ∫
Ψ(M, z)p(M, z)

dV

dz
dMdz .

(3.12)

The first term is the sum over all QLF contributions from the observed quasar

sample multiplied by the selection probability p(M, z) derived from the completeness

calculation. The second term provides the normalization by integrating the QLF

model Ψ(M, z) over the entire redshift and magnitude range of the sample. We

derive the confidence interval from the likelihood function using a χ2 distribution in

∆S = S − Smin (Lampton et al., 1976).

At redshifts z . 4 the QLF is generally found to be well represented by a double
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power law (Boyle et al., 1988),

Ψ(M, z) =
Ψ?

100.4(α+1)(M−M?) + 100.4(β+1)(M−M?)
, (3.13)

where Ψ? is the overall normalization, M? is the break magnitude between the power

laws, α is the faint end and β is the bright-end slope. All parameters could possibly

evolve with redshift and a variety of evolutionary models has been proposed.

However, the ELQS quasar sample probes only the bright end of the quasar

luminosity function. As discussed before, the break magnitude at redshifts probed

by the ELQS (see McGreer et al., 2013, their Figure 19) will evolve strongly from

M?
1450 ≈ −25.6 at z = 2.8 to M?

1450 ≈ −26.5 at z = 4.5. In all cases the break

magnitude is above the faint luminosity limit of our survey M1450 < −27.

Therefore, we assume a fixed break magnitude of M?
1450 = −26 and parameterize

the QLF using a single power law, probing only the bright-end slope,

Ψ(M, z) = Ψ?(z) · 10−0.4(β+1)(M−M?
1450) . (3.14)

We further allow for redshift evolution of the normalization Ψ?(z) following an ex-

ponential,

log[Ψ?(z)] = log[Ψ?
0] + γ · z , (3.15)

where Ψ?
0 is the normalization at z = 0 and γ is a parameter of the exponential

function. The independent redshift and magnitude evolution of this QLF parame-

terization is supported by our analysis in Section 3.6.2. Furthermore, the evolution

in Ψ?(z) is analogous to the redshift evolution of the spatial density of the QLF ρ(z)

in Section 3.6.3.

We calculate the maximum likelihood estimates using the capabilities of simqso

(McGreer et al., 2013). While we do impose the 2MASS PSC magnitude and error

limits to our sample, we first do not restrict the absolute magnitude further and

choose integration boundaries of M1450 = −31.5 to −27. For this case we calculate

the fit over the full redshift range (2.8 ≤ z ≤ 4.5) and then restrict the sample

to higher redshifts (3.0 ≤ z ≤ 4.5). Then we impose an absolute magnitude limit

of M1450 = −28 on our quasar sample and change the integration boundaries for
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the fit accordingly (−31.5 ≤ M1450 ≤ −28). We again calculate this fit for an

both redshift ranges. The best-fit parameters for all fits are shown in Table 3.5.

For all fit parameters we quote the 1σ uncertainties. In addition, we present the

3σ uncertainties for the bright-end slope β in parenthesis. We also display the

maximum likelihood fit for the whole redshift and luminosity range, the first row of

Table 3.5, as the solid red lines in Figure 3.9 in comparison to the binned QLF.

While the uncertainties on the fit parameters increase strongly towards the more

restricted samples, the best fit values are all consistent within their 1σ uncertainties.

Furthermore the slope of the power law and the evolution of the normalization are

also in agreement with our fit to the results from the C− estimator at the 1σ level .

However, there are slight differences in the fit results within the 1σ uncertainties.

The fits over the full redshift range are very similar in all three parameters. This

does not hold true for the higher redshift subsample (z = 3.0 − 4.5), where the

parameters between the sample over the full range, M1450 = 31.5 to −27, and

the brighter subsample, M1450 = 31.5 to −28, result in notable differences in the

normalization ,∆ log[Ψ?
0] = 0.41, and in γ, ∆γ = 0.1.

Overall, the maximum likelihood analysis encourages a steep bright-end slope

with best fit values around β ≈ −4.0 and excludes slopes flatter than β = −2.94 at

the 3σ level. This result contrasts some earlier work by Koo & Kron (1988); Schmidt

et al. (1995); Fan et al. (2001); Richards et al. (2006); Masters et al. (2012), who find

bright-end slopes that are around β ≈ −3 at z = 2 − 3 and flatten towards higher

redshifts (β ≈ −2.5 at z = 5). However, there is a range of studies at lower (Croom

et al., 2009; Ross et al., 2013) and higher redshifts (Jiang et al., 2008; Willott et al.,

2010a; McGreer et al., 2013; Yang et al., 2016), which find the bright-end slope to

be quite steep with values around β ≈ −3.5.

The evolution of the overall normalization (density evolution) of the QLF shows

a decline at the bright end with best fit values of γ ≈ −0.37 for our choice of

parameterization. A range of studies on the QLF show that the normalization of

the QLF declines steeply toward higher redshifts (Fan et al., 2001; Jiang et al.,

2008; Ross et al., 2013; McGreer et al., 2013; Yang et al., 2016). Our best fit result
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Table 3.5: Maximum Likelihood Estimation Fit Parameters for the QLF

z M1450 log[Ψ?
0] γ β

2.8-4.5 -31.5 to -27 −4.92+0.38
−0.37 −0.38+0.12

−0.12 −3.96
+0.21(0.61)
−0.22(0.68)

3.0-4.5 -31.5 to -27 −4.77+0.49
−0.47 −0.41+0.15

−0.15 −4.01
+0.24(0.71)
−0.25(0.79)

2.8-4.5 -31.5 to -28 −4.91+0.54
−0.53 −0.37+0.14

−0.14 −4.01
+0.34(0.95)
−0.36(1.17)

3.0-4.5 -31.5 to -28 −5.18+0.63
−0.64 −0.31+0.17

−0.17 −3.97
+0.37(1.03)
−0.40(1.29)

of γ argues for a more moderate decline of the normalization at the brightest end

compared to Fan et al. (2001, γ ≈ −0.5 at z = 3− 5), Yang et al. (2016, γ ≈ −0.8

at z = 4.7 − 5.4) and Ross et al. (2013, γ ≈ −0.7 at z = 2.2 − 3.5). However, the

uncertainties are still large and do agree with γ = −0.5 at the 1σ level.

While our quasar sample is limited to the bright end of the distribution

(M1450 ≤ −27), it should be noted that none of the previous estimations of the

QLF extended to luminosities as bright as we sample here. Therefore, it is possible

that differences between our best fit values and other estimates are a result of a

luminosity dependence of the QLF model.

3.7 Conclusion

In a first publication (Schindler et al., 2017), we discussed the incompleteness of

extremely bright quasars in the SDSS and BOSS spectroscopic surveys and presented

the design of the ELQS to find previously missed quasars. In this paper, we present

the results of the ELQS survey in the SDSS North Galactic Cap footprint (ELQS-

N). Spectroscopic follow-up of ELQS-N quasar candidates has been completed using

the VATT and MMT telescopes and we have presented the ELQS-N quasar sample

in this work.

A total of 340 good ELQS-N candidates were selected with our quasar selection

method, of which 252 were known quasars in the literature (21 at z < 2.8, 231 at

z ≥ 2.8). We followed up 88 candidates with optical spectroscopy and discovered 39

new quasars in our targeted redshift range. In summary, the final ELQS-N quasar

sample includes 270 quasars with mi ≤ 18.0 at 2.8 ≤ z ≤ 4.5. The 39 new quasars
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are presented in Table 3.2.

We have cross matched the full ELQS-N catalog with FIRST, GALEX GR6/7,

and ROSAT 2RXS and XMMSL2 catalogs pre-matched to AllWISE. While we could

not identify cross-matches to XMMSL2 in this sample, we find 8 matches to the pre-

matched AllWISE ROSAT 2RXS catalog, 34 matches to FIRST and 38 counterparts

in GALEX. If we count all quasars with radio detections as radio-loud, then we can

estimate that the ELQS-N sample has a radio loud fraction of ≈ 12.6%. This value

is in rough agreement with predictions of Jiang et al. (2007). Out of the newly

discovered 39 quasars, 8 have valid GALEX near-UV magnitudes and two were

detected in the far-UV as well, providing promising new candidates to investigate

the He-reionization of the universe.

The new ELQS-N quasars include six objects that show BAL features. Using the

qualitative information on BALs from the literature and the DR12 quasar catalog,

we could identify 57 out of 262 ELQS-N quasars to be BALs, resulting in a BAL

fraction of ∼ 22%. Eight objects did not have sufficient information to allow for a

visual classification. Our estimated BAL fraction is higher compared to results on

other samples uncorrected for selection effects (Trump et al., 2006; Maddox et al.,

2008; Allen et al., 2011). It is unclear whether this is a result of our infrared

based quasar selection (Dai et al., 2008; Maddox et al., 2008), a suggested redshift

evolution of the BAL fraction (Allen et al., 2011), a luminosity dependence of the

BAL fraction, or any combination of these effects.

We carefully analyze the completeness of our quasar selection using a grid of

simulated quasars. While the JKW2 color cut proves to be highly inclusive, inde-

pendent of redshift or apparent magnitude, the photometric limits on the 2MASS

survey, our random forest classification and the random forest redshift estimation

limit our survey completeness. However, between redshifts 3.0 . z . 5.0 and at

mi . 17.5 the ELQS completeness is generally above ∼ 70%.

Using the estimated completeness, we calculate the binned QLF in four redshift

bins from 2.8 ≤ z ≤ 4.5 (Figure 3.9) and show that we can extend previous estimates

by one magnitude towards the bright end. Our binned QLF shows a steeper slope,
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when compared to the SDSS DR3 QLF fit of Richards et al. (2006) in all four redshift

bins.

We further analyze the marginal distributions of the QLF as a function of magni-

tude and redshift (Figure 3.10) and estimate a bright-end slope of α = −3.98± 0.18

for quasars with M1450 ≤ −27.7 over z = 2.8−4.5. A maximum likelihood fit to the

full quasar sample at z = 2.8−4.5 using a single power law QLF with redshift evolu-

tion in the normalization returns a steep bright-end slope of−3.96+0.21
−0.22. Furthermore

the maximum likelihood analysis encourages slopes steeper than β = −2.94 at the

3σ level.

A range of studies (Koo & Kron, 1988; Schmidt et al., 1995; Fan et al., 2001;

Richards et al., 2006) suggested a flattening of the bright-end slope at z ≈ 3 − 5

with values around β ≈ −2.5. However, more recent work at z = 0.4− 2.6 (Croom

et al., 2009; Ross et al., 2013) and at redshift z ≥ 5 (Jiang et al., 2008; Willott

et al., 2010a; McGreer et al., 2013; Yang et al., 2016) find that the bright-end slope

remains fairly steep β ≈ −3.5. With our results, probing the intermediate redshift

range z = 2.8−4.5, it now seems likely that the bright-end slope of the QLF remains

steep from z = 0.4 up to z ≥ 5.

Our constraints on the normalization (density evolution) of the QLF show a

more moderate decline with γ ≈ −0.3 toward higher redshifts as previous works

suggest (Fan et al., 2001; Ross et al., 2013; Yang et al., 2016). Unfortunately, the

uncertainties on our best fit parameters are too large to allow for further investiga-

tion.

In a forthcoming and concluding publication we will summarize the results of

the ELQS over the entire SDSS footprint, provide a full analysis of the QLF and

discuss further implications for the bright quasar population.
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Figure 3.8: The completeness of the ELQS in the SDSS footprint as a function of
redshift and i-band magnitude, as determined by the fraction of simulated quasars
selected by the full ELQS quasar selection to all simulated quasars per grid cell.
Contour levels are drawn with solid lines at 20%, 50%, 75% and 90% completeness.
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Figure 3.9: The ELQS-N Mi[z = 2] QLF in the four redshift bins is shown in red.
Open circles denote the data points that are either derived from unfilled bins or
have an average completeness below 50% (Ncorr/N ≥ 2). Previous estimates of the
QLF are from the original SDSS DR3 (Richards et al., 2006), shown in orange, and
from the BOSS DR9 (Ross et al., 2013), shown in blue. The 1σ error bars show
the purely statistical error due to the number of quasars per bin. The lines show
parametric fits of the QLF to quasar distributions, where dashed lines indicate an
extrapolation of the QLF prescription to higher redshifts. The red lines are from the
maximum likelihood fit to the ELQS-N sample (Section 3.6.4, Table 3.5 first row).
The orange and blue lines correspond to the parametric fits to the QLF of (Richards
et al., 2006) and (Ross et al., 2013), respectively.
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Figure 3.10: Left: The normalized marginal differential distribution of the QLF
ψ(M1450)/Φ(M1450 ≤ −27.7) as a function of absolute magnitude M1450. The error
bars in the magnitude direction represent the bin width, while the errors in ψ(M1450)
show the 1σ statistical error margins from the bootstrap sampling. The orange line
is the maximum likelihood fit to the data points, ψ(M1450) ∝ 10−0.4(−3.98+1)·M1450 .
Right: The spatial density of the QLF ρ(z), as a function of redshift z. The error
bars in the redshift direction show the width of the redshift bins, while the error bars
along ρ(z) show the 1σ statistical error margins from the bootstrap sampling. The
orange line is the maximum likelihood fit to the data points, log(ρ(z)) ∝ −0.31 · z.
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CHAPTER 4

The Extremely Luminous Quasar Survey in the SDSS footprint. III. The South

Galactic Cap Sample and the Quasar Luminosity Function at Cosmic Noon

1

4.1 Introduction

Quasars are the most luminous, non-transient light sources in the universe. Their

strong emission emanates from the accretion disk around a rapidly growing su-

permassive black holes (SMBH) at the centers of galaxies. The study of quasars

provides crucial insight into the formation and evolution of galaxies as the mass

of the SMBH and properties of the host galaxy show strong correlations (see Kor-

mendy & Ho, 2013, for a review). In addition, they serve as distant light beacons

opening a window into in the early universe. Quasars discovered within the first

billion years of the Universe (Mortlock et al., 2011; Bañados et al., 2018) probe

the era of reionization and place strong constraints on the formation and growth of

SMBHs. As bright background sources, they have also furthered our understanding

of the nature and evolution of the intervening intergalactic galactic medium (Simcoe

et al., 2004; Prochaska et al., 2005; Worseck & Prochaska, 2011).

Our understanding of the cosmic growth of SMBHs strongly relies on the demo-

graphics of the quasar population with the quasar luminosity function (QLF) being

one of the most fundamental probes. The QLF is best described by a broken double

power law (Boyle et al., 1988, 2000; Pei, 1995), characterized by a faint-end slope, a

bright-end slope, an overall normalization and a break luminosity, where the slopes

change. The faint-end slope is generally flatter than the bright-end slope and all

four parameters are known to change with redshift.

1This work is in preparation to be submitted to the Astrophysical Journal.
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Large volume spectroscopic surveys, like the Sloan Digital Sky Survey (SDSS;

York et al., 2000), the Baryon Oscillation Spectroscopic Survey (BOSS; Eisenstein

et al. (2011); Dawson et al. (2013)) and the extended BOSS (eBOSS; Dawson et al.

(2016); Blanton et al. (2017)), built the largest optical quasar sample to date. It

allowed to tightly constrain the QLF over a wide range of luminosities and redshifts

(0.3 . z . 5). At higher redshifts (z ≥ 5) specifically targeted surveys have

constrained the QLF (e.g. Jiang et al., 2008; McGreer et al., 2013; Yang et al.,

2016).

At intermediate redshifts (z = 3 − 5) there has been a standing debate in the

literature on the evolution of the bright-end slope. Some earlier studies suggested

that the bright-end slope would flatten with redshift (Koo & Kron, 1988; Schmidt

et al., 1995; Fan et al., 2001; Richards et al., 2006). However, more recent estimates

of the QLF seem to indicate that the bright-end slope remains steep up to the highest

redshifts (Jiang et al., 2008; Croom et al., 2009; Willott et al., 2010a; McGreer et al.,

2013; Yang et al., 2016)

This is the third paper in a series presenting the Extremely Luminous Quasars

Survey (ELQS), a spectroscopic survey focused on the bright end (mi ≤ 18.0,

M1450 < −27) of the quasar distribution at z ≥ 2.8.

The first paper (Schindler et al., 2017, hereafter Paper I) discussed the incom-

pleteness of the SDSS spectroscopic quasar survey and BOSS for very bright quasars

at these redshifts and presents our novel quasar selection method.

In the second paper of this series (Schindler et al., 2018, hereafter Paper II)

we presented the ELQS quasar sample in the North Galactic Cap sample (ELQS-N;

90 deg<RA<270 deg) and a first estimate of the optical bright-end QLF. The ELQS-

N sample comprises a total of 270 quasars, including 39 newly discovered objects.

Based on a subset of 120 quasars from this sample, we find the bright-end slope of

the QLF to be quite steep, β ≈ −4.

This work presents the final ELQS quasars catalog, covering the entire SDSS

footprint (11, 838.5 ± 20.1 deg2), and the resulting optical QLF at the bright end

at redshifts 2.8 ≤ z ≤ 4.5. We also report the results of our spectroscopic identi-
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fication campaign in the South Galactic Cap, the ELQS-S sample. We provide a

brief introduction to the ELQS survey in Section 4.2. Subsequently, we discuss the

ELQS-S observations and our data reduction in Section 4.3. The ELQS-S sample,

including the discovery of 70 new quasars, is presented in Section 4.4, which leads to

a discussion of the properties of the full ELQS quasar catalog (Section 4.5). Based

on this catalog we calculate the QLF (Section 4.6) and discuss the implications of

our results in Section 4.7. We summarize our findings in Section 4.8.

All magnitudes are displayed in the AB system (Oke & Gunn, 1983) and cor-

rected for galactic extinction (Schlafly & Finkbeiner, 2011) unless otherwise noted.

We denote magnitudes not corrected for galactic extinction only by x, where x refers

to the wavelength band in question, as opposed to extinction corrected magnitudes

mx. We adopt the standard flat ΛCDM cosmology with H0 = 70 kms−1Mpc−1,

Ωm = 0.3 and ΩΛ = 0.7 in general consistent with recent measurements (Planck

Collaboration et al., 2016).

4.2 Introduction to the Extremely Luminous Quasar Survey

The Extremely Luminous Quasar Survey (ELQS) was designed to provide an accu-

rate measure of the QLF at the bright end (M1450 < −27) at intermediate redshifts

(2.8 ≤ z ≤ 4.5).

We apply a highly inclusive color cut in the J-K-W2 plane (K−W2 ≥ 1.8−0.848·
(J−K); Vega magnitudes) using photometry from the Two Micron All Sky Survey

(2MASS; Skrutskie et al., 2006) and the Wide-field Infrared Survey Explorer mission

(WISE; Wright et al., 2010). Using optical SDSS photometry along with WISE

photometry we estimate photometric redshift and further classify our candidates

using random forests (Breiman, 2001), a supervised machine learning technique. In

both cases the random forest method is trained on a quasar sample built from the

SDSS DR7 and DR12 quasar catalogs (Schneider et al., 2010; Pâris et al., 2017).

The quasar selection is described in Paper I.

The ELQS covers the entirety of the SDSS footprint excluding the galactic plane
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(b < −20 or b > 30). We have estimated the area coverage of our survey in Pa-

per I using the Hierarchical Equal Area isoLatitude Pixelation (HEALPix; Górski

et al., 2005). A description of the calculation process and the general parame-

ters used can be found in Jiang et al. (2016). The effective area of the ELQS is

11, 838.5± 20.1 deg2, of which 7, 601.2± 7.2 deg2 are part of the North Galactic Cap

(90 deg<RA<270 deg) and 4, 237.3 ± 12.9 deg2 are part of the South Galactic Cap

(RA>270 deg and RA<90 deg).

We discuss our selection function in the second paper of this series (Paper II). For

its calculation, we imposed our selection criteria, including the completeness limits

of the photometric catalogs, on a sample of simulated quasar spectra uniformly

distributed as a function of observed i-band magnitude and redshift. The resulting

completeness reaches > 70% in the core region of our survey (3.0 . z . 5.0;

mi . 17.5).

We also presented the ELQS quasar sample in the North Galactic Cap (90 deg ≤
RA ≤ 270 deg) footprint (ELQS-N) in Paper II. This sample consists of 270 quasars

at mi ≤ 18.0 and z ≥ 2.8 of which 39 were newly identified as part of the ELQS

survey.

Using 120 quasars from the ELQS-N sample, which adhere to the uniform photo-

metric criteria of the 2MASS point source catalog assumed by our selection function

calculation, we conducted a first analysis of the bright-end QLF . Single power law

fits to the data result in a steep value for the bright-end slope of β ≈ −4. We further

can constrain the bright-end slope to β < −2.94 with 99% confidence. This results

contrasts earlier QLF estimates at the same redshift (Fan et al., 2001; Richards

et al., 2006), who find a generally flatter slope of β ≈ −2.5.

This work completes the ELQS survey with spectroscopic observations in the

South Galactic Cap of the SDSS footprint. Our selection for this area resulted in a

larger quasar candidate sample than for the ELQS-N, including many quasars that

were not spectroscopically followed up by the original SDSS quasar survey. As a

consequence, the ELQS-S sample presents a total of 70 newly discovered quasars,

which allow for stronger statistical constraints on the QLF.



126

4.2.1 ELQS Candidates in the Literature

We have discussed the references for known quasars in the ELQS-N in some detail

in Paper II, Section 2.2. Since all known quasars in the ELQS-S sample are from the

same references, we will only present a summary below. For further details, please

refer to aforementioned section.

The majority of known quasars in the ELQS-S sample were discovered by the

SDSS (Abazajian et al., 2009), the BOSS and eBOSS. The quasars are published in

the SDSS DR7 (Schneider et al., 2010) , DR12 (Pâris et al., 2017) and DR14 (Pâris

et al., 2018) quasar catalogs.

In addition, we have matched against the Million Quasar Catalog (MQC; Flesch,

2015) to identify known quasars, which were not included in the SDSS quasars

catalogs. The MQC is a compilation of quasars from a variety of different sources

in the literature and includes quasar candidates as well. Only verified quasars were

used in the cross-match between the catalog and our candidates.

