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Abstract

Today, black holes are recognized to be ubiquitous in our Universe. It is thought that
most if not all galaxies host a supermassive black hole in their centres. These black holes
grow during luminous phases of accretion of matter, at which time they are called Active
galactic nuclei (AGN). This thesis investigates the AGN population and the evolution of
its properties.
First we investigate the evolution of the AGN population by studying connections
between the galaxy and the AGN population in a phenomenological way. This approach
allows us to use the most direct observables to identify the simplest connections present
in the data. Where possible we seek to establish analytical expressions that connect
various observables and use these expressions to identify the main processes affecting the
AGN population. Our understanding of the galaxy population, the evolution of its mass
function and its properties has increased immensely in the last several years, in no small
part because of this phenomenological approach, which was developed at ETH Zurich. We
use these recent insights to model co-evolution of black holes and galaxies.
We present a simple phenomenological model that links the evolving galaxy mass function and the evolving quasar luminosity function (QLF). We consider two scenarios of
galaxy - black hole co-evolution. In the first case the black holes “co-exist” with their
galaxies and grow intermittently during the time that the galaxy is creating stars. The
second case involves the “quenching” scenario in which black holes accrete only during
the final stages of the star-forming period of a galaxy. Both models reproduce the QLF
and explain the appearance of downsizing and the so-called sub-Eddington boundary in
observations.
We point out that strong evolution in the characteristic luminosity of AGN, L∗ , can be
produced by evolution in either the distribution of Eddington ratio, or the mbh /m∗ mass
ratio, or both. To avoid this degeneracy in the first scenario, we look at the distribution

xi
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of AGN in the Sloan Digital Sky Survey (SDSS) (mbh , L) plane, showing that an evolving
ratio mbh /m∗ ∝ (1 + z)2 reproduces the observed data and also reproduces the local
relations that connect the black hole population with the host galaxies for both quenched
and star-forming populations. When connected with the observed size evolution of the
galaxies, this type of mass ratio evolution leads to a non-evolving mbh − σ and mbh /mbulge
relationship.
We then explore whether this kind of mass ratio evolution is consistent with the evolution of star formation rate density and black hole accretion rate density i.e., the available
information about the growth of mass of galaxies and black holes in the Universe. We find
that, given the observational data, the quenching model is preferable. We then explore
the quenching model and show analytically how the parameters describing the AGN population, such as the mbh /m∗ ratio, the normalization of the AGN mass function and the
characteristic Eddington ratio λ∗ , depend on the observed evolution of QLF, galaxy mass
function and star formation rate density, avoiding the degeneracy encountered earlier.
As a final step in this part of the thesis, we consider the most direct observational
evidence to differentiate between the co-existing and quenching scenarios. The main difference between these scenarios is that in the co-existence scenario, all of the star-forming
galaxies have the same probability of hosting an AGN at any given time, whereas in the
quenching scenario, AGN are preferentially hosted in more massive galaxies. We therefore
compare our results for the evolution of the mean star formation rate as a function of
AGN luminosity and consider the mean AGN luminosity as a function of galaxy mass
with observational studies of these quantities. We point out how the small size of fields
studied could significantly affect the observational results. When taking this effect into
account, we again find that the quenching scenario of co-evolution is preferred.
While the previous approach studied the evolution of AGN mass and luminosity through
their evolution on cosmological scales, optical variability is suitable to study the influence
of AGN mass and luminosity on the local properties of the accretion disk. For this purpose,
we characterise the optical variability of quasars in the Palomar Transient Factory and
the intermediate Palomar Transient Factory (PTF/iPTF) surveys. We re-calibrate the
r-band light curves for 28,000 luminous, broad-line AGN from the SDSS to produce a
total of 2.4 million photometric data points. We utilise both the structure function (SF)
and the power spectrum density (PSD) formalisms to search for links between the optical
variability and the physical parameters of the accreting supermassive black holes. We find
that the amplitude of variability at a given time-interval (or equivalently the timescale of
variability to reach a certain amplitude) is most strongly correlated with luminosity with
weak or no dependence on black hole mass and redshift. The PSD analysis also reveals
that many quasar light curves are steeper than a damped random walk, which is commonly
used to describe the variability of AGN. We find a correlation between the steepness of the
PSD slopes, specifically the fraction of slopes steeper than 2.5, and the masses of the black
holes, although we cannot exclude the possibility that either luminosity or the Eddington
ratio are the drivers of this effect.