We also match our quasar candidates against the most recent catalogs of the

The Large Sky Area Multi-Object Fibre Spectroscopic Telescope (LAMOST) quasar

survey (Dong et al., 2018). The LAMOST quasar survey is part of the LAMOST

ExtraGAlactic Survey (LEGAS; Zhao et al., 2012) and quasars are selected using

multi-color photometry color cuts as well as machine learning algorithms. Three

candidates of the ELQS-S sample are successfully matches to LAMOST quasars.

Furthermore, Yang et al. (publication in preparation) are currently carrying out

a spectroscopic survey similar to the ELQS. Their candidate selection consists of two

samples that use optical and infrared color criteria presented in Wu & Jia (2010) and

Wu et al. (2012). The aim to find bright quasars at z ≈ 2− 3 and at z ≥ 4 missed

by the SDSS/BOSS/eBOSS quasar surveys and to test different quasar selection

criteria for the upcoming LAMOST quasar survey. Their spectroscopic observations

are conducted at the Lijiang telescope (2.4 m) and the Xinglong telescope (2.16 m).

We also discovered that one of our candidates, J215743.62+233037.1, was part



127

16.25 16.50 16.75 17.00 17.25 17.50 17.75 18.00

mi

0

5

10

15

20

25

N
Q

S
O

C
an

d
id

at
es

known QSOs

ELQS QSOs z ≥ 2.8

ELQS QSOs z < 2.8

ELQS not QSO

No identification

15.0 15.5 16.0
0.0

2.5

Figure 4.1: We present the distribution of all good primary ELQS-S candidates
as a function of their apparent SDSS i-band magnitude. Quasars known from the
literature are colored blue. Red and green colors highlight the newly discovered
quasars with z ≥ 2.8 and z < 2.8, respectively. Candidates that have been identified
not to be quasars are shown in orange, while objects that could not be identified or
were not observed are shown in grey.

of the HST GO program 130132 (PI: G. Worseck). While it was never published in

a quasar catalog, it has been further studied by (Zheng et al., 2015) and Schmidt

et al. (2017). We decided to include it in our sample of newly discovered ELQS-S

quasars, to formally publish its classification, including an optical spectrum.

4.3 Spectroscopic Observations and Data Reduction

Exploratory observations for the ELQS started in 2015 and were designed to test a

variety of selection criteria. As a result we discovered a range of quasars that are not

included in the primary ELQS candidate catalog, which was finalized in September

2http://www.stsci.edu/hst/phase2-public/13013.pro

http://www.stsci.edu/hst/phase2-public/13013.pro
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2016. We present the discovery spectra and their general properties in Section B.4.

Observations of the ELQS-S sample are finished and 96 out of 97 candidates were

observed with a range of different telescopes. These include the Vatican Advanced

Technology Telescope (VATT), the MMT 6.5 m telescope, the 90“ (2.3 m) Bok Tele-

scope, the Nordic Optical Telescope (NOT) and the (4.1 m) Southern Astrophysical

Research Telescope (SOAR). In this section we will detail the different instrumental

setups and shortly describe the data reduction process.

4.3.1 VATT Observations

We have carried out the majority of our spectroscopic identifications with the

VATTSpec spectrograph on the VATT. We used the 300 g/mm grating in first or-

der blazed at 5000 Å. The spectra have a resolution of R ∼ 1000 (1.′′5 slit) and a

coverage of ∼ 4000 Å around our chosen central wavelength of ∼ 5775 Å.

The observations for the ELQS-S were conducted in multiple campaigns. Pilot

observations started in 2015 October 8-12. The program continued in 2016 Novem-

ber 20-23 and December 18-20. In 2017 we finished the South Galactic Cap footprint

during observations on November 7-12. Depending on the object and the conditions

the exposure times varied between 15 and 30 minutes.

4.3.2 Bok Observations

In fall 2016 we were awarded three nights on the Bok telescope. We used the Boller

& Chivens Spectrograph (B&C spectrograph) with the 400 g/mm grating blazed at

4889Å in first order and the UV-36 blocking filter. The central wavelength was

chosen to be ∼ 5250Å, resulting in a coverage of ≈ 3655− 6850Å. The observations

were conducted in 2016 on October 13-14 and November 15. The spectra were

taken with 2.′′5 slit, resulting in a resolution of R ≈ 750. Depending on weather

conditions and the apparent magnitude of the object we have used exposure times

of ∼ 5− 15 min.
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4.3.3 MMT Observations

We have used the MMT Red Channel Spectrograph to carry out follow-up observa-

tions of our newly discovered quasars. For all observations we have used the MMT

270 g/mm and 300 g/mm gratings blazed at 1st/7300Å and 1st/4800Å, respectively.

With regard to the 270 g/mm grating we used central wavelengths of 6400Å, 7000Å

and 7150Å. For the 300 g/mm we used central wavelengths of 5000Å, 5500Å and

6083Å. The 270 g/mm grating has an approximate coverage of 3705Å, whereas the

300 g/mm grating has an approximate coverage of 3310Å. We chose exposure times

of ∼ 3−15 min per spectrum, depending on the object and conditions. Based on the

seeing conditions, we have either used the 1.′′25 or the 1.′′5 slit, providing a resolution

of R ≈ 300 − 400 with both gratings. Observations were taken in 2017 on May

17-18, October 20-21 and November 16 and on January 20 2018.

After the completion of the survey we noticed that the MMT Red Channel

Spectrograph dim continuum lamp failed during our run on May 17-18 2017 resulting

in very low signal to noise flat fields for those two nights. We were able to re-reduce

the spectra with the 300 g/mm grating and a central wavelength of 5560Å using flat

fields from a different observing run. The low signal-to-noise flat fields are still used

for all spectra centered around 6083Å, introducing additional noise. However, we

do not expect any systematic biases as the detector of the spectrograph does not

show strong sensitivity variations along the spatial direction and variations along

the dispersion direction are indirectly taken care of by the standard calibration

procedure.

4.3.4 Nordic Optical Telescope Observations

In 2017, some identification spectra were taken during the Nordic Optical Telescope

(NOT) summer schools (August 23-25, September 5-9). These observations were

conducted with the Andalucia Faint Object Spectrograph and Camera (ALFOSC)

using the 300 g/mm grism (#4). The grism, centered around 5800Å, offers a wave-

length coverage of 3200Å− 9600Å. We used the blue blocking filter WG345 356 LP
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with a cut on at ∼ 3560Å. Given the above setup the spectra, taken with the 1.′′0

and the 1.′′3 slit, provide a resolution of R ≈ 360 and R ≈ 280, respectively. Ex-

posure times varied between 2.5 to 5 min, depending on atmospheric transparency

and apparent target magnitude.

4.3.5 SOAR

In addition, we observed quasar candidates with the Goodman High Throughput

Spectrograph (Goodman HTS) on the Southern Astrophysical Research (SOAR)

Telescope (4.1 m). These observations were carried out in 2017 October 6-10 and

2018 January 22-24. We used the 400 g/mm grating with central wavelengths of

6000Å and 7300Å. The spectra have a spectral coverage of ∼ 4000 − 8000Å and

∼ 5300 − 9300Å, respectively. The first setup used the GG-385 blocking filter,

whereas the second one used the GG-495 blocking filter. We used the red camera

in 2x2 spectral mode for all observations. Dependent on the weather conditions

we chose the 1.′′0 or 1.′′2 slit, resulting in spectral resolutions of we R ≈ 830 and

R ≈ 690, respectively. Exposure times varied between 3 min and 15 min depending

on the target magnitude as well as the atmospheric transparency.

4.3.6 Data reduction

The data were reduced using the standard long slit reduction methods within the

IRAF software package (Tody, 1986, 1993). This includes bias subtraction, flat

field corrections and sky subtractions using polynomial background fits along the

slit direction. The last task was carried out using the apall routine. All observa-

tions since October 2016 were reduced using optimal extraction (weights=variance)

and cosmic ray reduction within the apall routine. Our observations resulted in

low to medium signal-to-noise spectra. In all cases quasars were easily classified by

their broad emission lines. Furthermore we have used internal lamps for wavelength

calibration and observed at least one spectrophotometric standard star per night.

Because of changing weather conditions our absolute flux calibration may not reli-
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Figure 4.2: The distribution of all quasars in the full ELQS sample as a function of
absolute 1450Å magnitude (M1450) and redshift (z). Quasars identified with SDSS
spectroscopy or part of the SDSS DR7Q and DR14Q are shown as blue dots and
labeled ”SDSS“. We also include a range of quasars that were not (re-)discovered
by SDSS and come from the Million Quasar Catalog (MQC) or the quasar sample
of Yang et al. (in preparation). These objects are depicted in green (triangles,
stars). Newly identified quasars with the ELQS are shown as red diamonds. Solid
diamonds refer to the ELQS-S sample, whereas open diamonds highlight quasars
of the ELQS-N sample presented in Paper II. We also show the distribution of all
quasars in histograms along both axes. The three green stars are the well known
quasar lenses Q1208+1011, B1422+231B and APM 08279+5255.

able. Therefore the fluxes were scaled to match the SDSS r-band magnitudes. The

spectra have not been corrected for telluric absorption features.

4.4 The ELQS-S Quasar Sample

The ELQS-S sample covers the Southern Galactic Cap of the SDSS footprint

(RA>270 deg or RA<90 deg). We have selected 219 primary candidates in this

area of the ELQS. Of these, 50 candidates were discarded during visual inspection

of the photometry. In most of these cases the objects were strongly blended in the

WISE bands or showed photometric artifacts (bright trails identified as the source).
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Table 4.1: ELQS primary candidate sample

Primary candidates Full area ELQS-N ELQS-S
(mi <= 18.0 and zreg >= 2.8) (90 deg<RA<270 deg) (RA>270 deg

or RA<90 deg)

Total selected primary candidates 594 375 219
Good primary candidates 509 340 169
(excluding bad photometry)

In the literature 324 252 72
Observed 184 88 96
To observe 1 0 1
In the literature at z > 2.8 298 231 67
Observed and identified as z > 2.8 QSOs 108 39 70

Of the remaining 169 primary candidates 72 are known in the literature. These

include 67 objects at z ≥ 2.8 (DR14Q:35 objects, MQC:16 objects, Yang et al.: 13,

LAMOST DR2/3: 3) as well as 5 objects at z < 2.8 (MQC:3 objects, DR14Q:1

object, SDSS spectrum: 1 object).

We obtained optical spectroscopy for 96 out of the remaining 97 unknown can-

didates and discovered 70 new quasars at z ≥ 2.8 and 4 new quasars with z < 2.8.

The majority of our 22 contaminants in the spectroscopic sample are stars (21),

predominantly K-dwarfs (13), which have optical colors similar to the quasars in

our targeted redshift range.

In total the ELQS-S catalog includes a total of 137 quasars at z ≥ 2.8:

• 70 newly identified quasars

• 35 quasars from the DR14Q

• 16 quasars from MQC

• 13 quasars from Yang et al. (2018, in preparation)

• 3 quasars from LAMOST DR2/3

Excluding the 50 primary candidates with unreliable photometry, we have suc-

cessfully selected 137 quasars at z ≥ 2.8 out of 169 candidates. Therefore the



133

ELQS-S sample has a selection efficiency of ∼ 80%, consistent with the ELQS-N

sample.

We show the distribution of all good primary candidates in the ELQS-S sample as

a function of dereddened SDSS i-band magnitude in Figure 4.1. Known quasars from

the literature are shown in blue, while new ELQS-S quasars at z ≥ 2.8 and z < 2.8

are displayed in red and green, respectively. All objects that were spectroscopically

identified not to be quasars are colored orange. In addition, two objects could not

be identified. One of them was not observed and the spectrum of the other one had

too low signal-to-noise to allow for a reliable classification. These two objects are

shown in grey.

The figure shows a significant dip in quasar candidates around mi ∼ 17.75. While

we did not encounter this phenomenon in our ELQS-N candidates (see Figure 1 in

Paper II), it can be explained by our selection function (see Figure 8 in Paper II).

Our estimated selection completeness drops below 50% at magnitudes fainter than

mi = 17.5. That the number of quasar candidates rises again in the two faintest

magnitude bins is due to the intrinsic number of quasars rising at these magnitudes.

The 70 discovery spectra of our newly identified quasars are displayed in Fig-

ure B.1. The spectra are ordered in redshift beginning with the lowest redshift

spectrum at z = 2.82. According to the spectroscopic redshift we highlight the

positions of the broad Lyα,C IV and Si IV emission lines with blue, orange and red

bars at the top of each spectrum. Redshift as well as designation of the object are

shown in either the top right or top left corner of each spectrum. In a few cases the

flux correction introduced a rising continuum at the blue end, which is likely due

to insufficient signal at the bluest wavelengths. For example, J012535.83+401425.5

and J235330-050817.8 are affected by this problem.

Spectroscopic redshifts are measured by visually matching a quasar template

spectrum (Vanden Berk et al., 2001) to the observed spectra. We estimate that

the redshift uncertainty introduced by this method is ∆z ≈ 0.02, which is accurate

enough for the calculation of the QLF.

K-corrections are calculated in the same fashion as for the ELQS-N sample. We
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have used the sample of simulated quasar spectra (see Section 5.1 in Paper II) to

derive a k-correction term as a function of redshift and magnitude to calculate the

monochromatic magnitude at rest-frame 1450Å using the SDSS i-band magnitude.

The quasar spectra were calculated on a narrow grid in redshift and absolute magni-

tude and k-corrections are calculated for each grid cell. This grid is then interpolated

to retrieve individual k-corrections for each quasar in our sample.

Figure 4.2 shows the distribution of all quasars in the ELQS as a function of

M1450 and redshift. Known quasars identified by SDSS spectroscopy or included

in the SDSS DR7 and DR14 quasar catalogs are shown as blue dots and labeled

”SDSS“. Other known quasars, which are part of the MQC or the quasar sample of

Yang et al. (2018, in preparation) are marked with green triangles. ELQS quasars

are highlighted as red diamonds, where solid diamonds refer to the new ELQS-S

sample and open diamonds refer to the ELQS-N sample (Paper II). The histograms

show the binned distribution as a function of their respective axis. The three green

stars are the well known quasar lenses Q1208+1011 (z = 3.8) (Bahcall et al., 1992;

Magain et al., 1992), B1422+231B (z = 3.62) (Patnaik et al., 1992) and APM

08279+5255 (z = 3.91) (Ibata et al., 1999) and were selected as part of ELQS-N.

For all newly discovered quasars in the ELQS-S sample we provide additional

information in Table 4.2. This includes the position in equatorial coordinates, SDSS

apparent i-band magnitude, the absolute magnitude at 1450Å, near- and far-UV

magnitudes from GALEX GR 6/7, a flag indicating visual broad absorption line

quasar classification and the determined spectroscopic redshift.

4.5 The Full ELQS Quasar Catalog

The full ELQS quasar catalog is comprised of 407 objects, of which 109 were newly

identified. The previously published ELQS-N catalog (Paper II), covering only the

north galactic cap of the SDSS footprint, included 270 (new:39, known:231) quasars.

With this work we add the southern galactic cap footprint of the ELQS, identifying

70 new quasars and effectively more than doubling the number of selected known
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Table 4.2: Newly discovered quasars at z ≥ 2.8 in the ELQS-S sample

R.A.(J2000) Decl.(J2000) mi M1450 Spectroscopic near UVa far UVa BAL flagb Notesc

[hh:mm:ss.sss] [dd:mm:ss.ss] [mag] [mag] Redshift [mag] [mag]
00:03:39.153 +20:31:25.80 17.64± 0.01 -27.55 2.960 - - 0 171021
00:04:28.616 +35:20:29.04 17.90± 0.01 -27.72 3.710 - - 0 171116
00:13:11.103 +20:53:42.74 17.53± 0.02 -28.01 3.520 - - 1 170825
00:24:48.239 +08:12:12.03 16.93± 0.01 -28.53 3.340 - - 0 161115
00:38:11.085 +36:40:03.95 17.33± 0.02 -28.20 3.480 - - 0 151010
00:39:01.102 -21:44:29.23 17.93± 0.02 -27.31 3.030 - - 1 171021
00:40:21.734 -03:34:51.36 17.37± 0.02 -28.05 3.300 20.02± 0.04 21.05± 0.10 0 161122
00:52:48.631 +21:53:25.74 17.87± 0.02 -27.62 3.390 - - 1 170825
01:00:49.245 -03:19:13.93 17.24± 0.03 -28.28 3.440 - - 0 161123
01:04:47.159 +25:14:22.03 17.39± 0.02 -27.94 3.160 - - 0 161013
01:08:27.246 +28:02:18.36 17.81± 0.02 -27.74 3.565 - - 0 171020
01:15:50.139 +26:20:15.05 17.31± 0.02 -27.98 3.100 - - 0 161013
01:17:52.184 +05:51:24.18 17.73± 0.02 -27.80 3.520 - - 0 171021
01:18:35.607 +39:04:58.70 17.92± 0.02 -27.29 3.000 - - 0 171116
01:20:35.946 -09:46:32.20 17.57± 0.03 -27.64 2.990 - 22.18± 0.24 0 180123
01:25:35.824 +40:14:25.64 17.55± 0.01 -27.71 3.055 - - 0 171020
01:25:46.761 +21:15:22.12 17.87± 0.01 -27.89 3.930 - - -1 171021
01:26:46.100 +21:27:04.53 17.84± 0.01 -27.28 2.870 - - 0 171021
01:32:23.210 +18:41:55.71 17.52± 0.02 -28.12 3.720 - - 1 171010
01:33:49.283 +09:42:29.40 17.59± 0.02 -27.58 2.930 - - 0 171021

01:36:24.534 +15:27:55.07 17.42± 0.02 -28.00 3.300 - - 0 161013d

01:38:07.139 +17:24:14.80 17.66± 0.01 -27.67 3.190 - - 1 171021
01:48:44.807 +25:02:02.96 17.41± 0.01 -27.76 2.930 - - 0 170825
01:55:58.279 -19:28:49.02 17.33± 0.01 -28.27 3.650 - - -1 161014
01:59:00.676 -03:27:37.27 17.62± 0.02 -27.52 2.900 - - 0 171021
02:02:56.078 +31:26:20.91 17.57± 0.02 -27.69 3.060 - 22.42± 0.17 1 170825
02:08:38.405 +17:06:52.37 16.91± 0.07 -28.63 3.510 - - 0 161123
02:09:59.280 +24:48:47.39 17.60± 0.02 -27.68 3.105 - - 0 171021
02:11:18.295 +14:52:10.43 17.66± 0.02 -27.90 3.580 - - -1 151011
02:18:29.577 +22:40:14.30 17.68± 0.01 -27.62 3.135 - - 0 171020
02:26:32.795 +20:27:48.21 17.79± 0.02 -27.32 2.860 - - 0 171109
02:34:24.866 +23:40:19.42 17.10± 0.02 -27.99 2.820 - - 0 161122
02:40:20.777 -17:00:16.43 17.99± 0.02 -27.40 3.260 - - 0 171007
02:48:47.364 -05:14:15.24 17.42± 0.02 -28.11 3.510 - - 0 161014
03:13:07.141 +02:45:15.24 17.34± 0.02 -27.99 3.150 - - 1 161014
03:21:46.404 +11:57:53.46 16.95± 0.02 -28.23 2.940 - - 0 180120
03:24:36.322 +17:52:41.59 17.86± 0.01 -27.69 3.590 - - 0 171021
03:41:51.166 +17:20:49.75 16.19± 0.01 -29.46 3.690 - - 0 161218
03:45:21.811 +16:03:05.88 17.31± 0.02 -27.85 2.910 - - 0 161122
04:05:44.847 +13:06:13.51 17.63± 0.02 -27.48 2.835 - - 0 171021
04:09:03.611 +14:51:49.05 17.85± 0.02 -28.08 4.210 - - -1 161123
05:30:43.748 -06:26:56.63 17.60± 0.01 -27.95 3.540 - - 0 171006
20:13:22.744 -12:34:06.62 17.81± 0.01 -27.42 3.015 - - 0 170518
20:20:05.735 -12:32:58.36 17.99± 0.01 -27.23 3.005 - - 0 170518
20:27:53.320 -05:22:23.50 17.48± 0.01 -27.74 3.005 - - 0 161014
20:37:00.257 -17:34:15.41 17.51± 0.01 -27.81 3.145 - - 0 170518
21:00:06.598 +02:42:33.90 17.69± 0.01 -27.95 3.725 - - 0 170518
21:08:27.259 -03:08:47.76 17.93± 0.02 -27.16 2.825 - - 1 170518
21:08:46.961 -02:01:14.84 17.47± 0.01 -28.04 3.460 - - 0 161014
21:32:59.090 +16:30:29.12 17.69± 0.01 -27.84 3.540 - - 0 151011
21:36:49.757 -01:28:52.20 17.64± 0.02 -27.77 3.280 - - 0 171021
21:55:58.301 +02:28:56.12 17.89± 0.01 -27.64 3.535 21.58± 0.10 23.92± 0.48 0 171021
21:57:43.626 +23:30:37.34 17.71± 0.02 -27.60 3.145 20.49± 0.16 21.39± 0.33 0 170825e

22:15:33.089 +23:55:54.87 17.52± 0.02 -27.74 3.065 - - 0 171020
22:16:52.892 +30:44:51.86 17.54± 0.01 -27.69 3.030 - - 0 161219
22:32:39.479 +13:15:18.12 17.97± 0.02 -27.55 3.490 - - 0 171021
22:32:52.174 +34:37:12.83 17.95± 0.01 -27.63 3.645 - - 0 171020
22:38:12.040 +33:05:46.30 17.51± 0.02 -27.72 3.025 - - 0 171020
22:42:21.472 -03:54:58.39 17.40± 0.01 -27.93 3.160 - - 0 171021
22:46:10.792 -06:49:53.89 17.84± 0.02 -27.49 3.170 - - 1 171021
22:55:36.224 -02:57:36.45 17.56± 0.01 -27.81 3.220 - - 0 171020
23:02:11.049 +03:13:44.42 17.68± 0.01 -27.84 3.440 - - 0 171020
23:13:34.613 -10:11:52.41 17.75± 0.02 -27.45 2.975 - - 1 171020
23:22:33.545 +17:53:09.61 17.69± 0.01 -27.75 3.320 - - 0 170825
23:24:52.615 +18:24:16.53 17.10± 0.02 -28.37 3.350 - - 0 171110
23:31:17.250 -05:40:21.05 17.64± 0.01 -27.67 3.140 - - 1 171021

23:33:20.540 +12:20:22.14 17.59± 0.01 -27.70 3.100 - - 0 170825d

23:38:39.729 +29:24:21.00 17.40± 0.02 -28.35 3.900 - - -1 171116
23:53:08.773 +37:44:59.07 17.36± 0.02 -27.94 3.115 - - 0 161013
23:53:30.062 -05:08:17.94 17.63± 0.02 -27.66 3.105 20.62± 0.20 - 0 171021

aThe near and far UV magnitudes were obtained from cross-matches within 2.′′0 to the GALEX
GR6/7 data release

bVisual qualitative BAL identification flag: 1 =BAL; 0 =no BAL; −1 = insufficient wavelength
coverage or inconclusive archival data

cThis columns shows the observation date (YYMMDD) and provides further information on
individual objects.

dThese objects were also independently discovered by Yang et al.
eSee also HST GO Proposal 13013 (PI: Gabor Worseck), Zheng et al. (2015) and Schmidt et al.