xii

Kurzfassung

Schwarze Löcher sind in unserem Universum allgegenwärtig. Die meisten, wenn nicht sogar
alle, Galaxien beherbergen ein supermassives Schwarzes in ihrem Zentrum. Schwarze
Löcher wachsen durch die Akkretion von Materie. Während diesen Wachstumsphasen
leuchten Schwarze Löcher und werden aktive galaktische Kerne genannt (englisch active
galactic nuclei, abgekürzt AGN). Das Hauptthema dieser Arbeit ist die Erforschung der
AGN-Population und die Entwicklung dieser Objekte.
Wir untersuchen die Entwicklung der AGN-Population, in dem wir Galaxien und ihre
AGN auf phänomenologische Weise verknüpfen. Die Grundidee dieses Ansatzes besteht
darin, Beobachtungen von offensichtlichen Eigenschaften zu verwenden, um die einfachsten
Zusammenhänge in den Daten zu erkennen. Wir versuchen analytische Ausdrücke zu
finden, die verschiedene Observablen miteinander verbinden, und verwenden diese dann,
um die Hauptprozesse in der AGN-Population zu identifizieren. Unser Verständnis der
Galaxienpopulation, insbesondere die Entwicklung der Massenfunktion, hat sich in den
letzten Jahren enorm erweitert, nicht zuletzt aufgrund des an der ETH Zürich entwickelten,
phänomenologischen Ansatzes. Wir verwenden diese Einsichten, um die Entwicklung von
Schwarzen Löchern und Galaxien besser zu verstehen.
Wir präsentieren ein einfaches phänomenologisches Modell, welches die Galaxienmassenfunktion und die Quasar-Luminositätsfunktion (QLF) verbindet. Wir betrachten zwei
Szenarien der Co-Evolution von Galaxien und Schwarzen Löchern. Im ersten Fall wachsen
Schwarze Löcher parrallel zu ihren Galaxien (Co-Evolutionsszenario), während im zweiten
Fall schwarze Löcher nur während der letzten Stadien des Galaxienwachstums akkretieren,
wenn Galaxien ihre Sternentstehung beenden (Beendigungsszenario). Beide Modelle reproduzieren die QLF und erklären das Auftreten von “Downsizing” und die so genannte
“Sub-Eddington-Grenze” in Beobachtungen.
Wir zeigen, dass eine starke Entwicklung in der charakteristischen Leuchtkraft von
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AGN, L∗ , durch eine Evolution in der Verteilung der Eddington-Verhältnisse, eine Entwicklung des mbh /m∗ -Massenverhältnisses, oder durch beides erzeugt werden kann.
Wir brechen diese Entartung, indem wir die Verteilung der AGNs in der Sloan Digital Sky Survey in der (mbh , L) Ebene betrachten. Die Beobachtungen werden gut durch
die Relation mbh /m∗ ∝ (1 + z)2 beschrieben, welches ebenfalls den lokalen Zusammenhang zwischen Schwarzen Löcher und sternformenden sowie passiven Galaxien reproduziert. Interessanterweise führt die Entwicklung des Massenverhältnises zu einer sich
nicht-entwickelnden, konstanten Beziehung von mbh − σ, wenn die Grössenentwicklung
der Galaxien mitbetrachtet wird.
Wir überprüfen, ob diese Entwicklung der Massenverhältnises mit der Massenzunahme
von Galaxien und Schwarzen Löchern konsistent ist. Dazu vergleichen wir die Evolution
des Massenverhältnisses mit der Entwicklung der Dichte der Sternentstehungsrate und
der Schwarzloch-Akkretionsrate. Unsere Ergebnise zeigen, dass das zweite Scenario, in
welchem Schwarze Löcher nur während der Beendigung der Sternentstehung wachen, die
Daten besser beschreibt. Zudem zeigen wir analytisch, wie die Parameter der AGNPopulation (mbh /m∗ -Verhältnis, die Normalisierung der AGN-Massenfunktion und das
charakteristische Eddington-Verhältnis λ∗ ) von der beobachten Evolution der QLF, der
Galaxienmasse und der Dichte der Sternentstehung abhängen.
Als letzter Schritt in diesem Teil der Arbeit betrachten wir die Beobachtungen, die
uns elauben zwischen diesen beiden Szenarien zu unterscheiden. Der Hauptunterschied
zwischen den Szenarien besteht darin, dass im Co-Evolutionsszenario alle sternbildenden
Galaxien die gleiche Wahrscheinlichkeit haben, einen AGN zu einem beliebigen Zeitpunkt
zu beherbergen. Im Beendigungsszenario werden dagegen AGN in massiveren Galaxien
bevorzugt. Wir vergleichen daher unsere Ergebnisse mit Beobachtungen der Entwicklung der mittleren Sternbildungsrate als Funktion der AGN-Leuchtkraft und der mittleren
AGN-Helligkeit als Funktion der Galaxienmasse. Wir weisen darauf hin, dass aufgrund
des kleinen Beobachtungs-Volumens die Beobachtungsergebnisse erheblich beeinträchtigen
sein können. Wenn wir diesen Effekt mit einbeziehen, zeigen unsere Ergebnise, dass das
Beendigungsszenario der Co-Evolution bevorzugt wird.
Mit dem oben beschriebenen Ansatz haben wir die Entwicklung der AGN-Masse und
Leuchtkraft auf kosmologischen Grössenordnungen analysiert. Die Erforschung der Variabilität eignet sich hingegen, um den Zusammenhang der AGN-Masse und Leuchtkraft mit
den Eigenschaften der Akkretionsscheibe zu untersuchen. Zu diesem Zweck betrachten wir
die optische Variabilität von Quasaren in der “Palomar Transient Factory” und “Intermediate Palomar Transient Factory” (PTF / iPTF). Wir kalibrieren die R-Band-Lichtkurven
für ∼ 28000 leuchtende, breitbandige AGNs aus der SDSS, die insgesamt 2.4 Millionen photometrische Datenpunkte erzeugen. Wir verwenden sowohl die Strukturfunktion (englisch
structure function, abgekürzt SF) als auch die Leistungsspektrumdichte (englisch power
spectrum density, abgekürzt PSD), um Beziehungen zwischen der optischen Variabilität
und den physikalischen Parametern der akkretierenden supermassiven Schwarzen Löchern
zu finden. Wir zeigen, dass die Amplitude der Variabilität in einem gegebenen Zeitin-
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tervall, beziehungsweise einer Zeitspanne, um eine gewisse Amplitude zu erreichen, am
stärksten mit der Helligkeit und nur schwach oder mit keiner Abhängigkeit von der Masse
des Schwarzen Lochs und der Rotverschiebung abhängt. Die PSD-Analyse zeigt auch,
dass die Lichtkurven vieler Quasare steiler sind als jene von gedämpften Zufallskurven,
welche häufig für die Beschreibung der AGN-Variabilität benutzt werden. Wir finden eine
Korrelation zwischen der Steilheit der PSD-Kurven, insbesondere zwichen jeneen, welche
steiler als 2.5 sind, und der Masse des Schwarzen Lochs, obwohl wir die Möglichkeit nicht
ausschliessen können, dass die Helligkeit oder das Eddington-Verhältnis die Treiber dieses
Effekts sind.
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TEK