(2017)
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quasars in this area. We selected 509 primary quasar candidates of which 407 were

identified to be quasars at z ≥ 2.8, resulting in an overall selection efficiency of

∼ 80%. The SDSS quasars make up only ∼ 60% of the ELQS sample and 80%

of all previously known quasars in SDSS footprint, including all known quasars

from the literature. This demonstrates that our selection is more inclusive than the

SDSS quasar selection, allowing us to recover an additional 50 quasars known in the

literature.

We matched the full ELQS sample against known quasar lenses in the litera-

ture. This includes a list of known quasar lenses in the NASA/IPAC Extragalactic

Database (NED), the CfA-Arizona Space Telescope LEns Survey of gravitational

lenses (CASTLES, C.S. Kochanek, E.E. Falco, C. Impey, J. Lehar, B. McLeod, H.-

W. Rix)3. The three returned matches are the well known quasar lenses Q1208+1011

(z = 3.8) (Bahcall et al., 1992; Magain et al., 1992), B1422+231B (z = 3.62) (Pat-

naik et al., 1992) and APM 08279+5255 (z = 3.91) (Ibata et al., 1999), which were

already included in the ELQS-N sample. These are highlighted as green stars in

Figure 4.2.

One of our candidates, J035047.55+143908.2, remains unobserved and the spec-

trum of another one, J025204.49+201407.9, has too low signal-to-noise to allow

for an unambiguous classification. Therefore the ELQS is 99.6% spectroscopically

complete.

4.5.1 Matches to FIRST and the Radio Loud Fraction

We match the full ELQS sample to sources in the VLA Faint Images of the Radio

Sky at Twenty-Centimeters (FIRST) catalog (Becker et al., 1995) in an aperture of

3.′′0. We obtain measured 1.4 GHz flux densities for a total of 37 matches (ELQS-N:

34, ELQS-S: 3). All three matches in ELQS-S are to quasars already known in the

literature. The full ELQS catalog (Section B.1) includes information on the match

distance to the FIRST source, its 1.4 GHz peak and integrated flux density as well

3https://www.cfa.harvard.edu/castles/ and the Sloan Digital Sky Survey Quasar Lens

Search (SLQS Inada et al., 2012)

https://www.cfa.harvard.edu/castles/
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as the RMS error on the integrated flux density.

Since the FIRST footprint has been chosen to fully overlap with the SDSS north

galactic cap footprint, we can estimate the radio loud fraction (RLF) of our ELQS-N

quasar sample. This allows us to test whether the ELQS quasar sample has similar

or different radio properties compared to other surveys. In Paper II we counted all

sources with 1.4 GHz peak flux detections, which resulted in a RLF of ≈ 12.6%.

Jiang et al. (2007) have analyzed the RLF for a large sample of SDSS quasars

at z = 0− 5 and −30 ≤Mi < −22. They define a radio-loud quasar based on its R

parameter, the ratio of the flux density at 6 cm (5 GHz) to flux density at 2500 Å in

the rest-frame,

R = f6cm/f2500 . (4.1)

In their analysis they calculate f6cm from the 1.4 GHz integrated flux density (if

detected) by assuming a power-law slope of α = −0.5. They further obtain the

observed flux density f2500 at rest-frame 2500 Å by fitting a model spectrum to

the SDSS broad-band photometry. Quasars are then counted as radio-loud for all

values of R ≥ 10. They discovered that the RLF changes as a function of redshift

and absolute magnitude and is well fit by

log

(
RLF

1− RLF

)
= b0 + bz(1 + z) + bM(M2500 + 26) , (4.2)

where b0 = −0.132, bz = −2.052 and bM = −0.183.

We revisit our analysis of the ELQS-N RLF by using the same criterion for

radio-loud quasars as Jiang et al. (2008). In our case we calculate the observed flux

density f2500 using the k-correction estimated from our sample of simulated quasars

(Paper II, Section 5.1). Our k-correction is not only based on a quasar continuum

model, but also includes contributions from the broad quasar emission lines. The

rest-frame flux density at 6 cm f6cm is derived identically to Jiang et al. (2007), by

assuming a power-law slope of alpha = −0.5 for the k-correction.

We calculate the RLF for three different subsamples of the ELQS-N catalog

restricted by mi ≤ 17.0, 17.5 and 18.0. In all cases we calculate median absolute

magnitudes and redshifts as input into the the relation found by Jiang et al. (2007).
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Table 4.3: The radio-loud fraction of the ELQS-N sample compared to the relation
of Jiang et al. (2007).

mi ≤ 17.0 17.5 18.0
NELQS 22 92 270
zmedian 3.30 3.42 3.12

M2500,median -28.75 -28.3 -27.8
NELQS(R > 10) 2 10 25

RLFELQS 9.1± 4.5% 10.9± 2.3% 9.3± 1.2%
RLFJiang2007 10.6% 8.4% 8.0%

We compare results from the ELQS sample in Table 4.3 with the RLF calculated

using the best-fit relation. Uncertainties on our measured RLF are derived assuming

a Poisson distribution (σ =
√
N).

Compared to our previous estimate of RLF = 12.6%(mi ≤ 18.0) in Paper II,

where we only counted quasars with radio detections, our more rigorous RLF esti-

mates agree better with the values derived from the relation of Jiang et al. (2007).

Our estimates and the calculated values disagree by about 2 − 3%. However, we

don’t believe these disagreements are significant considering our small sample size.

The overall agreement of our calculated RLF with the values derived from the re-

lation of Jiang et al. (2007) largely confirms that ELQS quasar sample has similar

radio properties as previous SDSS surveys.

4.5.2 Matches to GALEX, ROSAT 2RXS and XMMSL2

We have cross-matched the full ELQS sample with the GALEX GR6/7 Data Release

(Martin et al., 2005). Matches are evaluated within an aperture of 2.′′0, which

corresponds to the GALEX position accuracy. For all matches we have obtained

the available photometry in the near- and far-UV bands at 1350−1750Å and 1750−
2750Å, respectively. The near- and far-UV magnitudes for the ELQS-S sample are

also displayed in Table 4.2.

We obtained 55 GALEX matches to the full ELQS sample (ELQS-N: 38, ELQS-

S:17). Of these matches 52 (ELQS-N: 37, ELQS-S:15) are detected in the near-UV

band and 19 (ELQS-N: 10, ELQS-S:9) in the far-UV band. A subset of 16 (ELQS-N:
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9, ELQS-S:7) sources were detected in both bands. We have discovered 109 (ELQS-

N: 39, ELQS-S:70) new quasars with ELQS, of which 14 (ELQS-N: 8, ELQS-S:6)

have GALEX counterparts in either or both photometric bands.

There are three new ELQS-S quasars (J004021.734-033451.36,

J215558.301+022856.12, and J215743.626+233037.34), which are detected in

both near- and far-UV GALEX bands, while two objects only have far-UV

photometry and one has only near-UV photometry available.

The detection of high redshift quasars in near- and far-UV bands in the observed

frame suggests that their flux has not been fully absorbed by intervening neutral

hydrogen along the line of sight. Thus, these objects are prime targets to study the

Helium re-ionization of the universe (Worseck & Prochaska, 2011; Worseck et al.,

2016).

The rate of UV detections in the full ELQS sample (55/407 ≈ 13.5%) is very

similar to the rate of UV detections of our newly identified ELQS quasars (14/109 ≈
13%). In Paper II we discussed the rate of UV detections in the ELQS-N sample

and found that a large fraction of newly identified quasars (8/39 ≈ 20%) have UV

detections compared to the overall ELQS-N sample (38/270 ≈ 14%).

Worseck & Prochaska (2011) found that the SDSS quasar sample preferably

selects quasars with intervening H I Lyman-limit systems. If our selection includes

these quasars, we will be biased towards them in our candidate samples. This bias

is stronger in the SDSS North Galactic Cap, where SDSS spectroscopic follow-up

is completed, compared to the South Galactic Cap footprint. This could explain

the UV detection rates of our newly identified quasars compared to the full ELQS

samples.

We further cross-matched all quasars in the full ELQS catalog with pre-matched

AllWISE counterparts to X-ray detections (Salvato et al., 2018) from the ROSAT

(Truemper, 1982) reprocessed 2RXS catalog (Boller et al., 2016) and the XMM

Newton Slew 2 Survey (XMMSL2). These catalogs contain 106,573 counterparts to

0.1− 2.4 keV 2RXS sources as well as 17,665 counterparts to 0.2− 12 keV XMMSL2

sources. We matched the AllWISE positions of the sources in our sample to the
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AllWISE positions of the counterparts in a 6.′′ aperture.

While we find no matches to the XMMSL2 counterparts, we recover 11 sources

sources that have ROSAT 2RXS detections. All of them are already known quasars

in the literature. The ROSAT 2RXS fluxes are included in the full ELQS quasar

catalog (see Section B.1).

4.5.3 Broad Absorption Line (BAL) Quasar Fraction

We revisit our previous estimate of the fraction of broad absorption line (BAL)

quasars of (Paper II, Section 4.2) with the full ELQS sample. While a thorough

quantitative analysis of the BAL quasar fraction would require the calculation of

the balnicity index (BI) (Weymann et al., 1991) or the absorption index (Hall

et al., 2002) from the spectral data. Traditionally BAL quasars are classified BAL

by BI > 0. However, we limit ourself to a qualitative analysis of the BAL quasar

fraction by visually classifying all ELQS quasars in BAL quasars and non-BAL

quasars. Based on this classification we roughly estimate the BAL fraction of the

ELQS quasar sample.

As in our previous analysis of the ELQS-N sample, we cross-match the full

ELQS catalog to the SDSS DR12 quasar catalog (Pâris et al., 2017) and retrieve

information on visual BAL quasar classifications (BAL FLAG VI= 1). The DR12Q

BAL flag provides information on 212 (ELQS-N: 190, ELQS-S:22) of our 407 quasars,

of which 42 (ELQS-N: 40, ELQS-S: 2) are flagged as BAL quasars.

We visually inspect the spectra of all remaining objects, if available, or use previ-

ous classifications from the literature to determine their nature. Of all newly identi-

fied ELQS quasars 17 display BAL features. This includes 6 quasars of the ELQS-N

sample and 11 new quasars of the ELQS-S ( J001311.09+205342.8, J003901.10-

214429.1, J005248.64+215325.7, J013223.20+184155.6, J013807.12+172414.8,

J020256.07+312620.8, J031307.14+024515.3, J210827.25-030847.8, J224610.79-

064953.7, J231334.60-101152.3, J233117.24-054020.8). A total of 7 ELQS quasars

do not have sufficient signal-to-noise or wavelength coverage in their discovery spec-

tra to allow for unambiguous classification. Including all quasars from the literature
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we could identify 79 BALs out of a sample of 384 ELQS quasars, resulting in a

visual BAL quasar fraction of ∼ 21%. For a total of 23 quasars we were not able to

determine a classification, due to the lack or quality of the identification spectra.

With regard to the new ELQS-S sample, presented in this work, we have iden-

tified 22 out of 120 quasars to show BALs. Therefore the ELQS-S BAL quasar

fraction is ∼ 18%, about 4% lower than in the ELQS-N sample.

The observed ELQS BAL quasar fraction of ∼ 21% remains high compared to

previous studies in the literature (see discussion in Section 4.2 of Paper II). While

Trump et al. (2006) find an observed traditional BAL fraction of ∼ 10% (z =

1.7 − 4.38) in the SDSS DR3 quasar catalog, quasar samples selected from near-

infrared/infrared photometry have shown to result in larger fractions of BAL quasars

Maddox et al. (∼ 17.5% 2008).

However, it remains unclear whether our infrared based quasar selection (Dai

et al., 2008; Maddox et al., 2008), our sampled redshift range, or our focus on

the luminous end of the quasar distribution biases our quasar sample towards a

high observed BAL fraction. It would be interesting to conduct a more detailed

analysis of the balnicity and absorption index for a large mid-infrared selected type-

I quasar sample to calculate the BAL fraction as a function of redshift and absolute

magnitude. Different optical quasar selections applied to the mid-infrared selected

quasar sample could then quantify the optical selection bias. However, this is beyond

the scope of this work.

4.6 The ELQS Quasar Luminosity Function (QLF)

Using the full ELQS sample, we re-evaluate our measurements of the quasar lumi-

nosity function (QLF) presented in Paper II, Section 6. We calculate the binned

QLF, evaluate number density and redshift evolution using a non-parametric ap-

proach and finally use a maximum likelihood method to constrain parameters for a

single power law fit to the data. Unfortunately, we have to limit our quasar sample

to the stringent photometric criteria of the 2MASS point source catalog (PSC) that
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we adopted for our completeness calculation (Paper II, Section 5.2.1). We therefore

have to exclude 241 quasars of our full ELQS sample, leaving 166 quasars to deter-

mine the bright-end slope of the QLF. However, the majority of excluded quasars

are at the faint end of the ELQS sample. Therefore this does not reduce the num-

ber of objects vital for the bright-end slope analysis. Out of these 166 quasars, 38

are newly discovered and another 24 are from other sources than the SDSS DR14Q.

Therefore this sample includes 62 quasars not part of DR14Q, an increase of 37.35%.

4.6.1 The binned QLF

We evaluate the binned QLF over the entire ELQS footprint (11, 838.5± 20.1 deg2,

see Paper I) using the 1/Va-method (Schmidt, 1968; Avni & Bahcall, 1980) with

the modification of Page & Carrera (2000). We construct four redshift and five

magnitude bins analogous to Paper II. The bin edges are z = 2.8, 3.0, 3.5, 4.0, 4.5 and

M1450 = −29.1,−28.7,−28.3,−28,−27.7,−27.5. We use the previously determined

selection function (Paper II, Section 5) to correct for incompleteness.

Figure 4.3 shows the binned QLF for the full ELQS sample (red data points, see

also Table 4.4) compared to our previous estimate (ELQS-N in grey) and two other

optical quasar luminosity functions determined on the SDSS DR3 (orange Richards

et al., 2006) and DR9 (blue Ross et al., 2013) quasar samples. We have converted

the (Richards et al., 2006) and (Ross et al., 2013) data, given in absolute i-band

magnitudes Mi[z = 2] continuum k-corrected to a redshift of z = 2, to absolute

magnitudes at 1450Å M1450, assuming a spectral index of αν = −0.5 (fν ∝ να).

While our three higher redshift bins have been chosen to be identical to the

studies of Richards et al. (2006) and Ross et al. (2013) to allow for better comparison,

their lowest redshift bin covers z = 2.6−3.0 compared to our coverage of z = 2.8−3.0.

The full binned ELQS QLF is generally shown with filled red circles (ELQS-N:

grey). However, we highlight data points in bins that are not fully filled or where

the incompleteness is below 50% (Ncorr/N ≥ 2). These data points are prone to

substantial systematic biases due to our selection function and we caution against

their over-interpretation. The error bars on the binned QLF only reflect statistical
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Figure 4.3: This figure shows the optical QLF as a function of absolute magnitude,
M1450, in four redshift bins. Previous results on the optical QLF are from the original
SDSS DR3 (Richards et al., 2006) (orange) and the BOSS DR9 (Ross et al., 2013)
(blue). The full binned ELQS is shown in red. Red open circles denote the data
points that are either derived from unfilled bins or have an average completeness
below 50% (Ncorr/N ≥ 2). We show an earlier estimate of the QLF based on
the ELQS-N sample in grey for comparison. The 1σ error bars show the purely
statistical error due to the number of quasars per bin. The lines show parametric
fits of the QLF to quasar distributions, where dashed lines indicate an extrapolation
of the QLF prescription to higher redshifts. The red lines are from the maximum
likelihood fit to the full ELQS sample (Section 4.6.3, Table 4.5 first row). The orange
and blue lines correspond to the parametric fits to the QLF of (Richards et al., 2006)
and (Ross et al., 2013), respectively.
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uncertainties based on the number of quasars per bin.

Figure 4.3 also displays the best fits to SDSS DR3, SDSS DR9 and ELQS quasar

samples as solid lines. The color scheme follows the binned QLF. While the SDSS

DR3 quasar sample (Richards et al., 2006) has been fit by a single power law, the

SDSS DR9 quasar sample Ross et al. (2013) extending to lower luminosities used

a broken double power law parametrization. The ELQS sample, focused on the

bright quasars, does not sample the break of the broken power law and therefore

our sample can be well fit with a single power law. The values for for the full ELQS

and the ELQS-N fit are taken from Table 4.5(first row) and Schindler et al. (2018,

their Table 5, first row), respectively. In all cases the fits are evaluated in the centers

of the four redshift bins. We extrapolated the fit of the SDSS DR9 QLF beyond

z = 3.5 contrasted by the dashed line, to allow for a visual comparison in all redshift

bins.

The ELQS survey allows us to extend the measurement of the QLF by one

magnitude toward the bright end. The data points of our binned QLF demonstrate

that the bright-end slope is generally steeper as anticipated by the extrapolation of

the QLF fits from Richards et al. (2006) and Ross et al. (2013) toward the brightest

magnitudes. This trend is especially clear in the full ELQS sample, which results in

an even steeper slope than our previous measurement based on the ELQS-N sample.

4.6.2 The Differential Marginal Luminosity Function

The QLF is generally a function of luminosity and redshift. Binned approaches need

to divide the sample into subsamples and estimate the quasar number density per

magnitude in each bin to calculate the QLF. If we can assume that the redshift and

luminosity distributions in the sample are uncorrelated, we can marginalize over

one variable to evaluate the marginalized QLF along the other direction, retaining

a larger sample for the analysis. This is especially useful for small samples, such

as ours. The assumption that the luminosity (absolute magnitude) and redshift

distributions of the sample are uncorrelated is identical to assuming an underlying
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Table 4.4: The binned QLF

M1450 N Ncorr log Φ σΦ bin filled

2.8 ≤ z < 3.0
-28.9 2 3.9 -9.46 2.48 True
-28.5 4 10.1 -9.05 5.02 True
-28.15 11 28.6 -8.47 10.82 True
-27.85 7 21.2 -8.60 10.03 True
-27.6 9 41.3 -8.13 25.86 True
3.0 ≤ z < 3.5
-28.9 3 3.9 -9.85 0.81 True
-28.5 10 12.9 -9.33 1.49 True
-28.15 28 42.0 -8.69 3.87 True
-27.85 31 67.6 -8.48 6.03 True
-27.6 17 69.9 -8.29 12.83 False
3.5 ≤ z < 4.0
-28.9 2 2.1 -10.09 0.57 True
-28.5 6 7.2 -9.56 1.12 True
-28.15 12 18.8 -9.02 2.85 True
-27.85 6 15.4 -9.08 3.44 False
-27.6 2 9.3 -8.68 14.87 False
4.0 ≤ z < 4.5
-28.9 2 2.3 -10.04 0.65 True
-28.5 5 7.8 -9.50 1.42 True
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Figure 4.4: Left: The normalized marginal differential distribution of the QLF
ψ(M1450)/Φ(M1450 ≤ −27.7) as a function of absolute magnitude M1450. The error
bars in the magnitude direction represent the bin width, while the errors in ψ(M1450)
show the 1σ statistical error margins from the bootstrap sampling. The orange line
is the maximum likelihood fit to the data points, ψ(M1450) ∝ 10−0.4(−4.45+1)·M1450 .
Right: The spatial density of the QLF ρ(z), as a function of redshift z. The error
bars in the redshift direction show the width of the redshift bins, while the error bars
along ρ(z) show the 1σ statistical error margins from the bootstrap sampling. The
orange line is the maximum likelihood fit to the data points, log(ρ(z)) ∝ −0.41 · z.



147

QLF of the form

Ψ(M1450, z) = ρ(z) · ψ(M1450) . (4.3)

We have introduced the methodology in the previous ELQS paper and refer all

interested readers to Section 6.2 and 6.3 of Paper II.

To test whether the redshifts and luminosities of the full ELQS sample can be

regarded as uncorrelated, we perform a standard correlation test (Efron & Petrosian,

1992; Maloney & Petrosian, 1999; Fan et al., 2001) and calculate the τ statistic

(Paper II, , Section 6.2). As long as |τ | . 1, both variables can be regarded as

uncorrelated parameters at the ∼ 1σ level and can be treated independently.

For the full ELQS QLF sample we obtain τ = −0.34 (τ = −0.19; M1450 ≤
−27.7) and can therefore proceed with the calculation of the differential marginal

distributions. If we restrict the sample only to higher redshifts (3.0 ≤ z ≤ 4.5), τ

increases to −1.09 (τ = −1.24; M1450 ≤ −27.7).

The differential marginal distributions can be calculated using Lynden-Bells C−

estimator (Lynden-Bell, 1971). We have modified the C− estimator algorithm of-

fered by the astroML4 library (see also Ivezić et al., 2014) to incorporate arbitrary

selection functions (Fan et al., 2001) to compute the normalized differential distri-

butions in absolute magnitude ψ(M1450) and redshift ρ(z) with errors estimated on

twenty bootstrap samples of our data.

The marginal differential magnitude distribution ψ(M1450)/Φ(M1450 ≤ −27.7),

the number density of quasars as a function of magnitude, is calculated in the same

magnitude bins we have chosen for the binned luminosity function in Section 4.6.1

(starting with M1450 = −27.7) and normalized to the total number of quasars with

M1450 ≤ −27.7. We estimate the slope of the resulting distribution by fitting a

single power law, log(ψ(M1450)) ∝ −0.4 · (β+ 1) ·M1450, to the data. Over the entire

redshift range, 2.8 ≤ z ≤ 4.5, we find the slope to be best fit by β = −4.45± 0.23.

The marginal differential redshift distribution ρ(z), the spatial density of quasars

as a function of redshift, uses the same redshift bins as our binned QLF analysis in

Section 4.6.1. To analyze the evolution of the spatial density with redshift we use

4https://github.com/astroML
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Table 4.5: Maximum Likelihood Estimation Fit Parameters for the QLF

z M∗
1450 log[Ψ?

0] γ β

2.8-4.5 -31.5 to -27 −4.88+0.32
−0.32 −0.38+0.10

−0.11 −4.08
+0.19(0.54)
−0.19(0.59)

3.0-4.5 -31.5 to -27 −4.59+0.42
−0.41 −0.43+0.13

−0.13 −4.17
+0.21(0.62)
−0.22(0.68)

2.8-4.5 -31.5 to -28 −4.58+0.57
−0.56 −0.36+0.15

−0.15 −4.44
+0.36(1.01)
−0.38(1.23)

3.0-4.5 -31.5 to -28 −4.44+0.48
−0.47 −0.40+0.12

−0.13 −4.46
+0.33(0.94)
−0.35(1.12)

an exponential model, log(ρ(z)) ∝ γ · z, and fit it to the data. We receive a value

of γ = −0.41 ± 0.02 over the entire redshift range of our sample. The marginal

differential distributions as well as their parametric fits are displayed in Figure 4.4.

It should be noted that the parametric fits to both distributions combined re-

semble a single power law model for the QLF with exponential density evolution.

We use this model in the following section to perform maximum likelihood fits.

4.6.3 Maximum Likelihood Estimation of the QLF

In this section we will calculate parametric maximum likelihood fits to the ELQS

QLF sample without constraining it to redshift or magnitude bins. This analysis

revisits Section 6.4 of Paper II with the full ELQS sample.

We follow Marshall et al. (1983) in calculating the maximum likelihood for the

QLF Ψ(M, z) by minimizing the log likelihood function

S =− 2
N∑
i

ln (Ψ(Mi, zi)(p(Mi, zi))

+ 2

∫ ∫
Ψ(M, z)p(M, z)

dV

dz
dMdz .

(4.4)

Confidence intervals on all parameters are derived from the likelihood function S by

using a χ2 distribution in ∆S = S − Smin(Lampton et al., 1976).

In most cases the QLF can be well represented by a double power law (Boyle

et al., 1988) at z . 4,

Ψ(M, z) =
Ψ?

100.4(α+1)(M−M?) + 100.4(β+1)(M−M?)
. (4.5)
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The four parameters, Ψ? the overall normalization, M? the break magnitude between

the power laws, α and β the faint and bright-end slopes, define the QLF and are

known to evolve with redshift.

The break magnitude, for example, has been shown to evolve strongly from

M?
1450 ≈ −25.6 at z = 2.8 to M?

1450 ≈ −26.5 at z = 4.5 (see McGreer et al., 2013,

their Figure 19).

Therefore the ELQS sample, which probes only the luminous end of the quasar

population (M?
1450 . −27), cannot constrain the break magnitude M? nor the faint-

end slope α.

For this reason we assume a fixed break magnitude of M?
1450 = −26 and param-

eterize the QLF using only a single power law,

Ψ(M, z) = Ψ?(z) · 10−0.4(β+1)(M−M?
1450) . (4.6)

We include redshift evolution by allowing the normalization Ψ?(z) to vary as an

exponential function of redshift,

log[Ψ?(z)] = log[Ψ?
0] + γ · z . (4.7)

Here Ψ?
0 is the normalization at z = 0 and γ is a parameter of the exponential

redshift evolution.

The independent redshift and magnitude evolution is supported over the full

redshift range z = 2.8− 4.5 as shown by our analysis in Section 4.6.2.

The maximum likelihood fits are calculated using the simqso (McGreer et al.,

2013) package. We remind the reader that our ELQS QLF sample is reduced from

407 to 166 quasars by the photometric criteria we have used for the calculation of

our selection function.

The parametric fits are calculated for the entire sample as well as for three

subsamples constrained in redshift and/or absolute magnitude M1450 as listed in the

first two columns of Table 4.5. These ranges also serve as the integration boundaries

for the calculation of S in Equation 4.4. The remaining columns of Table 4.5 list the

best fit values for the three fit parameters including their 1σ statistical uncertainties.
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In the case of β we have also included the 3σ uncertainties in parenthesis. The

maximum likelihood fit over the entire redshift and magnitude range (first row of

Table 4.5) is also shown as the red solid line in Figure 4.3.

For the entire sample (first row in Table 4.5), we find the bright-end slope to

be steep with β = −4.08. This value is a little bit steeper than our estimate from

the ELQS-N sample (Table 5 of Paper II), β = −3.96, but lies well within the 1σ

uncertainties. We constrain the exponential density evolution with log[Ψ?
0] = −4.88

and γ = −0.38. These values are also very similar to our previous estimate on the

ELQS-N sample.

If we limit the ELQS QLF sample to higher redshifts (second and fourth row in

Table 4.5), the bright-end slope and the density evolution steepens slightly. Imposing

a faint limit of M?
1450 = −28 leads to a significant steepening of the bright-end slope,

while the density evolution becomes slightly more moderate. A dependence of the

bright-end slope on the magnitude range samples could indicate that the sample is

indeed sensitive to the break magnitude, although it is below the faint limit of our

survey. Alternatively, this effect could signal a deviation from the simple power law

possibly motivating the exponential decline of a Schechter function.

Taking in account all of the single power law fits, we can constrain the bright-end

slope at z = 2.8− 4.5 to β ≤ −3.4 with a 99% confidence.

Double Power Law Fits

In this section we assess possible biases that our single power law results might

carry compared to a broken double power law parametrization(Boyle et al., 1988;

Pei, 1995). While we do not sample the population of fainter quasars below the

known break of the QLF, our sample might be influenced by the break magnitude,

which brightens strongly with redshift (e.g. McGreer et al., 2013, their Figure 19).

We perform QLF fits follow the broken double power form (Equation 4.5)

with density evolution (Equation 4.7) assuming a large range of fixed values for

the break magnitude, M∗
1450 = −26.5,−27,−27.5,−28, and the faint-end slope,

α = −1.7,−1.8,−1.9,−2.0. The choices for the fixed parameters are guided by
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Figure 4.5: This figure shows the broken double power law fits to the ELQS QLF
sample. We display sixteen double power law fits with fixed break magnitude
(M∗

1450 = −26.5,−27,−27.5,−28) and faint-end slope (α = −1.7,−1.8,−1.9,−2.0)
as the colored lines. They are ordered from top to bottom according to the entries
in Table 4.6. Best fit values for the bright-end slope β and the normalization with
density evolution (log[Ψ?

0], γ) are calculated. The black solid line corresponds to
a double power law fit with an evolving break magnitude (luminosity evolution;
Equation 4.8 with c = −0.3). As a guidance for the eye we show the binned QLF
from Richards et al. (2006) (orange points), Ross et al. (2013) (blue points), and
the ELQS (red and grey points). The data of Richards et al. (2006) and Ross et al.
(2013) is not used in the fit. Lastly, we show our best fit single power law result in
the background as the thick red line (first row in Table 4.5) for comparison.
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Table 4.6: Results of the double power law fits to the ELQS QLF sample

M∗
1450 α β log[Ψ?

0] γ
−26.5 −2.00 −4.17+0.18

−0.18 −5.40+0.32
−0.32 −0.38+0.10

−0.11

−26.5 −1.90 −4.16+0.18
−0.18 −5.41+0.32

−0.32 −0.38+0.10
−0.11

−26.5 −1.80 −4.15+0.18
−0.18 −5.42+0.32

−0.32 −0.38+0.10
−0.11

−26.5 −1.70 −4.15+0.18
−0.18 −5.42+0.32

−0.32 −0.38+0.10
−0.11

−27.0 −2.00 −4.30+0.18
−0.18 −5.95+0.33

−0.32 −0.38+0.10
−0.11

−27.0 −1.90 −4.29+0.18
−0.19 −5.96+0.33

−0.32 −0.38+0.10
−0.11

−27.0 −1.80 −4.28+0.18
−0.18 −5.96+0.33

−0.32 −0.38+0.10
−0.11

−27.0 −1.70 −4.28+0.18
−0.18 −5.97+0.33

−0.32 −0.38+0.10
−0.11

−27.5 −2.00 −4.60+0.21
−0.21 −6.46+0.33

−0.33 −0.38+0.10
−0.11

−27.5 −1.90 −4.60+0.21
−0.21 −6.47+0.33

−0.33 −0.38+0.10
−0.11

−27.5 −1.80 −4.60+0.21
−0.21 −6.47+0.33

−0.33 −0.38+0.10
−0.11

−27.5 −1.70 −4.61+0.21
−0.21 −6.47+0.33

−0.33 −0.38+0.10
−0.11

−28.0 −2.00 −5.24+0.30
−0.31 −6.88+0.34

−0.33 −0.40+0.10
−0.10

−28.0 −1.90 −5.26+0.30
−0.31 −6.87+0.34

−0.33 −0.41+0.10
−0.10

−28.0 −1.80 −5.29+0.30
−0.31 −6.86+0.34

−0.33 −0.41+0.10
−0.10

−28.0 −1.70 −5.32+0.30
−0.31 −6.85+0.34

−0.33 −0.41+0.10
−0.10

previous works at lower and higher redshifts (Croom et al., 2009; Ross et al., 2013;

McGreer et al., 2013; Yang et al., 2016). The resulting sixteen best fits are displayed

in Figure 4.5 (colored lines) and their best fit parameters are listed in Table 4.6. The

sixteen fits in the figure are ordered from top to bottom according to the entries in

the table.

Figure 4.5 highlights that all sixteen fits are able to describe the binned ELQS

QLF (red circles) quite well. In all cases the double power law fits do not show

significant difference from our best single power law fit (thick red line). We have

included the binned QLF of Richards et al. (2006) and Ross et al. (2013) as a visual

guide for the faint end of the QLF. A comparison between this data and the sixteen

power law fits, illustrates the evolution of the break magnitude with redshift.

Table 4.6 provides insight into the dependencies of the fit parameters on the as-

sumed break magnitude and faint-end slope. While the faint-end slope does not

have any strong effect on the three fitted parameters (β, log[Ψ?
0], γ), the break mag-

nitude clearly does affect the bright-end slope and the normalization. For brighter
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assumed break magnitudes we obtain a steeper bright-end slope and a lower normal-

ization. The redshift evolution of the normalization, γ, is not affected by different

assumptions in the break magnitude.

At M∗
1450 = −26.5 the best fit bright-end slope (β ≈ −4.15) is slightly steeper

than our best fit single power law slope of β ≈ −4.08. The broken double power

law fits corroborate the density evolution (γ) and the steep bright-end slope (β) we

find in our single power law fits to the QLF.

The dependence of the bright-end slope and the normalization on the break

magnitude is already well documented in the literature (McGreer et al., 2013; Yang

et al., 2016) and is a degeneracy that arises from the functional form of the broken

double power law. That our fit results are not affected by the choice of the faint-

end slope only reflects that our data cannot constrain the faint-end slope. Other

studies of the QLF that constrain the faint-end slope find a dependence on the break

magnitude (McGreer et al., 2013; Onoue et al., 2017).

In addition to the sixteen double power law fits with fixed break magnitude and

faint-end slope, we calculate a fit to a QLF model with additional evolution in the

break magnitude (luminosity evolution),

M∗
1450(z) = M∗

1450(z = 2.9) + c · (z − 2.9) . (4.8)

This redshift parametrization of the QLF with separate luminosity evolution and

density evolution is often abbreviated as LEDE. In our case we assume M∗
1450(z =

2.9) = −27.0, c = −0.3 and α = −1.9. The choice of c was motivated by the data

binned QLF of Richards et al. (2006) and Ross et al. (2013) at the faint end. We

retrieve best fit values of β = −4.33+0.18
−0.19 log[Ψ?

0] = −4.86+0.32
−0.32, and γ = −0.75+0.10

−0.10.

The value for the bright-end slope and the normalization are still consistent with

our single power law results, while the density evolution parameter γ has steepened

significantly. However, with the assumption of a relatively flat slope for the luminos-

ity evolution, our results for the density evolution are similar to Yang et al. (2016),

who fit a LEDE model at z ∼ 5 to find c = −0.5 ± 0.08 (c2 in their notation) and

γ = −0.81± 0.03 (c1 in their notation).
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We have tested if our results for the bright-end slope hold up, if we assume the

standard broken double power law form of the QLF. These best fit results are largely

consistent with our previously estimated bright-end slope α = −4.08 from the single

power law fit. However, they seem to encourage slightly steeper slopes of α = −4.15

to α = −4.61, depending on the assumed break magnitude. This indicates that

the break magnitude has an effect on our results, even though we are not directly

probing it.

4.7 Discussion

Our analysis of the EQLS sample encourages a significantly steeper bright-end slope

(α ≈ −4.1) than previous studies at these redshifts (α ≈ −2.5; Richards et al., 2006;

Fan et al., 2001; Masters et al., 2012). In this Section we will place our results in

context with other studies of the optical QLF across the whole redshift range probed.

In most cases a broken double power law form is fit to the the QLF in narrow

redshift slices to determine the four fit parameters (M∗
1450, α, β, log[Ψ?]) as a function

of redshift. While we do not sample the break magnitude nor the faint end of

the QLF with the ELQS QLF sample, we can assume plausible values for these

parameters and then determine the bright-end slope and the normalization.

Section 4.6.3 showed that the fitted parameters are largely independent of the

assumed faint-end slope. We therefore choose a faint-end slope of α = −1.9, which

is well motivated by previous studies at z = 3−4 (Masters et al., 2012) and at higher

redshifts (McGreer et al., 2013; Jiang et al., 2016; Onoue et al., 2017). We further

fix the density evolution parameter to be γ = −0.38 within each redshift bin. This

choice is informed by our single power law (Table 4.5 first row) and broken double

power law fits (Table 4.6). We already discussed that the results of the broken power

law fits have a strong dependence on the assumed break magnitude and that the

break magnitude is generally thought to be a function of redshift. Therefore we

use three different plausible values, M∗
1450 = −26.5,−27,−27.5, and calculate best

fit parameters for all of them. The fits are calculated for the three higher redshift



155

1 2 3 4 5 6

z

−28

−26

−24

M
∗ 1
45

0

a)

0 1 2 3 4 5 6

z

−8.5

−8.0

−7.5

−7.0

−6.5

−6.0

−5.5

lo
g
(Ψ
∗ )

b)

1 2 3 4 5 6

z

−2.0

−1.5

−1.0

−0.5

α

c)

1 2 3 4 5 6

z

−5

−4

−3

−2
β

d)

Ross+2013 Stripe82

Masters+2012

McGreer+2018

Yang+2016

Willott+2010 α=− 1.8

Willott+2010 α=− 1.5

Jiang+2016

Onoue+2017 Case2
ELQS; M∗1450=− 26.5

ELQS; M∗1450=− 27.0

ELQS; M∗1450=− 27.5

ELQS; lenses excluded

Figure 4.6: QLF parameters for fits of a broken double power law in narrow redshift
bins. Solid data points are results from fits to data, while open data points symbolize
fixed values in the QLF fit. We compare our results (red) with a variety of other
studies across the whole redshift range (Ross et al., 2013; Masters et al., 2012;
McGreer et al., 2018; Yang et al., 2016; Willott et al., 2010a; Jiang et al., 2016; Onoue
et al., 2017). (a) The break magnitude, M∗

1450, which brightens with increasing
redshift. (b) The density normalization, log[Ψ?], which decreases strongly with
increasing redshift. (c) The faint-end slope, α, which shows no systematic trend
with redshift. (d) The bright-end slope, β, which also does not show any consistent
redshift dependent behavior.
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ranges, z = 3.0− 3.5, z = 3.5− 4.0, and z = 4.0− 4.5.

Figure 4.6 shows our best fit results for the normalization and the bright-end

slope compared to a variety of other studies. Open data points illustrate values that

were held fixed in the fitting process. At the lowest redshifts we display the data of

Stripe 82 in Ross et al. (2013) in dark blue. At intermediate redshifts we present our

data in red and compare it with the study of Masters et al. (2012) in brown. The

three different fits per redshift bin, corresponding to the three break magnitudes

assumed, are slightly offset in redshift for display purposes and also feature different

symbols for clarity (M∗
1450 = −26.5(circles),−27(diamonds),−27.5(squares)). At

z ∼ 5 we rely on the data from McGreer et al. (2013) and Yang et al. (2016) (cyan).

The former study fits the faint-end slope, while the latter analyses the bright end.

All orange data is from studies at z ∼ 6 (Willott et al., 2010a; Jiang et al., 2016;

Onoue et al., 2017). The data is slightly offset in redshift for display purposes.

Some of the parameters at the highest redshifts do not have quoted error bars in

the respective publication.

The upper left panel of Figure 4.6 displays the redshift evolution of the break

magnitude. Following the data of Ross et al. (2013), McGreer et al. (2013) and

Yang et al. (2016) one can make out a clear trend of the break magnitude decreasing

with increasing redshift. The data of Masters et al. (2012) and the studies at the

highest redshift have significant error bars (where available), possibly allowing for

the general trend to be continued up to z ∼ 6. The red open symbols show the

different break magnitudes we assume for our broken double power law fit. They

roughly lie in the region between the dark blue and cyan data points, where one

would expect the break magnitude to evolve through.

The normalization, shown in the upper right panel of Figure 4.6, decreases

strongly with increasing redshift. Our data points are in line with the decreasing

trend of the normalization. However, the assumed break magnitude has a strong

effect on the result. The fainter the break magnitude, the higher the resulting nor-

malization. In addition, our best fit normalization at z ∼ 3.75 is significantly lower

than in the redshift bin before and after. This dip in the normalization is due to a
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number of quasar lenses detected at this redshift. They have an even stronger effect

on the bright-end slope as we shall see later. Removing the lenses from the ELQS

sample at this redshift, results in the grey data points, which follow the redshift

trend smoothly.

The lower left panel of Figure 4.6 shows the faint-end slope of the different studies

as a function of redshift. The data do not suggest a coherent evolution of the faint-

end slope with redshift. While the dark blue data (Ross et al., 2013) suggests that

the faint-end slope seems to be flattening with redshift, all other studies at higher

redshifts find the faint-end slope α to be between −1.5 and −2.0, suggesting little

evolution in the faint-end slope. Similarly, Croom et al. (2009) conclude that the

faint-end slope in their QLF estimate based on the 2dF QSO Redshift Survey at

z = 0.3− 2.9 shows no significant evolution with redshift (see their Figure 16). The

red open data show our fixed value of α = −1.9.

In the lower right panel of Figure 4.6 we compare the bright-end slope of our

work with the other values in the literature. Similarly to the faint-end slope there

is no evident evolution of the bright-end slope with redshift. While the majority of

the data points at z ≤ 3.5 and z ≥ 4.5 are around a value of β ≈ −3.5, our results

(red) and the data from Masters et al. (2012) (brown) stand out.

Curiously, the bright-end slope from our fit seems to peak at z ∼ 3.75 with

β ≈ −3.8, while the values in the lower and higher redshift bins are around β ≈ −4.5.

A quick look at Figure 4.2 shows that we have three prominent quasar lenses included

in the z = 3.5− 4.0 redshift bin. We exclude the three lenses and perform another

fit on the quasar sample as a sanity check. This results in bright-end slopes around

β ≈ −4.5 (grey data points) at z ∼ 3.75, consistent with the lower and higher

redshift bins. Therefore our double power law fit results favor a steep bright-end

slope with values around β ≈ −4.5, at tension with all other studies.

In particular the bright-end slope values of Masters et al. (2012) at z ∼ 3.2

(β ≈ −3.0) and z ∼ 4 (β ≈ −2.6) are strongly discrepant with our findings. Masters

et al. (2012) combine a faint sample of known quasars and quasar candidates from

the Cosmic Evolution Survey (COSMOS) and use the SDSS DR3 QLF of Richards
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et al. (2006) to provide an anchor at the bright end. We already discussed that our

bright-end slopes differ significantly compared to the QLF of Richards et al. (2006),

as displayed in Figure 4.3. Therefore it is not surprising to find the same tension

with the bright-end slopes quoted in Masters et al. (2012).

We noted in Section 4.6.3, that the bright-end slope determined by the single

power law fits seems to steepen if we restrict our quasar sample to a brighter

(M1450 ≤ −28) magnitude range (see third and fourth row in Table 4.5). Therefore

the brightest quasars play a significant role for the value of the bright-end slope.

This insight could possibly help to reconcile our results with the flatter bright-end

slopes found by Ross et al. (β ≈ −3.5; 2013). The SDSS Stripe 82 as well as the

SDSS DR9 quasar samples have a bright limit of M1450 = −28. Hence, they do not

probe the brightest quasars, which inform our steep bright-end slope.