ŠTO SU UTRNULE ZADNJE BOJE VEČERNJE RUMENI, ENO SE NA NEBU UŽEGLE MALE, ALI

SJAJNE LUČI, TREPTANJEM SVOG SVJETLA ENO TE BAŠ ZOVU, DA BACIŠ OKO K NJIMA, A U DUŠI
TI SE I NEHOTICE JAVLJAJU PITANJA: ŠTO SU TE LUČI, OTKUDA SU I ČEMU SU.

JUST

AFTER THE LAST RED HUE OF THE EVENING HAS BEEN EXTINGUISHED, SUDDENLY

SMALL, BUT POWERFUL, LIGHTS HAVE APPEARED IN THE SKY; WITH THEIR TWINKLING THEY
ARE CALLING YOU TO GAZE AT THEM, AND IN YOUR SOUL THERE ARE INADVERTENTLY
QUESTIONS: WHAT ARE THESE LIGHTS, WHERE ARE THEY FROM AND WHY .

Oton Kučera, Naše nebo (Our sky), 1895
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Introduction

The discovery in 1959 that the 13th magnitude star-like object identified as the radio
source 3C 273 had a unbelievably high redshift of z=0.158 was the dawn of the whole new
area of research in astronomy. Assuming the Hubble expansion of the Universe, 3C 273
was the second most distant object known at the time and it was much more luminous
than even the brightest known galaxies. Additionally, its rapid variability also indicated
its small size. Discoveries of similar objects followed and it soon became clear that gravity
rather than nuclear fusion served to power these compact and luminous bodies (Hoyle &
Fowler, 1963; Salpeter, 1964; Lynden-Bell, 1969). Given that these luminous object reside
in the centres of galaxies they were termed “active galactic nuclei” (AGN).
In this thesis we present the results of our effort to understand these systems by studying
large samples of AGN. We discuss two quite different projects that use different methods
to infer the evolution of AGN properties in the Universe. In the first approach we use
demographical information to study AGN evolution on a cosmological time-scale and use
recently acquired insights into the evolution of the galaxy population. In the second part
we use variability to study AGN and their properties over days and years. Mirroring the
topics covered in this thesis, in the Introduction below we present an overview of our
knowledge about AGN and galaxies, their co-evolution, and AGN variability.

1.1
1.1.1

Active galactic nuclei
AGN components and accretion

The accepted picture of the origin of AGN (we will henceforth use terms AGN and quasar
interchangeably) is that, as mass is accreted onto a supermassive black hole in the centre
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of a galaxy, luminosity is released. An accretion disk forms naturally as infalling matter
retains most of its angular momentum. The viscosity in the disk acts as a mechanism
by which angular momentum is transported outwards while the mass moves towards the
centre. Disks generally are divided according to their geometric properties (thin, slim or
thick) and their optical properties i.e., their optical depth. For our purposes the most interesting is the geometrically thin, optically thick accretion disk which describes accretion
during the periods of rapid mass growth.
It can be shown (Netzer, 2013) that the radial dependence of temperature in such a
disk is given by the following Equation:
1/4

−1/2 1/4

T (r) ∼ 8.6 × 106 · ṁ1 m8

f

(r)(r/rg )−3/4 K

(1.1)

where ṁ1 is the accretion rate in units of M /yr, m8 is the mass of the black hole in
units of 108 M , rg is gravitational radius, rg = 2Gmbh /c2 , and f (r) is a highly nonlinear
function that describes the dependence of the temperature on the spin of the accreting
disk. Assuming that the local emission can be described by the perfect blackbody, we
can construct the full spectrum of an AGN, which is broadly in agreement with what is
seen in observations. For a typical black hole with m8 = 1 the maximal temperature in
the disk is roughly 105 K, so most of the energy is emitted in the ultra-violet part of the
spectrum. The efficiency of the process - that is, the fraction of the accreting mass that is
transformed into luminosity - depends on the spin of the system and is expected to range
from 4% to 42%.
The optical spectra of AGN often exhibit prominent emission lines, resulting from
accretion disk photons that ionise the surrounding gas. These lines are usually classified
according to their width, which ranges from several hundred to several thousand km/s.
The narrow lines are thought to be produced in lower density clouds located 30 - 100
parsecs from the accretion disk whereas the broad lines are produced in higher density
regions within 0.001 - 0.01 parsec of the accretion disk. Although not all AGN exhibit
broad lines, studies of polarized light have revealed that the broad line component is
present even when it is not observed directly (Antonucci & Miller, 1985). This led to
the “unified model” in which the difference among line widths exhibited by AGN can be
attributed solely to orientation effects (Antonucci, 1993; Urry & Padovani, 1995; Urry,
2003). In this model, broad lines are not seen in some AGN because the line of sight to
the nucleus is obstructed by optically thick material, which is usually described as being in
a toroidal shape. We show this configuration in Figure 1.1. Large amounts of obscuration
can significantly modify the observed spectrum because the optical emission is reprocessed
by the dust and gas, and subsequently emitted in the infrared part of the spectrum.
AGN are some of the brightest X-ray sources in the Universe. Studying AGN in the
X-ray band is also attractive because high energy photons are relatively unaffected by
obscuration, giving us a less biased view of the AGN population. Though thin disk theory
effectively describes the optical part of the AGN spectrum, the temperature in the accretion disk is not high enough to produce X-rays. This suggest the existence of an additional
hot component, the corona, in which the ultraviolet and optical photons produced in the
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Figure 1.1: Schematic illustration of the components of an AGN. The supermassive
black hole in the centre there is ringed by an accretion disk through which matter is
transported into the black hole; here ultraviolet and optical components of the spectrum
are produced. These structures are surround by regions which produce narrow and broad
lines seen in optical spectrum. Region of dust, possibly in the shape of the torus, surrounds
the system and obscures the view. Not shown is the corona, the region that produces the
X-ray part of spectrum. Adopted from Ricci (2011).

disk undergo Compton upscattering by thermal electrons. This process leads to a powerlaw spectrum that extends to energies determined by the electron temperature (Sunyaev
& Titarchuk, 1980; Haardt & Maraschi, 1991; Haardt et al., 1994; Veledina et al., 2011).
Although this model explains the basic properties of the spectrum, the physical origin of
such high temperature region and its spatial extent are still active areas of research.

1.1.2

AGN luminosity

In the accretion process discussed above, the pressure from the generated luminosity can
act to counter the accretion caused by gravity. In a steady, spherically symmetric, case
these two forces are balanced out at the “Eddington luminosity”, which is:
4πGmbh mp c
σT
46.1
= 10
· m8 erg/s.

Ledd =

(1.2)

where mp is the mass of the proton, mbh is the black hole mass, and σT is the Thomson
scattering cross-section for the electron. Even though this luminosity is not a strict limit
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for disk accretion, AGN are rarely observed to radiate at significantly higher luminosities;
thus, Ledd is often a useful quantity to consider when studying accreting black holes.
The black growth is given by
m˙bh =

(1 − )λLedd
,
c2

(1.3)

where Ledd is the Eddington luminosity, λ = L/Ledd is the normalized quantity known as
the Eddington Ratio and  is the radiative efficiency, i.e., the fraction of the infalling mass
that is converted to luminosity. Using the Eddington ratio definition, Equation (1.2) can
be written in a simple form to emphasise the dependence between black hole mass and
luminosity
L = 1046.1 · λm8 erg/s.
(1.4)
The average radiative efficiency in the Universe can be deduced from the simple argument first proposed by Soltan (1982). If most of the supermassive black hole mass is
indeed accreted during the luminous accretion phases, then the local relic density should
equal to the total luminosity radiated (with some efficiency ) :
Z ∞
Z ∞
dt
1−
ρlocal =
dz
Φ(L, z)dL
(1.5)
dz
c2
0
0
where Φ(L, z) is the bolometric quasar luminosity function (QLF). Early work on this
topic suggested  ≈ 0.1 (Yu & Tremaine, 2002; Shankar et al., 2004; Marconi et al., 2004)
which is within the ranges expected in the thin disk theory.
The QLF quantity used above describes the number density of quasars per co-moving
volume as a function of intrinsic luminosity and redshift. As such, it is a primary observational goal of any AGN survey and it has been characterized in a variety of bands and
fields (e.g., Boyle et al., 2000; Richards et al., 2005; Aird et al., 2010; Masters et al., 2012;
Shen & Kelly, 2012). The shape of the distribution is often described with the following
broken power law function:
∗

Φ(L) ≡

φQLF
dN
=
,
∗
γ
dlogL
(L/L ) 1 + (L/L∗ )γ2

(1.6)

where φ∗QLF is the normalization, L∗ is a characteristic luminosity and γ1 and γ2 are,
respectively, the faint and bright end slopes. One of the main goals of this thesis is to
investigate the evolution of Φ(L)’s properties and the consequences of this evolution for
the AGN population.