4.8 Conclusions

We have presented the motivation for the Extremely Luminous Quasar Survey

(ELQS) as well as our novel quasar selection using a JKW2 color cut and machine

learning methods (random forests) in Paper I. A subsequent publication, Paper II,

reported our first spectroscopic observations in the North Galactic Cap leading to

the ELQS-N sample and discussed a preliminary analysis of the QLF based on this

sample. With this work we conclude the ELQS. Spectroscopic follow-up of ELQS

candidates has been mostly completed, allowing us to present the full ELQS quasar

catalog (Section 4.5 and analyze the QLF on the full ELQS QLF sample:

1. We report the discovery of 70 new quasars (see Table 4.2 and Figure B.1) at z =

2.8− 4.5 as part of the ELQS Southern Galactic Cap sample (ELQS-S). The

full ELQS-S sample contains 137 quasars over an area of 4, 237.3 ± 12.9 deg2

of the SDSS footprint at RA>270 deg and RA<90 deg . Our newly discovered

quasars double the known population of quasars in the South Galactic Cap

footprint of the SDSS survey. This sample improves upon the known SDSS

spectroscopic incompleteness of the southern galactic cap allowing for a more



159

unbiased measurement of quasar across the full SDSS footprint.

2. The full ELQS quasar catalog is comprised of 407 quasars of which 109, or ∼
26%, are newly identified. Only 239 of these quasars are part of SDSS DR14Q,

which means that our quasar selection includes an additional 59 quasars from

the literature missed by the SDSS quasar selections. Overall our selection

identified 509 primary quasar candidates, of which 407 were identified to be

quasars, resulting in a selection efficiency of ∼ 80%.

3. We have cross-matched the full ELQS sample to the AllWISE counterparts

of the reprocessed ROSAT 2RXS catalog, GALEX GR6/7 and the FIRST

survey. There are 11 sources with ROSAT 2RXS detections, which are all

already known quasars in the literature. We identified 55 matches to GALEX

sources, of which 14 are newly identified quasars with GALEX counterparts in

either or both photometric UV bands. The rate of UV detections is about 13%

for the full sample. We were also able to obtain 1.4 GHz flux measurements

from FIRST for 37 quasars in the full ELQS sample. Since the FIRST footprint

has been chosen to overlap with the SDSS North Galactic Cap footprint, we

evaluated the radio loud fraction (RLF) for the ELQS-N sample. We use the

R parameter, the rest frame ratio of the flux density at 6 cm (5 GHz) to flux

density at 2500 Å, to classify quasars as radio loud with R ≥ 10. We estimate

an RLF ≈ 9.1±4.5% for the ELQS-N sample, which generally agrees with the

value derived from the relation of (Jiang et al., 2007) for our median redshift

and absolute magnitude RLFJiang2007 = 10.6%.

4. We further determine the fraction of quasars with broad absorption lines

(BALs) for the full ELQS sample. The DR12Q BAL flag (BAL VI) provides

information for 212 quasars and we classify the remaining quasars by visual

inspection or use previous classifications in the literature. We could identify

79 BAL out of 384 quasars in the full ELQS sample. The remaining 23 quasars

could not be identified due to the lack or the quality of the identification spec-

tra. Of all newly identified quasars 17 display BAL features. We estimate
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an observed BAL quasar fraction of ∼ 21%, which is large compared to other

quasar samples (for example Trump et al., 2006; Maddox et al., 2008). It

remains unclear if the larger BAL quasar fraction is due to our near-infrared

based selection, the sampled redshift range (redshift dependence, Allen et al.,

2011) of the ELQS or our focus on the luminous end of the quasar distribution

(luminosity dependence).

5. We evaluate the QLF based on the full ELQS sample in Section 4.6. A com-

parison of our binned QLF to the SDSS DR3 (Richards et al., 2006) and SDSS

DR12 (Ross et al., 2013) QLF (see Figure 4.3) shows that the bright-end slope

is steeper than the parametric fits to these two references suggest. We continue

to analyze the differential marginal distributions of the QLF along the lumi-

nosity and redshift variable (Figure 4.4), finding a steep bright-end slope of

β ≈ −4.45 for a single power law parametrization. A maximum likelihood fit

to a single power law QLF with exponential density evolution confirms these

results with a best fit bright-end slope of β ≈ −4.1 for the full ELQS QLF

sample. Our analysis further constrains the bright-end slope to be steeper

than β ≤ −3.4 at the 3σ level. Additionally, we perform broken double power

law fits to the data to assess the possible bias introduced by a single power

law description. This analysis finds the bright-end slope to be even steeper

with β ≈ −4.5. This indicates that the single power law form might be biased

towards less steep values for the bright-end slope as it does not take into the

account the influence of the break magnitude. However it generally corrob-

orates the steep values for the bright-end slopes. While earlier studies (Koo

& Kron, 1988; Schmidt et al., 1995; Fan et al., 2001; Richards et al., 2006)

suggested a flattening of the bright-end slope β towards higher redshifts all

our analyses disfavors this scenario. In fact, our results at the intermediate

redshift range rather encourage a consistent picture, in which the bright-end

slope remains steep from the lowest redshifts (Croom et al., 2009; Ross et al.,

2013) up to the highest redshifts (Jiang et al., 2008; Willott et al., 2010a;
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McGreer et al., 2013; Yang et al., 2016).

6. We use an exponential density evolution model to analyze the redshift evo-

lution of the quasar number density. The differential marginal distribution

and the maximum likelihood fit consistently encourage an exponential decline

with γ ≈ −0.4. Other studies at lower and higher redshift (Ross et al., 2013;

Fan et al., 2001; Yang et al., 2016) find a steeper decline of the quasar density

towards higher redshift with γ ∼ −0.7 to −0.5. However, the uncertainties on

our maximum likelihood fit would allow for γ ≈ −0.5 at the 1σ level. Alterna-

tively, it is reasonable that a single power law QLF with exponential density

evolution is not sufficient to describe the bright-end QLF. Our correlation test

revealed that the full ELQS sample restricted to higher redshifts (z = 3.0−4.5)

shows slightly anti-correlated distributions in redshift and absolute magnitude.

In this case a luminosity dependent density evolution model is needed to fully

describe the QLF.
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CHAPTER 5

Stellar and Black Hole Mass densities as empirical tracers of co-evolution show

lock-step growth since z∼3

1

5.1 Introduction

Tight correlations between the masses of super massive black holes (SMBH; M• >

106M�) and properties of the stellar component of their host galaxies are well

established. These connect stellar bulge properties, such as the velocity dispersion

σsph (e.g., Ferrarese & Merritt, 2000; Gebhardt et al., 2000; Tremaine et al., 2002;

Gültekin et al., 2009; Graham et al., 2011; McConnell & Ma, 2013; Shankar et al.,

2016), the luminosity Lsph (e.g., Kormendy & Richstone, 1995; McLure & Dunlop,

2001; Gültekin et al., 2009; Schulze & Gebhardt, 2011; Kormendy & Ho, 2013;

Savorgnan et al., 2016) and the stellar bulge mass M?,bulge (e.g., Magorrian et al.,

1998; McLure & Dunlop, 2002; Marconi & Hunt, 2003; Häring & Rix, 2004; Beifiori

et al., 2012) with the SMBH mass M•.

The existence of these relations supports the idea of a coordinated co-evolution

of SMBHs and their host galaxies by a common physical mechanism.

One mechanism proposed relates black holes (BH) and stellar mass growth via

feedback processes from active galactic nuclei (AGN) through momentum or energy-

driven winds (Silk & Rees, 1998; Fabian, 1999; King, 2003; Wyithe & Loeb, 2003;

Murray et al., 2005; Di Matteo et al., 2005; Croton et al., 2006; Bower et al., 2006;

Hopkins et al., 2006; Somerville et al., 2008).

Another avenue to explain these BH galaxy scaling relations has been put forward

by Anglés-Alcázar et al. (2013, 2015, 2016), where a common gas supply regulated

1This work has been published in Schindler et al. 2016, ApJ, 826, 67
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by gravitational torques is acting as the primary driver independent of feedback

processes.

On the other hand, Peng (2007) and Jahnke & Macciò (2011) demonstrated

that merger averaging of galaxy stellar and SMBH mass creates the correlation

between both quantities via a statistical convergence process rather than a physical

process. Assuming that BH masses and stellar masses have initially uncorrelated

distributions, hierarchical merging can create the scaling relations we see today

without invoking any kind of physical mechanism connecting both quantities. In

this framework a need for a physical connection between the bulge and the SMBH

via AGN feedback or other mechanisms does not seem to be necessary.

Although these correlations have been known for more than a decade, the domi-

nant process that engineered them is still under debate (see Kormendy & Ho, 2013,

for a discussion).

The problem is compounded at high redshifts where BH masses cannot be mea-

sured directly, but must be inferred from emission line widths. Furthermore, the

strong emission of the nucleus at large distances severely limits the ability to mea-

sure host galaxy properties. Measuring the bulge stellar mass in those systems

requires color information, which is mingled with the spectrum of the bright nu-

cleus. Velocity dispersion measurements suffer from the presence of AGN emission

lines. Studies of the M•−σ relation have been carried out up to redshifts of z ∼ 0.6

(e.g. Woo et al., 2008; Canalizo et al., 2012; Harris et al., 2012; Hiner et al., 2012),

while studies of the M•−M?,bulge relation reached redshifts up to z ∼ 6 (e.g. Walter

et al., 2004; Wang et al., 2010; Targett et al., 2012). These studies at high redshift

have very limited sample sizes; many also used potentially biased tracers (e.g., the

most luminous quasars) for the BH populations. They might not represent the full

galaxy and BH populations at high redshift.

To overcome the systematics that are associated with sample selection and the

difficulties with high redshift data, we turn towards a more statistical approach to

analyze the prospect of BH and galaxy co-evolution. In this study we focus on the

global properties of the whole galaxy and BH population by calculating the evolution
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of the total stellar mass and BH mass density (SMD and BHMD, respectively) over

redshifts z = 0− 5.

This methodology has been applied to obtain star formation rates and black hole

accretion rates at z < 3 (Merloni et al., 2004) and more recently by Zhang et al.

(2012) at z ≤ 1.2 to investigate the connection between SMD and BHMD. Below

redshifts of z ≈ 1.5 it is possible to estimate not only the total SMD but the bulge

stellar mass density from bulge to total mass ratios and morphology distributions.

However, at redshifts beyond z ≈ 2 galaxies appear to be significantly different

(van Dokkum et al., 2008) and bulge to total mass ratios as well as morphology

distributions are unconstrained by observations. Therefore we calculate the total

stellar mass density (SMD) rather than the bulge mass density.

Läsker et al. (2014) investigated the M•−Lsph relation using deep K-band pho-

tometry finding a linearly proportional relation between SMBH masses and total

galaxy luminosity (M• − Ltot) with comparable scatter to the M• − Lsph relation.

The authors suggest that the total instead of the bulge luminosity (mass) might be

the driving factor in the co-evolution of SMBHs and their hosts.

More recently Reines & Volonteri (2015) investigated the local M• − M?,host

relation in a sample of broad-line AGN in the local universe, complementary to

Läsker et al. (2014), finding a clear correlation between BH mass and total stellar

mass. The normalization of this relation is, however, lower by an order of magnitude.

We calculate the SMD in two distinct ways, first using stellar mass functions

from various studies, secondly adopting the star formation rate density of Madau &

Dickinson (2014) and integrating it across cosmic time.

The BHMD is estimated using quasar luminosity functions (QLFs) as tracers

of the accretion history of bright quasar phases. Soltan (1982) first put forward

the argument that the BHMD from bright quasar phases can be inferred from the

energy density of photons via a mass-to-light energy conversion efficiency (see also

Chokshi & Turner, 1992; Salucci et al., 1999).

We devote Section 5.2 to derive the SMDs including uncertainties and compare

our results with estimates from other authors. In Section 5.3 we continue with the
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calculation of the BHMD in a similar fashion. We then proceed with the analysis of

the combined data in Section 5.4 and present the relation between both quantities

derived in the previous chapters. Section 5.5 discusses implications of the presented

cosmic evolution of SMD and BHMD and compares our results to those of the

EAGLE and Illustris simulations. We summarize our findings in Section 5.6.

For the calculations we adopt the cosmology that the SMFs and QLFs were

determined in, which is mostly a Λ-CDM cosmology parameterized by h = 0.7,

ΩΛ = 0.7 and ΩM = 0.3. Only in the case of the QLF of Palanque-Delabrouille et al.

(2013) the cosmological parameters are slightly different, h = 0.71, ΩΛ = 0.734 and

ΩM = 0.267. This resulting difference in the BHMD of 5.8% at z=3 is much smaller

than the 1σ uncertainties at this redshift and thus negligible.

5.2 The cosmic stellar mass density (SMD)

5.2.1 Calculating the SMD Using Stellar Mass Functions

A stellar mass function ΦSMF(z) (SMF) describes the number density of galaxies

ngal per mass interval (Mgal,Mgal + dMgal) in a cosmic volume at a given redshift z.

SMFs are built by estimating the individual masses of galaxies in large surveys

via population synthesis modeling. Assumptions about the galaxy (e.g. initial mass

function (IMF), star formation history, stellar metallicity distribution, age, etc.)

and its stellar mass are used to build model SEDs that are fitted to the actual

galaxy SED. The best fit yields a stellar mass estimate for each galaxy, which are

then compiled to build a SMF for the full galaxy sample. Note that the choice of

IMF has a strong impact on the SMF.

Stellar mass functions are most commonly described by single or double

Schechter functions (Schechter, 1976; Baldry et al., 2008). They consist of a sin-

gle/double power law in mass that turns into a falling exponential above a charac-

teristic mass scale M∗.

Most often the stellar mass distributions are divided into redshift bins for which

the best fit parameters are estimated assuming one of the above functional forms.
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Once the SMF is defined, the SMD ρgal,?(z) between the stellar mass integration

limits, Mgal,? and Mgal,? + ∆, can then be computed by a simple integration,

ρgal,?(z) =

∫ Mgal,?+∆

Mgal,?

MΦSMF(M, z)dM . (5.1)

5.2.2 Stellar Mass Functions

We use four recent measurements of the SMF to calculate the SMD in all available

redshift bins. A summary of the most important characteristics is provided in

Table 5.5. For our purpose we rescaled all calculated SMD values to a Salpeter

IMF.

For near up to intermediate redshifts (z < 4) we used the SMFs of Bielby et al.

(2012); Ilbert et al. (2013) and Muzzin et al. (2013). The two latter works use data

from the UltraVista/COSMOS field to determine quiescent and star-forming SMFs

in the redshift range of 0.2 < z < 4.0. The UltraVista/COSMOS is the largest

galaxy dataset to date and therefore provides the most complete estimates of the

SMF. Although both works base their SMFs on a similar data set the authors employ

different analysis methods. We deliberately include both SMFs in our analysis to

use the robustness of the underlying sample to derive the SMDs and furthermore

display the effects that different analysis methods have on the SMDs. We use the

best fit parameters of Ilbert et al. (2013, their Table 2) and Muzzin et al. (2013,

their Table 7).

The SMF of Bielby et al. (2012, their Table 7) is based on data from the four

Canada-France-Hawaii Telescope Legacy Survey (CFHTLS) deep fields augmented

by new near-infrared data from the WIRCam Deep Survey. In comparison to most

other SMF estimates the data from this sample is not encompassed in the UltraV-

ista/COSMOS fields and therefore independent of the SMF of Ilbert et al. (2013)

and Muzzin et al. (2013). The four different fields help to reduce uncertainties due

to cosmic line of sight variations. The SMF is determined over a redshift range of

0.2 < z < 2.0.

At higher redshifts (z > 4) we adopt the SMF of Caputi et al. (2011, their
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Table 2) which is determined at redshifts 3 < z < 5 using data from the UKIRT

Infrared Deep Survey (UKIDSS) Ultra Deep Survey (UDS). This study’s IRAC

galaxy selection avoids the potential bias of UV selection against older or dustier

galaxies. However, the depth of the IRAC data limits the direct detections to a

higher stellar mass completeness limit.

5.2.3 Integration Limits

For the high mass integration limit in Eq. 5.1 we adopt a value of 1013M�. Due to

the exponential decline of the SMF at high masses the SMDs are complete at the

0.001% level if this value is adopted. It is also a common value in the literature

(e.g. Caputi et al., 2011; Ilbert et al., 2013; Muzzin et al., 2013) which again ensures

comparability of our calculated SMDs.

The low mass limit of the SMFs faces completeness issues because of the survey’s

limited sensitivity. Below a certain flux limit galaxies simply cannot be detected

anymore. Mass completeness is not as well defined as luminosity completeness due

to the broad range of mass to light ratio values that galaxies can exhibit. We

decided to use a common generic lower mass limit of 108M� to make our results

comparable to other studies (e.g. Caputi et al., 2011; Ilbert et al., 2013; Muzzin

et al., 2013). Unfortunately this mass limit does not represent the sensitivities of

the different SMFs and thus introduces systematics by extrapolating below the mass

completeness limit. However, since the low mass slopes of the SMFs are flatter than

of galaxy luminosity functions, the impact of the lower mass limit on the SMD is

not as big as it would be for the star formation rate density. To test the robustness

we varied the lower integration boundary between107 to 109M� and found that the

SMDs of two of the SMFs (Ilbert et al., 2013; Muzzin et al., 2013) are quite robust

against this variation, while the others (Bielby et al., 2012; Caputi et al., 2011)

do show a non negligible dependence on the lower mass integration limit. Hence

adopting the value of 108M� as our lower mass integration limit, could bias our

results of the SMD.
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5.2.4 Error Estimation

We estimate our uncertainties on the SMDs by using a Monte Carlo method. For

each parameter of the SMF we build a Gaussian distribution with the reported mean

and 1σ uncertainty. Whenever asymmetric uncertainties were quoted, we use the

average of the upper and lower uncertainty as our symmetric 1σ uncertainty for the

Gaussian, because the multi dimensional distribution functions of all parameters

were not available.

For each realization of the SMF all parameters are randomly drawn from these

distributions. Using Eq.5.1 we calculate the SMD from this randomly drawn SMF.

After calculating ten thousand realizations of the SMD per SMF per redshift bin,

we build cumulative distributions of the stellar mass densities and fit them with a

cumulative Gaussian distribution to derive the mean and the 1σ uncertainties.

5.2.5 Stellar Mass Densities from Stellar Mass Functions

We present all calculated SMDs in Figure 5.1. Below a z ≈ 1 the cosmic SMD

values seem to level off. Above this redshift all SMDs start to decline towards

higher redshifts while the uncertainties in the SMD increase strongly at redshifts

beyond z > 3 in all adopted SMFs. The error bars along the redshift axis represent

the redshift bins in which the original SMFs were determined.

In Table 5.1 we show our results of the SMD and compare them with the results

quoted in Madau & Dickinson (2014). Our main results have uncertainties obtained

in the Monte Carlo process outlined above. They are shown in the first column of

the table. The second column shows the SMD based on the best fit mean parameters

of the SMF. The third column contains the SMD values from Madau & Dickinson

(2014) to compare with.

Our Monte Carlo results match the literature values well at all but the highest

redshift bins. The values for the SMD of Bielby et al. (2012); Ilbert et al. (2013);

Muzzin et al. (2013) were rescaled to a Salpeter IMF and we believe that the dif-

ferences to the values of Madau & Dickinson (2014), which are on the order of
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Figure 5.1: The colored dots and error bars along the ordinate display the Monte
Carlo mean SMD and the corresponding 1σ uncertainties. The error bars along the
abscissa show the redshift bins. The black lines show the SMD based on the cosmic
SFRD of Madau & Dickinson (2014) with various values for the return fraction R.

0.2− 0.3 M�Mpc−3, are due to this process. The uncertainties on our Monte Carlo

SMD values are higher since the covariances of the best fit SMF parameters were not

included in the publication. Therefore our Monte Carlo approach delivers a more

conservative estimate of the uncertainties.

5.2.6 Stellar Mass Density Derived from the Instantaneous Star Forma-

tion Rate Density

We also infer the SMD from the best fit instantaneous star formation rate density

(SFRD) Ψ(z) given by Eq. 15 in Madau & Dickinson (2014). Their best fit SFRD
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Table 5.1: The Calculated SMDs Compared to Values from the Literature

Redshift log ρgal,?[M�Mpc−3]
Based on Based on mean Comparison

Monte Carlo fit SMF parameters Madau & Dickinson (2014)

of SMF (Caputi et al., 2011)

3.00− 3.50 7.33± 0.35 7.32 7.32+0.04
−0.02

3.50− 4.25 7.08± 0.44 7.05 7.05+0.11
−0.10

4.25− 5.00 6.96± 0.68 6.38 6.37+0.14
−0.54

of SMF (Bielby et al., 2012)

0.20− 0.40 8.43± 0.07 8.42 8.46+0.09
−0.12

0.40− 0.60 8.30± 0.04 8.30 8.33+0.03
−0.03

0.60− 0.80 8.43± 0.05 8.41 8.45+0.08
−0.10

0.80− 1.00 8.39± 0.03 8.39 8.42+0.05
−0.06

1.00− 1.20 8.23± 0.06 8.22 8.25+0.04
−0.04

1.20− 1.50 8.11± 0.03 8.11 8.14+0.06
−0.06

1.50− 2.00 8.14± 0.04 8.14 8.16+0.32
−0.03

of SMF (Ilbert et al., 2013)

0.20− 0.50 8.53± 0.18 8.52 8.55+0.08
−0.09

0.50− 0.80 8.56± 0.23 8.44 8.47+0.07
−0.08

0.80− 1.10 8.51± 0.14 8.47 8.50+0.08
−0.08

1.10− 1.50 8.31± 0.17 8.30 8.34+0.10
−0.07

1.50− 2.00 8.13± 0.09 8.12 8.11+0.05
−0.06

2.00− 2.50 7.90± 0.09 7.90 7.87+0.08
−0.08

2.50− 3.00 7.73± 0.24 7.70 7.64+0.15
−0.14

3.00− 4.00 7.45± 0.45 7.33 7.24+0.18
−0.20

of SMF (Muzzin et al., 2013)

0.20− 0.50 8.59± 0.10 8.59 8.61+0.06
−0.06

0.50− 1.00 8.44± 0.04 8.44 8.46+0.03
−0.03

1.00− 1.50 8.20± 0.04 8.20 8.22+0.03
−0.03

1.50− 2.00 7.97± 0.05 7.97 7.99+0.05
−0.03

2.00− 2.50 7.62± 0.09 7.62 7.63+0.11
−0.04

2.50− 3.00 7.52± 0.23 7.50 7.52+0.13
−0.09

3.00− 4.00 7.05± 0.72 6.83 6.84+0.43
−0.19

Notes. All SMD values are rescaled to a Salpeter IMF, where it was necessary.
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considers measured star formation rates (SFRs) in the rest-frame far UV, mid IR and

far IR (see their Table 1). We integrate Ψ(z) from z = 10 to z = 0 using their Eq. 2

with the return fraction R. The return fraction is a measure of how much stellar

mass is returned to the interstellar medium during the stellar population life cycle.

It is one major uncertainty from converting the SFRD to SMD. We show the range of

values for the SMD by using three different values for the return fraction, R = 0.27

for a Salpeter IMF, R = 0.41 for a Chabrier IMF and a value of R = 0 assuming

no material is returned to the interstellar medium. The resulting three curves are

shown as the solid, the dashed and the dashed-dotted black lines in Fig. 5.1. They

illustrate the uncertainty associated with the SMD calculated from the SFRD. For

all further purposes we use the SMD with the return fraction of R = 0.27, which

reflects a Salpeter IMF. Madau & Dickinson (2014) state their SMD calculated from

their SFRD is somewhat higher (∼ 0.5 dex) than the SMD data from SMFs at all

redshifts. For a discussion about this discrepancy we refer to the original study.

The SMD calculated from the SFRD provides a SMD measurement independent to

the SMFs used above.

5.3 The Cosmic Black Hole Mass density Inferred from QSOs

5.3.1 Calculating the Cosmic BHMD Using the Soltan Argument

Individual black holes can grow via mass accretion or in mergers. In the latter

process some black hole mass can be lost due to the emission of gravitational waves.

The BHMD, assuming that mass loss during mergers is negligible, can only grow by

mass accretion. Merger processes do not change the total black hole mass in a large

enough volume of space.

We can write the total accreted black hole mass density ρ•,acc(z) between redshifts

z0 and z as a function of the total black hole mass growth rate Ṁ•,acc in a volume

of space V ,

ρ•,acc(z) ≡
∫ z

z0

Ṁ•,acc(z
′)

V

(
dt(z′)

dz′

)
dz′ . (5.2)

In order to substitute the black hole mass growth rate with an observational quantity
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we adopt the Soltan argument (Soltan, 1982) and assume that black holes grow only

by mass accretion during bright AGN phases. The total bolometric luminosity of

all accreting black holes in a volume of space Lbol,tot(z) can then be directly related

to their overall accretion rate Ṁacc(z), introducing an average efficiency factor of

energy conversion ε. This factor also relates the overall accretion rate with the total

black hole mass growth rate Ṁ•,acc.

Lbol,tot(z) = ε Ṁacc(z) c2 =
ε c2

1− εṀ•,acc (5.3)

Inserting Eq.5.3 into Eq.5.2 and substituting the bolometric luminosity per cos-

mic volume with an integral over the quasar luminosity function ΦQLF we can now

calculate the BHMD,

ρ•,acc(z) =
1− ε
ε c2

∫ z

z0

(
dt(z′)

dz′

)
∫ L+∆

L

Lbol(L)ΦQLF(L, z′)dL dz′ . (5.4)

The lower and upper luminosity integration limits are denoted by L and L + ∆.

This expression and the derivation have been applied many times in previous works

(e.g Yu & Tremaine, 2002; La Franca et al., 2005; Hopkins et al., 2007; Zhang et al.,

2012). We do not include the BH seed masses in our definition of the BHMD. Their

contribution to the BHMD at redshifts around and below z = 5, is negligible since

the accreted BH mass in bright quasar phases will be larger by orders of magnitude

compared to the BH seed mass.

5.3.2 Efficiency Factor of Energy Conversion

The efficiency factor of energy conversion varies between ε ∼ 0.06 from a non-

rotating black hole to ε ∼ 0.31 for a maximally rotating Kerr black hole (Thorne,

1974). Only theoretical arguments currently constrain the distribution function

of black hole spins and therefore the distribution of efficiency factors. Above we

assume an average efficiency factor for the whole black hole population allowing us

to write ε/(1− ε) in front of the integral in Eq.5.4 as a scaling factor. Whenever we
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calculate values for the BHMD we adopt a value of ε/(1− ε) = 0.1 to be comparable

with previous works (Yu & Tremaine, 2002; Ueda et al., 2003; Marconi et al., 2004;

Hopkins et al., 2007; Zhang et al., 2012).

5.3.3 Quasar Luminosity Functions

The calculated BHMD strongly depends on the adopted quasar luminosity functions

(QLFs) and their redshift evolution. Most QLF are parameterized by a double power

law,

ΦQLF =
dnQSO

d logL
=

Φ∗

(L/L∗)α + (L/L∗)β
, (5.5)

where Φ∗ is the normalization constant and L∗ is the characteristic luminosity where

the power law index changes from α to β. The QLF yields the number density of

quasars nQSO of a certain luminosity range if integrated over it. This distribution

function, an important statistic for active galactic nuclei, is determined from wide

surveys with large numbers of objects at various redshifts.

The QLF is often fitted with a continuous redshift evolution in all or a subset of

its parameters α, β, L∗ and Φ∗. If only the characteristic luminosity L∗ is varied as

a function of redshift, the evolution is termed the pure luminosity evolution (PLE)

model. If characteristic luminosity and normalization constant Φ∗ are parameterized

in redshift but independent from each other, one speaks of a luminosity evolution

and density evolution model (LEDE). If the density evolution depends on the char-

acteristic luminosity, the model is called luminosity dependent density evolution

(LDDE). Some authors also vary both slopes or introduce a pivot redshift above

and below which the slopes have different values. We calculate six different BHMD

evolutions to compare with the SMDs based on the following QLFs. A summary of

their most important characteristics is provided in Table 5.6.

a) Hopkins et al. (2007) combined a large set of QLF measurements, from the

rest-frame optical, soft and hard X-ray, and near- and mid-IR bands to determine

a bolometric QLF. Their bolometric QLF spans a redshift range of z = 0− 6. The

QLF is best fit by a PLE model with an additional redshift dependence of the faint
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and bright end slopes. The best fit values are given in their Table 3 of Hopkins et al.

(2007, “full” model). The large set of QLFs folded into the determination of this

bolometric QLF overcomes the bias against obscured objects in the optical wave-

length range that optical single waveband QLFs suffer from. We further adopted

three optical QLFs in the g- and i-band.

b) Croom et al. (2009) compiled a QLF from 10637 QSOs of the 2dF-SDSS LRG

and QSO survey in the redshift range 0.4 < z < 2.6. Their g-band magnitudes reach

a flux limit of 21.85 and an absolute continuum magnitude of Mg(z = 2) < −21.5.

c) The QLF of Ross et al. (2013), 0.3 < z < 3.5, measured using 22301 quasars

in the i-band of the SDSS:BOSS, serves as a second optical QLF with a large number

of objects over a wide field.

d) To extend the g-band data we also included the QLF of Palanque-Delabrouille

et al. (2013) in our analysis. Their QLF, measured in the rest frame g-band, com-

plementing Croom et al.’s QLF with a wider redshift range, 0.68 < z < 4.0, but

with the disadvantage of a smaller sample size and narrower area on the sky.

We use the best fit modified LEDE model of Croom et al. (2009, their Table 4),

the PLE model with the pivot redshift of Palanque-Delabrouille et al. (2013, their

Table 7) and the first PLE model (redshift range 0.3 < z < 2.2) in addition to the

second LEDE model (DR9) of Ross et al. (2013, their Table 8).

e) We further used the combined hard X-ray QLFs of La Franca et al. (2005)

and Fiore et al. (2012). In the low redshift regime (z ≤ 3.0) we use the QLF of La

Franca et al. (2005) which was fit using a total of 508 AGN from the HELLAS2XMM

sample and other published catalogs (see their Table 1). Fiore et al. (2012) set out

to extend the results of La Franca et al. (2005) and placed constraints on the QLF

at redshifts 3 < z < 7 using new 4Msec Chandra observations in the Chandra

Deep Field South (CDFS). Their QLF fit follows the usual double power law with

a combination of luminosity and density evolution model (termed LADE), fully

equivalent to the introduced LDDE model above. We use the best fit model (4) of

Fiore et al. (2012, their Table 5) joined to the best fit model (LDDE) of La Franca

et al. (2005, their Table 2) at a redshift of z = 3 to determine the BHMD.
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f) At last we adopt another estimate of the hard X-ray QLF by Ueda et al.

(2014). The authors of this study have compiled a very large sample of 4039 AGN

detected between redshifts z = 0−5 from a multitude of surveys (see their Table 1).

They perform a maximum likelihood method to estimate a bolometric QLF fit, pa-

rameterized using a luminosity-dependent density evolution. We use the parameters

given in their Table 4 (“Bolometric”) to calculate the BHMD for this QLF.

5.3.4 K-correction and Bolometric Correction

QLFs are a direct product of quasar fluxes observed in a certain waveband. There-

fore their luminosities are wavelength dependent. In order to calculate the BHMD

we need to convert the rest frame luminosity (or magnitude) to a bolometric lumi-

nosity (see Eq.5.4). However, many authors follow Richards et al. (2006) and apply

a continuum K-correction to their QLFs relative to a redshift of z0 = 2. Hence,

before we can convert the waveband dependent luminosity (or magnitudes) to the

bolometric luminosity we have to apply a K-correction relative to a redshift of z = 0

to all optical QLFs. The K-correction is waveband independent for power-law spec-

tral energy distributions (SED). The correction for magnitudes takes the following

form (see Richards et al., 2006),

M(z = 0) = M(z = z0) + 2.5(1 + αν) log(1 + z0) . (5.6)

The power law slope of the SED is denoted by αν .

After applying the K-correction we can now use the luminosity dependent bolo-

metric correction of Hopkins et al. (2007, Eqs. 2 and 3) for the B-band and the Hard

X-ray to convert the optical and X-ray QLFs to bolometric luminosities.

Some of our adopted QLFs are calculated in the g- or the i-band. We use the

conversions given in Ross et al. (2013) and Jester et al. (2005) to formulate them in

B-band luminosities to be able to apply the bolometric corrections correctly.
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Table 5.2: Integration limits for the QLF in the BHMD calculation (Eq. 5.4)

QLF Reference QLF Integration Limits
Hopkins et al. (2007) Lbol = 108 to 1018 L�
Croom et al. (2009) Mg(z = 2) = −39.00 to −12.01

Palanque-Delabrouille et al. (2013) Mg(z = 2) = −38.77 to −11.78
Ross et al. (2013) Mi(z = 2) = −38.84 to −11.85

La Franca et al. (2005) logLhX[erg s−1] = 40.60 to 48.31
Fiore et al. (2012) logLhX[erg s−1] = 40.60 to 48.31
Ueda et al. (2014) logLbol[erg s−1] = 41.58 to 51.58

5.3.5 Integration limits

In order to numerically solve Eq. 5.4 one needs to set the integration limits for the

luminosity as well as for the redshift evolution.

To ensure that all BHMDs are comparable with another and correspond well

to galaxy masses in the range of 108M� to 1013M�, we adopted uniform lower

and upper integration limits for the luminosity. In bolometric luminosities these

limits are 108L� and 1018L�. They lie beyond some of the magnitude/luminosity

completeness-limits of the QLFs and thus we necessarily extrapolate the QLFs in

these cases. The individual integration limits for all QLFs are given in Table 5.2.

All QLFs are necessarily extrapolated to higher redshifts where no data con-

strains them. However, the mass in the extrapolated regime is small compared to

the BH mass growth below z ∼ 5. Assuming two different redshifts z0 = 10, 20 for

the start of the redshift evolution we examined the changes in the BHMD for all

QLFs at a redshift of z = 5. We found no changes at a 0.001% level between z0 = 10

and z0 = 20. Hence, we decide to start our integration at redshift z0 = 10.

5.3.6 Correcting for Observable Quasar Population

In order to convert an observed QLF to a bolometric QLF one also has to take in

account extinction effects. In their analysis Hopkins et al. (2007) determined the

probability of observing quasars with an intrinsic luminosity Lbol at some observed

luminosity L. They expressed this probability in an “observable fraction” f(L)
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(Hopkins et al., 2007, Eq. 4) with a simple power law for conversion between the

intrinsic population and the observed one,

f(L) =
Φ(L)

Φ[Lbol(L)]
= f46

(
Lbol

1046ergs−1

)β
. (5.7)

We adopt this rough approximation for our work to properly convert the observed

QLFs to bolometric QLFs taking in account the obscured quasar population with

the factor f(L). For our hard X-ray QLFs we use their corresponding values (f46 =

1.243, β = 0.066) while we use their values for the B-band (f46 = 0.26, β = 0.082)

for all optical QLFs.

5.3.7 Error estimation

In order to estimate the uncertainties on the BHMD we apply the same Monte Carlo

approach that we used for the SMDs. We not only draw random values for all QLF

parameters but also for the bolometric correction using the quoted uncertainties in

Hopkins et al. (2007). We do not account for uncertainties in the correction for the

observable fraction. From the ten thousand realizations we calculate the median

value and the 68 percentile regions.

5.3.8 The calculated BHMD

Our results for the BHMDs are portrayed in Fig. 5.2 a)-f). The solid colored lines

show the Monte Carlo mean BHMD at the redshifts at which the QLF was deter-

mined. The dashed colored lines indicate the redshift regimes to which we extrapo-

lated. We only display the redshift evolution up to z = 5, the maximum redshift for

our SMD results. The light colored areas depict the 68 percentile regions estimated

from the Monte Carlo method.

a) The BHMD estimated from the bolometric QLF of Hopkins et al. (2007)

(Fig. 5.2 a) shows small uncertainties over the full redshift range. We compare our

result for the local (z = 0) BHMD with the result in the original publication in

Table 5.3. The results show excellent agreement. The small difference in the uncer-

tainties might be a consequence of using different integration limits.
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We caution against over interpreting the high redshift evolution (z > 4) of this

BHMD, since only the bright end of the underlying QLFs was determined at these

redshifts. This introduces large systematic uncertainties likely underestimating the

BHMD at high redshifts.

b) The second BHMD is calculated using the QLF of Croom et al. (2009)

(Fig. 5.2 b). This BHMD falls steeply at high redshifts in contrast to all other

evaluated BHMDs. It is most likely the effect of extrapolating the best fit QLF to

redshifts beyond z = 2.6, where it is not constrained by any data. We should exer-

cise caution with these high redshift results. On the other hand the local value of

this BHMD fits well into the range of values estimated by other authors (Table 5.3).

c) The results estimated from the optical QLF of Palanque-Delabrouille et al.

(2013) in Fig.5.2 c) show increasing uncertainties to higher redshift, while the local

value has the smallest uncertainties of all six calculated BHMDs (see Table 5.3).

d) The fourth BHMD (Fig. 5.2 d) calculated from the near-IR QLF of Ross

et al. (2013) shows asymmetric uncertainties in the low redshift regime that increase

towards higher redshifts. Extrapolation to large redshifts is needed since the QLF

was determined using data in the redshift range 0.3 < z < 3.5. Nonetheless the high

redshift evolution agrees well with all other BHMDs except the one from Croom et al.

(2009) (Fig. 5.2 b). The z = 0 BHMD is small compared to other values (Table 5.3),

possibly a result of having to assume the obscuration correction for the B-band

instead of a near-IR correction.

e) The BHMD determined using the hard X-ray QLF of La Franca et al. (2005)

and Fiore et al. (2012) is not extrapolated for the redshift range shown. At redshift

z = 3 both QLFs are joined, which is evident from the change in the slope of the

BHMD. This BHMD has high uncertainties at low redshifts, where the local BHMD

value falls well in the range of determined BHMDs in this and other works.

f) The sixth BHMD estimated from the QLF of Ueda et al. (2014) arrives at

a local value close to the other estimated BHMDs above. It’s redshift evolution is

also similar, while the uncertainties show intermediate values at all redshifts.

Our results for the local BHMD agree well with previous determinations from
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Table 5.3. BHMD at z = 0 Calculated from the Adopted QLFs (Upper Section)

and Compared to Previous Investigations (Lower Section)

log(ρ•,acc)(z = 0) QLF of

[M�Mpc−3]

a) 5.68+0.10
−0.09 Hopkins et al. (2007)

b) 5.68+0.09
−0.10 Croom et al. (2009)

c) 5.57+0.05
−0.05 Palanque-Delabrouille et al. (2013)

d) 5.49+0.42
−0.10 Ross et al. (2013)

e) 5.57+0.33
−0.32 Fiore et al. (2012); La Franca et al. (2005)

f) 5.64+0.15
−0.15 Ueda et al. (2014)

Reference

5.51 La Franca et al. (2005)

5.68± 0.10 Hopkins et al. (2007)

5.46+0.07
−0.08 Yu & Tremaine (2002)

5.66+0.15
−0.16 Marconi et al. (2004)

other authors (Table 5.3). The overall BHMD evolution seems to be roughly con-

sistent throughout all panels, but panel b) which is based on the adopted QLF of

Croom et al. (2009).

5.4 The SMD-BHMD relation

5.4.1 Correlation Between the BHMD and the SMD

In Fig. 5.3 a)-f) we show all values for the SMDs mapped onto one BHMD as a

function of redshift. The data points are colored according to their redshift with

their error bars resembling the uncertainties shown in Fig. 5.1 and Fig. 5.2.

Up to intermediate redshifts, z ≈ 3, we identify a linear relation of the data

points in all double logarithmic plots, corresponding to a power law relation for the
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Figure 5.2: We present the BHMD for the various QLFs adopted. The Monte Carlo
median BHMD is shown as a solid colored line at redshifts where the QLF was
estimated and as a dashed colored line at redshifts to which it was extrapolated.
The colored areas correspond to the 68 percentile regions on the BHMD as a function
of redshift. The dashed black line in panels b)-f) corresponds to the solid line in
panel a) and serves as a reference for the eye.
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linear quantities. At low redshifts, z < 1, the BHMD seems to saturate while the

SMD still increases. We further add the SMD values based on the SFRD of Madau

& Dickinson (2014) and map them onto the different BHMDs. The result is the

solid colored line in each of the panels. According to the general offset to higher

SMDs, the colored line lies beneath the data points by ≈ 0.4 dex. Its shape roughly

follows the data points in each panel, dominated by the different BHMD.

Assuming a simple power law (ρ•,acc = A · ρβ?,gal), without redshift evolution for

the normalization A, for the relation between SMD and BHMD, we fit the data

points using the Markov Chain Monte Carlo (MCMC) algorithm of Kelly (2007).

We include the uncertainties in both quantities as well as allow for scatter in the

regression relationship. We assume that the intrinsic distribution of independent

variables can be modeled as a mixture of three Gaussian functions. The posterior

distributions are sampled using the Metropolis-Hastings algorithm option with at

least ten thousand iterations. From the posterior distributions we calculate the

median value as our best fit parameter and the 68 percentile regions as our 1σ

uncertainties. The best fitting curves using the median parameters for slope and

intercept (see Table 5.4) are shown as the solid black lines in Fig. 5.3. We find that

there is little to no intrinsic scatter in all fits, which is probably a consequence of

the large errors on the data points.

Except in the case of Fig. 5.3 b) the fit is a good representation of the data. In

this particular case the data points drop steeply towards lower SMDs due to the

steep BHMD evolution at high redshifts of the Croom et al. (2009) QLF. We would

like to caution against over interpreting this result at z > 3 since the underlying

QLF was only determined up to z = 2.6, a lower redshift than any of the other

adopted QLFs.

The best fitting values with uncertainties are displayed in Table 5.4. The uncer-

tainties on the slope and the intercept are correlated with higher uncertainties in

the slope resulting in much higher uncertainties in the intercept.

The relations including the BHMDs based on Hopkins et al. (2007); Palanque-

Delabrouille et al. (2013); Ross et al. (2013) show a slope close to unity and an
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intercept around ∼ −3.0. The large uncertainties in the BHMD estimated from

the QLF of Ross et al. (2013) give rise to large uncertainties in the fit parameters,

compared to the other BHMDs. The fit of the relation between the SMDs and the

BHMD based on Croom et al. (2009) has the largest slope of 1.53 and a corre-

sponding small intercept of −7.15. If we restrict the fitting process to values with

z < 3, where the QLF was actually determined, we obtain a median slope of 1.10

and intercept around −3.61. These agree with the fit parameters of the other data

sets.

The relations with BHMDs calculated from La Franca et al. (2005); Fiore et al.

(2012); Ueda et al. (2014) show slopes around 1.2 − 1.3 and corresponding smaller

values for the intercept.

We have learned that the BHMDs and SMDs do follow a power law relation at

least up to redshifts of z ≈ 3 where the error bars become too large to confidently

constrain the relation. The BHMD as a function of the SMD is well represented by

a power law with a slope around unity, with its individual value depending strongly

on the data set.

5.4.2 The Cosmic Evolution of the Ratio of BHMD to SMD

We now turn to analyze the redshift evolution of the logarithmic ratio of BHMD to

SMD. Our results are summarized in Fig. 5.4 a)-f). Every panel of the figure shows

the ratio of both quantities as a function of redshift.

If the BHMD and the SMD actually follow a simple power law relation with a

slope of unity but with a redshift dependent normalization, this figure should show

us any evolution of the normalization of this relation.