1.1.3

Measurement of black hole masses

Mass is the primary physical variable that describes black holes. As such measurements of
masses are crucial to the study of the interplay between supermassive black holes and their
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host galaxies. We will use indeed black hole mass estimates in many, but not all parts of
the thesis, e.g., as input for the scenario described in Chapter 2 and variability analysis in
Chapter 5, and for comparison with the output of the scenario shown in Chapter 3. We
note that, however, the major conclusions and findings of this thesis do not rely critically
on the accuracy of black hole mass measurements. We review a few of the most important
methods for measurement of black hole masses below.
By far the strongest case for the existence of the supermassive black holes is our Galaxy.
The Galactic centre, at a distance of 8.28±0.33 kpc (Genzel et al., 2010), is close enough
that individual stars can be resolved and their proper motions and orbits followed. The
orbital times of the stars near the galactic centre are short enough that they can tracked
during a human lifespan. The closest star to the centre, S2, has orbital period of 15.8 years
and has already completed an orbit since measurements began. The modelling result for
its mass is mbh,M W = 4.30 ± 0.20(stat) ± 0.30(sys) × 106 M . This is the gold standard
for the measurement of black hole masses.
Supermassive black holes outside our Galaxy are too far away for us to be able to follow
individual stars. Nevertheless, dynamical modelling can be used to understand the stellar
dynamics in the vicinity of the central black hole. Both photometric and spectroscopic
measurements of the central part of the galaxy are needed to properly model the system.
Photometric measurements are used to determine the density distribution of the stars,
and spectroscopy is used to derive their kinematic properties. This method, unfortunately,
can be used only for a relatively small number of nearby galaxies. The central black hole
is expected to dominate the local gravity and lead to observable effects only inside the
“sphere-of-influence” radius rinf ≡ Gmbh /σ 2 , where σ is the stellar velocity dispersion of
the host bulge. This is on the order of 1 to 100 parsec for a typical galaxy. If we consider
local galaxies, at distances of 1 - 20 Mpc, the necessary resolution is 0.1 to 1 arcsec. This
resolution can be achieved by ground telescopes at prime observing locations or by space
telescopes, such as the Hubble Space Telescope.
For actively accreting black holes there is another method to estimate the mass of the
black hole at virtually any redshift. The main idea is that, because the broad lines in the
ultraviolet and optical portions of the AGN spectra originate from the gravity-dominated
regions close to the black hole, the width of the measured broad lines can be used to
estimate the dynamics of the system. If the widths of the emission lines trace the virial
velocity (V ) of the region in which they are produced and this region is at the distance r
from the black hole, then the mass is given by the following formula:
mbh =

f V 2r
.
G

(1.7)