The colored data points correspond to the values of all SMDs in their respective

redshift bins divided by one of the six different estimations of the BHMD. We show

the average SMD (see Table 5.1) as empty symbols while the MC mean SMD is

over plotted in grey/color. We want to point out that they disagree at the highest

redshifts which could possibly lead to a different interpretation.

The colored lines refer to the SMD calculated from the instantaneous SFRD
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Table 5.4: This table presents a summary of our MCMC best fit parameters of
the BHMD-SMD relation assuming a linear function for the logarithmic quantities.
We present the median value of the posterior distribution and the 68 percentile
regions around the median for each of the six BHMDs calculated and for two redshift
restricted samples of the BHMD based on the (Croom et al., 2009) QLF. Our results
are contrasted by the local black hole mass to bulge mass relations of Kormendy &
Ho (2013) and Häring & Rix (2004)

BHMD inferred from the QLF of Intercept Slope

a) Hopkins et al. (2007) −3.00+0.92
−0.80 1.02+0.10

−0.11

b) Croom et al. (2009) −7.15+1.53
−1.18 1.53+0.14

−0.19

Croom et al. (2009) z < 3.0 −3.61+1.23
−1.16 1.10+0.13

−0.16

c) Palanque-Delabrouille et al. (2013) −3.38+0.98
−0.89 1.06+0.12

−0.11

d) Ross et al. (2013) −2.82+3.36
−3.70 0.98+0.45

−0.41

e) Fiore et al. (2012),

La Franca et al. (2005) −5.61+2.04
−1.91 1.32+0.23

−0.25

f) Ueda et al. (2014) −4.84+1.43
−1.19 1.240.14

−0.18

Kormendy & Ho (2013) −4.06± 0.05 1.16± 0.08

Häring & Rix (2004) −4.12± 0.10 1.12± 0.06
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Figure 5.3: The data points show the BHMD plotted against SMD, colored as a
function of redshift. Each panel shows all SMD data versus one of the six BHMD es-
timations ( a) Hopkins et al. (2007), b) Croom et al. (2009), c) Palanque-Delabrouille
et al. (2013) (PD 2013), d) Ross et al. (2013), e) Fiore et al. (2012); La Franca et al.
(2005), f) Ueda et al. (2014)). The error bars show the associated 68 percentile
regions/1σ uncertainties. The colored solid lines show the SMD from the SFRD
(Madau & Dickinson, 2014) versus the specified BHMD. Their color code follows
Fig. 5.2 and has no relation to the redshift colored bar. We display the best fit
MCMC linear relation as the solid black line (Table 5.4). The dashed line in panel
b) is the MCMC linear fit to the data with z < 3.
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(Madau & Dickinson, 2014) divided by the BHMD, which underlines the influence of

the BHMD across all panels. Whenever the BHMD was estimated by extrapolating

the underlying QLF we have grayed out the data points and show a dashed instead

of a solid colored line.

We restrict panel b) to redshifts z < 3 since the QLF of Croom et al. (2009) was

only determined up to z = 2.6.

According to the data points there is basically no redshift evolution of the loga-

rithmic ratio within the 1σ error bars across all panels.

The BHMD to SMD ratio reaches it’s maximum value at a redshift of ∼ 2.2

across all panels. Although the signature of the maximum in the generally flat

evolution is very faint, it does coincide with the maximum of merger activity and

star formation.

Beyond redshifts of z = 3 panel a),c)-f) show that the BHMD-SMD ratio slightly

declines. Yet, given the large uncertainties at these redshifts the redshift evolution

can still be considered consistent with being flat.

However, taking in account the error bars, our data do not support a rise of the

ratio towards higher redshifts as might be expected if BH growth preceded galaxy

stellar mass growth for the whole population.

5.5 Discussion

5.5.1 Interpretation of the results

In this work we use the mass densities of stellar matter and BHs to investigate

co-evolution over a wide redshift range.

The SMD is the integrated average stellar mass per Mpc3 and as such does not

provide any information about the underlying mass distribution. It traces foremost

the galaxies which dominate the galaxy mass distribution, which are predominantly

M? (L?) galaxies. However these correspond to different kinds of systems at different

redshifts.

The BHMD represents the average BH mass in a volume of one comoving Mpc3.
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Figure 5.4: The data displays the ratio of BHMD to SMD as a function of redshift.
The data points refer to the SMD data calculated from SMFs (triangles (Bielby et al.,
2012), squares (Ilbert et al., 2013), circles (Muzzin et al., 2013), diamonds (Caputi
et al., 2011)). The panels and colors refer to the different BHMDs as ordered in
Fig. 5.3. The lines (dashed/solid) represent the SMD from the instantaneous SFRD
(Madau & Dickinson, 2014). Wherever we had to extrapolate the QLFs in redshift
to calculate the BHMD the data points are grayed out and the line is dashed. The
open data points refer to the average SMD values (see Table 5.1), to point out the
differences between them and the MC values, especially at high redshifts. The black
solid line shows the BHMD to SMD ratio of the Illustris simulation with a resolution
of 18203 (Sijacki et al., 2015). The black dashed line shows the BHMD to SMD ratio
of the EAGLE simulation (Furlong et al. (2015), Rosas-Guevara et al. (2016)).
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We derived this quantity using the Soltan argument and therefore assume that the

bulk BH mass growth occurs in quasar phases. Therefore the BHMD is naturally

dominated by the most luminous AGN, which show the highest BH mass growth.

Although we have lost the information about the underlying BH and galaxy mass

distributions, we have gained the ability to robustly estimate both quantities over

a wide redshift range.

The majority of the panels in Fig. 5.3 show a power law correlation between

BHMD and SMD below z = 3 with a slope around unity. The same signature can

be seen in Fig. 5.4 where the logarithmic ratio of both quantities has remarkably

little to no redshift evolution up to z = 3. We interpret this as lock-step growth of

the two quantities from z = 3 to z = 0.

While this result does not allow us to conclude that all individual BHs and their

hosts grow in lock-step in this redshift range, it does strongly suggest that as a

population, the systems, which dominate the mass growth, do follow this lock-step

growth.

At higher redshifts around 3 < z < 5 and given the completeness of the SMFs

and QLFs, the BHMD to SMD ratio does not show a strong evolution. However, at

the highest redshifts the ratio of BHMD to SMD seems to decrease slightly rather

than to increase. While an increase could be interpreted as generally over-massive

BHs compared to the local value, a decrease would imply the opposite.

The evolution of the BH galaxy scaling relations has been a vivid topic of inves-

tigation.

While at redshifts below z ∼ 1 the BH to galaxy bulge mass relation does not

seem to evolve (e.g. Cisternas et al., 2011), studies at higher redshift (e.g. Peng et al.,

2006; Treu et al., 2007; Jahnke et al., 2009; Bennert et al., 2011) find a positively

evolving relation, suggesting that larger BHs (M• > 108M�) pre-date the formation

of their host galaxy bulges at these redshifts. Most similar to our method, Zhang

et al. (2012) estimate the evolution on the M• − M?,bulge relation using BHMDs

and SMDs. Their results also favor a positively evolving BH to galaxy bulge mass

relation. It should be noted that these studies are challenging, especially at the
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higher redshifts, and selection effects are able to bias the results if not considered

carefully.

However, simulations of merging disc galaxies (Robertson et al., 2006; Johansson

et al., 2009) seem to disfavor the picture in which SMBHs develop significantly before

their parent bulges.

Regarding the relation between the BH and the total galaxy stellar mass, Jahnke

et al. (2009) find the BH mass to total stellar mass relation not to be evolving,

whereas Decarli et al. (2010) and Bennert et al. (2011) find a positive evolution.

Kormendy & Ho (2013) illustrate in their Figure 38 that on average M•/M?,bulge

increases from its local value (Häring & Rix, 2004) towards higher redshift. However,

these high redshift data points suffer selection effects that are hard to quantify

and sample bias towards more luminous systems. Also bulge disc decomposition

becomes increasingly difficult in non-local systems with an AGN. If the total instead

of the bulge stellar mass is used, the evolution of the ratio with z weakens or even

disappears below z = 2 (see Kormendy & Ho, 2013, Fig. 38b, green points).

Schulze & Wisotzki (2014) showed very convincingly that evolutionary trends in

the apparent ratio of the BH to galaxy bulge mass relations do not carry over to

an intrinsic offset once selection effects (Lauer et al., 2007) are taken in account.

They do not demonstrate this for the studies of Peng et al. (2006) and Decarli et al.

(2010) above but for a variety of other works (e.g. Wang et al., 2010)).

In conclusion the BH to bulge mass relation seems to be evolving positively with

redshift (see also Volonteri & Reines (2016)), while the studies on BH to total stellar

mass ratio are more ambiguous.

While our work somewhat disagrees with Decarli et al. (2010); Bennert et al.

(2011), it fits well into the line of recent works (see Jahnke et al., 2009; Kormendy

& Ho, 2013) finding only very little evidence for an evolution of the ratio of BH to

total galaxy stellar mass up to z = 3.

On this basis we find that BH mass growth did not precede total stellar mass

growth in any of our data sets. The data of systems that show over massive BHs

compared to their galaxy properties could well be only a subset of the total distri-
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bution of BH and host galaxy systems.

5.5.2 Comparison to hydrodynamical cosmological simulations

We compare our results, which are based on observational data, with the results of

the Illustris (Vogelsberger et al., 2014; Genel et al., 2014) and the EAGLE (Schaye

et al., 2015) simulations.

The Illustris simulation is a large scale cosmological hydrodynamical simulation.

It covers a volume of 106.5 Mpc3 with more than 12 billion resolution elements.

State-of-the-art physical models describing the relevant physics for galaxy formation

are included, allowing for the study of the properties black holes and their host

galaxies.

For our purpose we use the BH accretion rate (BHAR) and star formation rate

density (SFRD) of the highest resolution Illustris simulation (18203), published in

Sijacki et al. (2015). Both quantities are integrated across redshift to calculate the

BHMD and the SMD. We rescale the SFRD from a Chabrier to a Salpeter IMF and

use a return fraction of 0.27, according to Salpeter IMF, to calculate the SMD.

The simulation calibrates the efficiency of the BH feedback to reproduce the

observed cosmic star formation history and the z = 0 stellar mass function. Fur-

thermore, the quasar efficiency factor has been set to match the normalization of

the MBH − σ relation in isolated galaxy mergers. While the Illustris simulation

slightly over predicts the absolute values of the total stellar and black hole mass

density, their evolution follows the data calculated in this work and the SMD from

the SFRD of Madau & Dickinson (2014) closely. Regarding the SMD this is not

surprising, since the BH feedback was tuned to reproduce the star formation history.

The evolution of the BH mass density, however, is not pre-determined.

The EAGLE simulations (Schaye et al., 2015; Crain et al., 2015) are a suite

of hydrodynamical cosmological simulations run with a version of the GADGET 3

code that includes a new hydrodynamics solver, new time stepping, and new sub-grid

physics. We adopt the SMD of Furlong et al. (2015) and the BHMD (Rosas-Guevara

et al., in preparation) from the large simulation Ref-L100N1504 with 15043 parti-
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cles in a box of 100 comoving Mpc3. While the Illustris simulation is designed to

match the observed star formation history and therefore the redshift evolution of the

feedback efficiency is calibrated, the EAGLE simulation only matches to z ∼ 0 ob-

servational data and thus both BHMD and SMD evolution are not pre-determined.

The sub-grid physics concerning stellar and AGN feedback are calibrated to match

the z ∼ 0, local galaxy stellar mass function as well as the normalization of the BH

galaxy mass scaling relation, which is mainly determined by the efficiency parameter

of AGN feedback.

The SMD includes only stellar mass in galaxies excluding the mass associated

with intra cluster light. The EAGLE simulation uses a Chabrier IMF and thus

we have rescaled the mass density to a Salpeter IMF. The BHMD only includes

the accreted black hole mass and not the original seed masses and is thus the best

comparison to the BHMD we calculated.

The simulations and our data are computed assuming slightly different cosmo-

logical parameters. Yet, the maximum difference in terms of cosmological volumes

at a redshift of z = 3 are below 7% and thus we are confident to compare them to

another without recalibrating to one cosmological parameter set.

We compare the simulation data to our inferred BHMD to total SMD ratio in

Fig. 5.4. The data from the Illustris simulation is portrayed as a black solid line,

while the data from the EAGLE simulation is shown as a black dashed line.

The Illustris BHMD to SMD ratio (black solid line) follows our data points

closely and is almost always within the 1σ error bars of the data points.

The data from the EAGLE simulation, the black dashed line in Fig. 5.4, matches

our data points as well in panels c), d), e) and f) and at z & 3 in all panels.

Both simulations agree well with our data and show a nearly flat redshift evolu-

tion of the BHMD to SMD ratio up to redshifts of z > 4 where it starts to decline

slightly.
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5.6 Conclusion

In this work we have calculated the BHMD and SMD to evaluate possible signatures

from BH-galaxy co-evolution up to high redshifts. We calculated the SMD from

multiple measurements of SMFs and the cosmic SFRD of Madau & Dickinson (2014),

while we have used the Soltan argument on various QLFs to obtain measurements

of the BHMD. The values of our calculated SMDs at various redshifts agree well

with the values in the recent review of Madau & Dickinson (2014). We also compare

our BHMD at z = 0 with previous studies and find generally good agreement.

Our analysis shows clear lock-step growth of the BHMD with the SMD in the

redshift regime z = 0− 3. If the BHMD-SMD-relations, shown in Fig. 5.3, are fitted

with power laws, we find values for the exponent between 1.0 to 1.3. These values

are surprisingly close to unity. While local estimates of the BH mass to stellar bulge

mass relation have very similar slopes, the SMD-BHMD cannot be easily compared

to the local relations. It is an evolutionary sequence of integrated distributions of

BH mass and stellar mass and not a “snapshot” of their distributions at z = 0.

We show that the logarithmic ratio of BHMD to SMD seems to be roughly

constant from z = 0 to z = 5 within the 1σ uncertainties. Therefore BH mass

growth and stellar mass growth trace very well over long periods of time up to high

redshifts.

Since the considered quantities hold information about the integrated distri-

bution of BHs and galaxies, information about the distributions itself cannot be

accessed. Therefore we cannot distinguish between physical processes that connect

or regulate BH and stellar mass growth and scenarios of secular evolution for both

quantities.

However, our data does not support a scenario in which BH growth preceded

total galaxy stellar mass growth. In light of this result, BHs, which are over mas-

sive according to BH galaxy scaling relations, are likely to be outliers of the full

distribution.

From the results of the EAGLE and Illustris simulations, including galaxy and
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AGN feedback, we also do not expect the BHMD to SMD ratio to strongly evolve

with redshift.

At high redshifts measurements of BH mass and galaxy properties become in-

creasingly difficult. On this basis following the local BH mass galaxy relations up to

high redshifts to understand their evolution and origins is an involved task. With

this work we try to open up other angles to investigate BH and galaxy co-evolution

based on large data sets.

Our effort is not free of assumptions and the underlying SMFs and QLFs do suffer

completeness issues at the highest redshifts and the lowest masses/luminosities. But

so far, using the same analysis technique on all data sets, our results are consistent

across all used SMFs and QLFs.

Upcoming large scale surveys of galaxies and quasars will extend our knowledge

of the SMFs and QLFs to even higher redshifts and allow us to trace back the

possible co-evolution of BH and their hosts until the cosmic dawn.
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Table 5.5. Summary of the stellar mass functions adopted in this work

Reference Best fit z Range Survey/Field Area NGalaxies IMF

Caputi et al. (2011) their Table 2 z = 3− 5 UKIDSS &

UDS

0.6 deg2 1213 Salpeter

Ilbert et al. (2013) their Table 2 full sample z = 0.2− 4.0 UltraVista

DR1 / Cosmos

1.52 deg2 220000 Chabrier

Muzzin et al. (2013) their Table 1, sample: all, first

redshift bin: third row, all

other bins: first row, in refer-

ence

z = 0.2− 4.0 UltraVista

DR1 / Cosmos

1.62 deg2 95675 Kroupa

Bielby et al. (2012) their Table 7 z = 0.2− 2.0 WIRCam Deep

Survey

2.03 deg2 ∼ 50000 per

band

Chabrier

Note. — All references use a ΛCDM cosmology with h = 70,Ωm = 0.3,ΩΛ = 0.7.
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Table 5.6. Summary of the quasar luminosity functions adopted in this work

Reference z Range Survey/Field Luminosity Range Area NAGN

Hopkins et al. (2007) z = 0− 6 compilation, see Table 1 in

Hopkins et al. (2007)

41 ≤ log(Lbol/[erg s−1]) ≤ 49 ∼ 49000

Croom et al. (2009) z = 0.4− 2.6 2dF-SDSS LRG, 2SLAQ Mg(z = 2) < −21.5 191.9 deg2 10637

Ross et al. (2013) z = 0.3− 3.5 SDSS-III: BOSS Mi(z = 2.2) < −24.5 2236 deg2 23201

Palanque-Delabrouille

et al. (2013)

z = 0.68− 4.0 SDSS-III: BOSS Str. 82 +

MMT

Mg(z = 2) < −22.3 14.5 deg2 1877

Fiore et al. (2012) z = 3− 7 4Ms CDFS 42.75 < log(L(2−10keV)/[erg s−1]) < 44.5 464.5 ′2 54

La Franca et al. (2005) z = 0− 4 HELLAS2XMM, also see Ta-

ble 1 in La Franca et al. (2005)

42 . log(L(2− 10keV)/[erg s−1]) . 46 3 deg2 +

others

508

Ueda et al. (2014) z = 0− 5 compilation, see Table 1 in

Ueda et al. (2014)

42 . log(L(2− 10keV)/[erg s−1]) . 46 see Ta-

ble 1 in

Ueda et al.

(2014)

4039

Note. — All references use a ΛCDM cosmology with h = 70,Ωm = 0.3,ΩΛ = 0.7 except for Palanque-Delabrouille et al. (2013) which use slightly

different cosmological parameters (h = 71,Ωm = 0.267,ΩΛ = 0.734)
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CHAPTER 6

Summary and Future Work

6.1 The ELQS and the bright-end QLF

In the introduction we discussed that the bright-end slope of the QLF seems to

evolve with redshift. At z ≤ 2 it is thought to be steep (β < −3), while it flattens to

β ≈ −2.5 at intermediate redshifts (z = 2.5− 4.5) only to steepen again at z ≥ 4.5.

This evolutionary behavior lacks a reasonable explanation and presents a challenge

for a consistent model of the QLF. Chapters 2 to 4 address this open question. They

introduce the Extremely Luminous Quasar Survey, present the observational results

and discuss a re-estimation of the bright-end QLF at intermediate (z = 2.8 − 4.5)

redshifts.

In order to revisit measurements of the bright-end QLF, a highly complete quasar

sample is needed. In Chapter 2 we re-examine the SDSS quasar sample, the largest

quasar sample to date, and find it to be significantly incomplete for bright quasars

in the targeted redshift range. We identify the incomplete spectroscopic coverage

of the South Galactic Cap and the optically based quasar selection as the main

reasons for the incompleteness. These insights lead us to design the Extremely

Luminous Quasar Survey (ELQS) based on an infrared quasar selection. We develop

a JKW2 color cut using WISE AllWISE and 2MASS all-sky photometry, yielding

high completeness for very bright (mi ≤ 18.0) quasars. Unfortunately, the JKW2

color cut offers no redshift information and bright stars still overwhelm our candidate

samples. Thus we employ random forests, a supervised machine learning technique,

to estimate photometric redshifts and provide enhanced quasar star classification.

We compare the photometric redshift estimates with other recent methods and find

them to perform equally well. We identify 184 primary candidates with i-band

magnitudes of mi ≤ 18.0 and photometric redshifts of zreg ≥ 2.8 for follow-up
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observations.

The observational results of the ELQS in the North Galactic Cap footprint

(ELQS-N; ∼ 7600 deg2, 90 deg < RA < 270 deg) are presented in Chapter 3. The

ELQS-N quasar catalog includes a total of 270 objects, of which 39 are newly

discovered. In order to calculate a first measurement of the bright-end QLF at

z = 2.8 − 4.5, we estimate the completeness of the ELQS survey using a sample

of simulated quasars. We retain a completeness of > 70% over z ∼ 3.0 − 5.0 at

mi . 17.5, limited towards fainter magnitudes by the depth of 2MASS, towards

lower redshifts by our redshift selection (zreg ≥ 2.8), and towards higher redshifts

by the lack of z > 5 quasars in the training set. Using 120 objects of our quasar

sample, we are able to extend the previously measured optical QLF at 2.8 ≤ z ≤ 4.5

by one magnitude toward the bright end. Single power law fits to the ELQS-N QLF

sample find the bright-end slope (β) to be quite steep with β ≈ −4 and β < −2.94

with 99% confidence.

Chapter 4 concludes the ELQS survey and presents the discovery of 70 new

quasars in the South Galactic Cap footprint of SDSS (4, 237.3 deg2). The new dis-

coveries double the number of known bright quasars in that area. These observations

also demonstrate the incompleteness of the SDSS quasar survey in that region. The

full ELQS quasar catalog consists of a total of 407 quasars of which 26% are newly

discovered by our survey. We calculate an overall selection efficiency of ∼ 80% (407

quasars/ 509 candidates), roughly ∼ 5%−10% below the expectations from the ran-

dom forest classification. On the basis of 166 quasars, we measure the bright-end

QLF and confirm our earlier results based on the smaller ELQS-N sample in the

North Galactic Cap (ELQS-N). We perform maximum likelihood fits to the full

ELQS quasar sample assuming a single power law QLF with exponential density

evolution. The bright-end slope remains steep with β ≈ −4.1 and we find a moder-

ate decrease of the quasar density with redshift. The best fit finds an exponent of

γ ≈ −0.4 for the density evolution. We constrain the bright-end slope to be steeper

than β ≤ −3.4 with 99% confidence. In addition, we test our single power law results

for potential bias by assuming a broken double power law with fixed parameters for
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the faint-end slope and the break magnitude. The double power law fits result in

even steeper values for the bright-end slope (β ∼ −4.5). This generally corroborates

our main result, but also indicates that the break magnitude has an influence in our

bright-end slope estimation. All in all our results encourage a consistent model of

the QLF, in which the bright-end slope does not evolve strongly with redshift. In

fact, combined with recent results at lower and higher redshift, we advocate that

the bright-end slope remains steep (β ≤ −3) from z = 0.4 to z ≈ 6.

6.2 SMBH and Galaxy Co-evolution

The known SMBH galaxy scaling relations show an intimate connection between the

build up of BH mass and bulge/total stellar mass growth locally as well as at higher

redshifts. While the slope of this relation is similar at all redshifts, the higher redshift

results show a larger scatter and a higher normalization. A common interpretation

of the higher normalization at higher redshifts is that BH growth precedes galaxy

stellar mass growth and over time the galaxies settle on the local relation. The

relation is constructed from samples of tens of individual objects. Local galaxy

property measurements rely on stellar light to measure the galaxy/bulge mass and

use stellar kinematics to infer the BH mass. At higher redshifts BH masses are

calculated from AGN using reverberation mapping or single epoch virial estimators,

whereas galaxy stellar mass is commonly inferred from CO line measurements.

Alternatively, comparisons between the BH accretion rate, calculated from QLFs,

and the cosmic star formation rate offer a different perspective on the co-evolution

of the aggregate SMBH and galaxy population.

We apply the later approach in Chapter 5, where we investigate the co-evolution

of SMBHs and their host galaxies up to z ∼ 5 by relating black hole mass densities

(BHMDs) with stellar mass densities (SMD) as a function of redshift. The BHMDs

are calculated from a sample of six different QLFs using the Soltan argument (Soltan,

1982), while the SMDs are based on stellar mass functions and the cosmic star

formation rate density. There is a clear relation between both the BHMD and the
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SMD. Single power law fits to the data find exponents around unity (1.0−1.5). We

analyze the ratio of BHMD and SMD as a function of redshift, which is consistently

flat up to z ∼ 5 within the 1σ uncertainties. At z ≤ 3 we are confident to interpret

the data as lock step-growth of both quantities. Beyond z = 3 the uncertainties

dominate. However, the results do not suggest any evolution of the SMD-BHMD

ratio up to z = 5. These results are consistent across all adopted data sets.

This result presents a challenge to the general understanding of the evolution of

the BH galaxy total mass relation. The consistently flat BHMD to SMD ratio is

in conflict with the expectation of BH mass growth preceding stellar mass growth

for the aggregate population. However, there are other possible explanations for

the redshift evolution of the local relations. For instance, the detected high redshift

galaxies, which host luminous quasars, are unlikely to be a good tracer for the

aggregate galaxy population at these redshifts. Alternatively, systematic biases

between these different techniques employed locally and at higher redshift have not

been sufficiently quantified and could potentially explain the over-massive BHs at

higher redshifts.

6.3 Ongoing Projects and Future Work

6.3.1 The PanSTARRS Extremely Luminous Quasar Survey

Over the course of the last year we have extended the ELQS to the PanSTARRS

footprint. It allows us to extend our area coverage by ∼ 10, 000 deg2 mainly located

at −30 < DEC < 0. The quasar selection is nearly identical to the ELQS survey.

We only substitute the SDSS ugriz photometry with PanSTARRS grizy photometry

and apply a different criterion to exclude extended sources. Spectroscopic follow-up

has been concluded in June and we have successfully identified more than 180 new

quasars with mi ≤ 18.5 at z ≥ 2.8. 138 of these objects are at DEC < 0, increasing

the known population in that area by a factor of ∼ 3.85. An upcoming publication

will describe the survey design and present the observational results.
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6.3.2 Future Prospects

With the ELQS survey we have built a highly complete sample of extremely luminous

quasars with a well constrained selection function, which allows for stringent analysis

of this very rare population. In order to investigate the build up of SMBH mass

more directly, we have proposed to measure the BH masses for a statistically well

constrained subsample (z = 3.19 − 3.64) of the ELQS during the epoch of rapid

black hole mass growth. Using near-infrared spectroscopy of the broad Hβ and

Mg II emission lines we plan to derive BH masses with single epoch virial estimators

for ∼ 50 targets. This project is designed to

A) provide strong constraints on the maximum mass of accreting SMBHs,

B) produce an accurate measurement of the BH mass function at this epoch,

C) and enable an investigation of the Eddington luminosity ratio distribution.

We have recently received confirmation that the first proposal for this project has

been accepted and will receive time on the Gemini-North telescope.

We have outlined the outstanding difficulties in determining the BH mass galaxy

mass scaling relations at higher redshifts. We plan to further utilize the BH mass

sample of the ELQS quasars to investigate BH-galaxy co-evolution. The targeted

redshift range is not only available for CO line measurements to probe the gas

component of the galaxy, but also accessible to traditional observations of the stellar

component with the upcoming James Webb Space Telescope. Even a small sample

of systems observed with both techniques will allow us to probe the scaling relation

during the epoch of rapid black hole mass growth, where only few observations

exist. In addition, it will help us quantify systematic biases between the different

measurements of the z < 1 and z > 1 BH-host galaxy scaling relations.
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APPENDIX A

Appendix to Chapter 3

A.1 The ELQS-N Quasar Catalog

The ELQS-N quasar catalog is available as a machine readable table (csv format)

on-line. It has 51 columns, detailed in Table A.1.

A.2 Flux Ratios of Simulated Quasars

We present two figures (Figures A.1 and A.2) showing the ug, gr, ri, iz, zj, JH, HKs,

KsW1, W1W2 and zW1 (SDSS, AllWISE and 2MASS) flux ratios as a function of

redshift for an empirical quasar sample from the DR7Q/DR12Q quasar catalogs and

the simulated quasar set used to calculate the completeness (see Section 3.5). The

DR7Q/DR12Q quasars are displayed as a white to blue density map, while we show

the simulated quasars in orange density contours. For all quasars we use a faint

magnitude limit on both empirical and simulated quasars of mi < 18.5.

The figures demonstrate that flux ratios of the simulated quasars qualitatively

follow the ones from the empirical quasars as a function of redshift. Only at z < 1

do the zJ and Ks W1 flux ratios of the simulated quasars deviate from the empirical

data set.
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Table A.1: Description of the ELQS-N quasar catalog table

Column Column Name Unit Description
1 wise designation - Designation of the WISE AllWISE survey
2 sdss ra deg Right ascension from the SDSS DR13
3 sdss dec deg Declination from the SDSS DR13
4 sdss ra hms hh:mm:ss.sss Right ascension from the SDSS DR13
5 sdss dec dms dd:mm:ss.ss Declination from the SDSS DR13
6 wise ra deg Right ascension from the AllWISE
7 wise dec deg Declination from the AllWISE
8 reference - Reference to the quasar classification
9 reference z - Best redshift of the quasar according to the reference
10 M 1450 mag Absolute magnitude at 1450Å calculated using the k-correction deter-

mined in this work
11 sel prob - Selection probability according to our completeness calculation

12-21 [survey] mag [band] mag Dereddened AB magnitudes of the SDSS ugriz, 2MASS jhks and
WISE W1W2 bands (surveys = [SDSS,TMASS,WISE]; bands =
[u,g,r,i,z],[j,h,k],[w1,w2]). It should be noted that all SDSS magnitudes
are PSF magnitudes in the SDSS Asinh magnitude system.

22-31 [survey] magerr [band] mag 1σ errors on the AB magnitudes.
32 E BV mag E(B-V)
33 extinction i mag Extinction in the SDSS i-band
34 FIRST match True/False Boolean to indicate successful matches with the FIRST catalog
35 FIRST distance arcsec Distance of the FIRST source relative to the SDSS position
36 FIRST peak flux mJy/bm mJy/bm FIRST peak flux
37 FIRST int flux mJy mJy FIRST integrated flux
38 FIRST RMS mJy/bm mJy/bm RMS error on the FIRST flux
39 GALEX match True/NaN Boolean to indicate successful matches with the GALEX GR6/7 catalog
40 GALEX distance arcsec Distance of the GALEX GR6/7 match relative to the SDSS position
41 GALEX nuv mag mag GALEX near-UV flux in magnitudes
42 GALEX nuv magErr mag Error on the GALEX near-UV flux
43 GALEX fuv mag mag GALEX far-UV flux in magnitudes
44 GALEX fuv magErr mag Error on the GALEX far-UV flux
45 TRXS match True/False Boolean to indicate successful matches to the ROSAT 2RXS AllWISE

counterparts
46 TRXS distance arcsec Match distance between the ELQS AllWISE position to the ROSAT

2RXS AllWISE position. The distance values are often 0 or otherwise
extremely small, because the positions match to numerical accuracy.

47 TRXS match flag - A flag indicating the most probable AllWISE ROSAT 2RXS cross-match
with 1. This is the case for all matched objects.

48 TRXS 2RXS SRC FLUX erg cm−2 s−1 2RXS flux

49 TRXS 2RXS SRC FLUX ERR erg cm−2 s−1 2RXS flux error
50 BAL VI 1/0/-1 A flag indicating whether the object is visually identified as a broad

absorption line (BAL) quasar (1 = BAL quasars, 0 = quasars, −1 = no
visual classification).

51 qlf sample True/False Boolean to indicate whether the quasar is included in the estimation of
the quasar luminosity function.



202

0.0

0.5

1.0

1.5
f

[u
]
/
f

[g
]

0.0

0.5

1.0

1.5

f
[g

]
/
f

[r
]

0.0

0.5

1.0

1.5

f
[r

]
/
f

[i
]

0.0

0.5

1.0

1.5

f
[i

]
/
f

[z
]

0 1 2 3 4 5

z

0.0

0.5

1.0

1.5

f
[z

]
/
f

[J
]

Figure A.1: This figure shows the flux-ratio redshift distributions of the known
quasars in the DR7Q and DR14Q with mi ≤ 18.5 as the white to blue density map.
The over plotted orange contours correspond to the sample of simulated quasars
(see Sec. 3.5.1). We show the ug, gr, ri, iz, zJ flux ratios of the SDSS and 2MASS
bands.
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Figure A.2: This figure shows the flux-ratio redshift distributions of the known
quasars in the DR7Q and DR14Q with mi ≤ 18.5 as the white to blue density map.
The over plotted orange contours correspond to the sample of simulated quasars
(see Sec. 3.5.1). We show the JH,HKs,KsW1,W1W2,zW1 flux ratios of the SDSS,
2MASS and WISE bands.
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APPENDIX B

Appendix to Chapter 4

B.1 The full ELQS Quasar Catalog

The ELQS quasar catalog is available as a machine readable table (csv format)

on-line. It has 51 columns, detailed in Table B.1.

Table B.1: Description of the ELQS-S quasar catalog table

Column Column Name Unit Description
1 wise designation - Designation of the WISE AllWISE survey
2 sdss ra deg Right ascension from the SDSS DR13
3 sdss dec deg Declination from the SDSS DR13
4 sdss ra hms hh:mm:ss.sss Right ascension from the SDSS DR13
5 sdss dec dms dd:mm:ss.ss Declination from the SDSS DR13
6 wise ra deg Right ascension from the AllWISE
7 wise dec deg Declination from the AllWISE
8 reference - Reference to the quasar classification
9 reference z - Best redshift of the quasar according to the reference
10 M 1450 mag Absolute magnitude at 1450Å calculated using the k-correction deter-

mined in this work
11 sel prob - Selection probability according to our completeness calculation

12-21 [survey] mag [band] mag Dereddened AB magnitudes of the SDSS ugriz, 2MASS jhks and
WISE W1W2 bands (surveys = [SDSS,TMASS,WISE]; bands =
[u,g,r,i,z],[j,h,k],[w1,w2]). It should be noted that all SDSS magnitudes
are PSF magnitudes in the SDSS Asinh magnitude system.

22-31 [survey] magerr [band] mag 1σ errors on the AB magnitudes.
32 E BV mag E(B-V)
33 extinction i mag Extinction in the SDSS i-band
34 FIRST match True/False Boolean to indicate successful matches with the FIRST catalog
35 FIRST distance arcsec Distance of the FIRST source relative to the SDSS position
36 FIRST peak flux mJy/bm mJy/bm FIRST peak flux
37 FIRST int flux mJy mJy FIRST integrated flux
38 FIRST RMS mJy/bm mJy/bm RMS error on the FIRST flux
39 GALEX match True/NaN Boolean to indicate successful matches with the GALEX GR6/7 catalog
40 GALEX distance arcsec Distance of the GALEX GR6/7 match relative to the SDSS position
41 GALEX nuv mag mag GALEX near-UV flux in magnitudes
42 GALEX nuv magErr mag Error on the GALEX near-UV flux
43 GALEX fuv mag mag GALEX far-UV flux in magnitudes
44 GALEX fuv magErr mag Error on the GALEX far-UV flux
45 TRXS match True/False Boolean to indicate successful matches to the ROSAT 2RXS AllWISE

counterparts
46 TRXS distance arcsec Match distance between the ELQS AllWISE position to the ROSAT

2RXS AllWISE position. The distance values are often 0 or otherwise
extremely small, because the positions match to numerical accuracy.

47 TRXS match flag - A flag indicating the most probable AllWISE ROSAT 2RXS cross-match
with 1. This is the case for all matched objects.

48 TRXS 2RXS SRC FLUX erg cm−2 s−1 2RXS flux

49 TRXS 2RXS SRC FLUX ERR erg cm−2 s−1 2RXS flux error
50 BAL VI 1/0/-1 A flag indicating whether the object is visually identified as a broad

absorption line (BAL) quasar (1 = BAL quasars, 0 = quasars, −1 = no
visual classification).

51 qlf sample True/False Boolean to indicate whether the quasar is included in the estimation of
the quasar luminosity function.
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B.2 Discovery Spectra of the ELQS-S Quasars
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Figure B.1: The discovery spectra of the newly identified ELQS-S quasars sorted by
spectroscopic redshift. The dark blue, orange and red bars denote the center posi-
tions of the broad Lyα, Si IV and C IV emission lines according to the spectroscopic
redshift.
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Figure B.2: (continued)
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Figure B.3: (continued)
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Figure B.4: (continued)
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B.3 Discovery spectra of primary ELQS quasar candidates with z < 2.8

Table B.2: Newly discovered quasars at z < 2.8 in the ELQS sample

R.A.(J2000) Decl.(J2000) mi M1450 Spectroscopic near UVb far UVb Notes
[hh:mm:ss.sss] [dd:mm:ss.ss] [mag] [mag] Redshift [mag] [mag]
00:48:49.500 +38:31:16.73 17.77± 0.03 - ? - - 171020
01:16:37.968 +22:11:47.31 17.40± 0.02 -27.66 2.790 - - 170825
02:27:42.939 -17:31:21.54 17.58± 0.02 -27.12 2.300 - - 171021
09:06:19.161 +39:29:32.35 17.95± 0.02 -27.09 2.720 21.00± 0.33 - 170517
09:31:33.416 +17:20:48.64 16.79± 0.01 -28.27 2.755 - - 161122
12:05:04.556 +02:57:19.20 17.75± 0.01 -27.17 2.495 22.44± 0.19 - 160311
12:11:19.771 +30:41:33.25 17.75± 0.02 -27.31 2.780 - - 170518
13:26:25.921 +15:22:16.49 17.62± 0.02 -27.43 2.765 - - 170405
13:55:33.171 +56:38:32.25 17.90± 0.02 - ? - - 170503
13:57:43.325 -06:00:47.14 17.51± 0.01 -27.47 2.620 - - 170405
13:59:56.032 +06:14:30.19 17.03± 0.02 -26.66 1.515 22.52± 0.18 - 170404
14:47:50.137 +32:03:50.29 17.19± 0.01 - ? - - 170503
15:05:51.111 +05:19:57.32 17.43± 0.01 - ? - - 170504
15:19:06.817 +26:43:26.29 17.96± 0.01 -27.10 2.770 - - 150509
15:59:29.631 +34:13:16.12 17.84± 0.02 -27.21 2.740 - - 170406
16:58:20.175 +15:47:58.97 17.87± 0.01 -27.16 2.720 - - 170405
17:07:03.862 +20:25:39.27 18.00± 0.04 -27.05 2.740 - - 170419
17:15:11.188 +62:55:26.10 17.58± 0.02 -26.14 1.580 - - 170503

aThese objects were also independently discovered by Yang et al.
bThe near and far UV magnitudes were obtained from cross-matches within 2.′′0 to the GALEX

GR6/7 data release.
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Figure B.5: The discovery spectra of primary ELQS candidates with z < 2.8. The
dark blue, orange and red bars denote the center positions of the broad Lyα, Si IV

and C IV emission lines according to the spectroscopic redshift.
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B.4 Additional quasars discovered as part of this project
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Figure B.6: The discovery spectra of additional quasars discovered during the first
stages of the ELQS survey. The dark blue, orange and red bars denote the cen-
ter positions of the broad Lyα, Si IV and C IV emission lines according to the
spectroscopic redshift.
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Table B.3: Newly discovered quasars at z < 2.8 in the ELQS sample

R.A.(J2000) Decl.(J2000) mi M1450 Spectroscopic Notes
[hh:mm:ss.sss] [dd:mm:ss.ss] [mag] [mag] Redshift
00:55:42.504 -06:14:11.99 18.43± 0.02 -27.06 3.390 151201
01:26:30.629 +08:32:25.35 17.34± 0.01 -27.71 2.770 161115
02:19:35.796 +19:02:55.17 17.21± 0.01 -27.83 2.730 161122
02:41:23.499 -07:05:12.36 17.38± 0.02 -27.67 2.770 161123
03:06:56.870 -07:54:28.60 18.20± 0.02 - ? 151012
04:41:55.219 -01:03:49.98 17.22± 0.01 - ? 161123
05:15:54.937 +01:22:42.59 18.17± 0.01 -26.92 2.820 161123
08:06:36.114 +48:40:26.69 17.30± 0.02 -27.70 2.680 161218
08:27:46.205 +82:00:49.95 18.16± 0.02 -27.05 2.975 170405
09:12:23.780 +12:44:08.14 18.19± 0.02 -27.02 2.995 170518
09:46:32.282 +66:32:24.61 18.36± 0.02 -26.85 2.995 170517
11:04:42.076 +45:46:43.26 18.21± 0.02 -27.34 3.610 170419
11:09:45.306 +13:57:22.20 18.14± 0.02 -27.38 3.505 170419
11:13:32.451 -03:09:14.07 18.05± 0.01 -27.60 3.740 170418
11:28:30.664 +75:15:20.94 18.21± 0.02 -26.88 2.810 170406
11:29:47.663 +41:06:57.05 18.18± 0.02 -27.33 3.480 150508
11:38:40.635 +34:35:54.25 18.01± 0.02 -27.36 3.230 170418
11:40:05.747 +71:53:16.17 18.27± 0.03 -27.19 3.365 170405
11:48:11.638 -01:40:24.55 18.28± 0.02 -26.93 3.010 170419
12:01:15.165 +30:13:58.47 17.97± 0.02 -26.90 2.460 160312
12:01:16.305 +26:16:11.89 18.07± 0.02 - ? 170417
12:21:53.197 +23:53:24.39 18.09± 0.03 -27.67 3.930 170518
12:43:40.542 +24:01:42.14 18.12± 0.02 -26.97 2.830 160312
13:14:17.573 +38:45:17.13 18.11± 0.02 -26.94 2.760 170406
13:18:43.193 +38:23:34.36 18.11± 0.02 -27.66 3.970 160312
13:19:23.907 -00:26:20.55 18.21± 0.01 -26.98 2.960 170417
13:58:58.050 -03:29:08.33 18.41± 0.02 - ? 150422
14:23:57.190 -18:53:47.33 18.36± 0.02 -25.81 1.930 170518
14:59:01.000 -02:51:05.81 18.01± 0.01 -27.43 3.320 160310
15:20:44.943 +38:25:12.27 18.07± 0.01 -27.11 2.930 170406
15:36:31.102 +34:47:59.58 18.35± 0.02 -27.14 3.430 160312
15:46:19.728 +36:10:40.41 18.21± 0.02 -26.98 2.950 170406
15:46:37.131 -02:31:07.62 18.14± 0.02 -27.68 4.050 170418a

15:53:40.946 +06:57:38.44 18.05± 0.02 -27.51 3.600 170404
16:04:52.284 +38:47:55.06 17.40± 0.02 -27.66 2.800 160311
16:21:33.452 +43:46:28.41 17.72± 0.01 -27.32 2.740 160313a

16:34:00.284 +64:08:22.10 18.31± 0.02 -27.25 3.630 170406
16:35:25.313 +38:14:29.42 18.25± 0.01 -26.83 2.790 170419
16:40:03.561 +53:26:33.67 18.31± 0.01 -27.02 3.165 170419
16:44:05.048 +53:42:49.90 18.39± 0.02 -27.12 3.510 170419
16:48:52.294 +52:09:51.37 18.13± 0.01 -27.47 3.685 170406a

16:58:28.042 +50:23:07.98 18.09± 0.01 -27.17 3.080 170406
17:08:44.725 +28:27:30.49 17.60± 0.01 -27.54 2.890 160312
17:17:21.347 +42:24:28.12 18.17± 0.02 -27.35 3.490 170419
17:45:48.100 +46:33:45.71 18.03± 0.03 -27.19 3.010 160313
20:37:05.975 -13:45:57.50 18.07± 0.03 -27.30 3.230 170518
20:59:07.574 +08:36:44.19 18.26± 0.02 -27.07 3.170 170518
22:11:24.148 +25:43:27.16 16.94± 0.03 -28.14 2.805 161115
22:51:59.484 +17:28:44.64 17.22± 0.01 - ? 171110
22:56:43.450 -02:46:32.83 17.65± 0.01 -27.16 2.400 151011
23:58:28.105 +24:07:46.70 18.01± 0.01 -27.90 4.180 161123

aThese objects were also independently discovered by Yang et al.
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Figure B.7: (continued)
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Figure B.8: (continued)
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