The factor f encapsulates our ignorance about exact astrophysical configuration of the
system and it depends primarily on the geometry and detailed kinematic of the broad line
region (see review by Peterson 2014).
The distances from the broad line region to the central engine range from a few light
days to few light weeks and this distance cannot be probed by current facilities. Nonethe-
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less, it is possible to estimate this distance using the reverberation mapping technique,
which exploits the variability of AGN. The continuum of the AGN emission, which is generated close to the central black hole, exhibits stochastic variations. The same stochastic
variations can be seen in the broad lines (they “reverberate”) after a time delay given by
the light-travel time from the central engine. Observations which estimate these delays
are relatively expensive because they require spectroscopic measurements with regular cadence. These work had yielded line-continuum lag measurements for approximately 50
objects, mainly lower luminosity objects in the nearby Universe (with the highest redshift
object at z = 0.29) (Kaspi et al., 2000; Peterson et al., 2004; Bentz et al., 2009b,a; Denney
et al., 2010; Barth et al., 2011; Grier et al., 2012). Much of this work has focused on measuring the response of the Hβ line; for higher redshifts, the Mg ii λ2798 and C iv λ1549 can
be used, although there is great deal of debate about the validity of C iv λ1549 for this
kind of studies (Shen et al., 2008; Fine et al., 2008; Assef et al., 2011; Trakhtenbrot &
Netzer, 2012; Coatman et al., 2017).
These results are then combined with velocity measurements to estimate the mass of
the black hole. To estimate the virial velocity, V , in Equation (1.7) one usually uses
the full-width-at-half-maximum (FWHM) of the emission line or the σline - that is, the
second moment of the line profile. The largest uncertainty in the measurement comes
from the factor f . Assuming a highly idealized spherical distribution of clouds in random,
isotropic distribution we expect f = 3/4 if the FWHM of the lines is used; however if
the measurement is done using σline , we expect f = 3 (Netzer et al., 1990). Efforts are
under way to create observations of sufficient quality to directly estimate f (e.g., Denney
et al. 2009; Grier et al. 2013). At the moment, the factor f is determined statistically by
requiring that the sample of reverberation-mapped objects must follow the same mbh − σ
relation as the galaxies that currently do not host an AGN. This approach yields estimates
of hf i ∼ 5 with a spread of ∼ 0.4 dex (Onken et al., 2004; Woo et al., 2010). In this work
we will show that, even though we argue that mbh /m∗ evolves with redshift, when this is
coupled with observed size evolution of galaxies, we expect no evolution in the mbh −σ and
therefore hf i ∼ should stay constant with redshift. Given how the factor f is derived, this
method gives correct results only in a statistical sense and is highly uncertain for single
objects.
As method described above is observationally expensive, in reality another short-cut
is used. A number of previous studies found a correlation between r derived from reverberation mapping and the continuum luminosity of the AGN (Kaspi et al., 2000, 2005;
Bentz et al., 2006). The intrinsic correlation, after contributions from the host galaxy
+0.063
are removed is r ∝ L0.519−0.066 where L is the AGN luminosity measured at 5100 Å. This
means that r in Equation (1.7) can be simply substituted with the measured continuum
luminosity. This technique is known as “single-epoch mass measurement”, a name that
reflects the fact that only a single measurement of an AGN spectrum, measuring the continuum luminosity and the width of the broad emission line, is enough, in principle, to
estimate the virial mass of the object.
Given that this method has been tested only on relatively low-luminosity AGN in the
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local Universe, it is not clear whether it is applicable for the whole AGN population.
Theoretical work suggests that thin disk approximation fails below an Eddington ratio
of λ ≈ 10−2 , which could invalidate the simple correlations presented above. Similar
arguments can be made for super-Eddington objects, for which the the physical picture
is even less clear. Observationally, very wide faint lines in very massive AGN can be
harder to detect in typical noisy spectra (e.g., Oh et al. 2011). Nevertheless, this method
provides crucial information about AGN masses at the present time, and is the only
method practicable at high redshift.

1.2

Galaxy population

The basic physics behind galaxy formation and evolution is well understood. As the
Universe evolves, primordial density fluctuations, driven by collisionless and cold dark
matter grow until they collapse due to self-gravity. The distribution of these dark matter
haloes and the number of these objects can be treated analytically - with some assumptions
(Press & Schechter, 1974). Recently, a large number of simulations of different sizes and
resolutions have been used to model the process with high accuracy (Davis et al., 1985;
Dubinski & Carlberg, 1991; Moore et al., 1999; Springel et al., 2005, 2008; Diemand et al.,
2008; Stadel et al., 2009; Klypin et al., 2011). Baryonic matter follows the dark matter
until radiative, hydrodynamic and star-forming processes take over. As the baryonic
matter falls into the collapsed dark matter halo it is shocked, heated, and then cools and
settles into a disk to conserve angular momentum. The questions of how, exactly, the
star-formation occurs and what are the critical parameters that control growth of galaxies
remain still hotly debated.

1.2.1

Two galaxy populations

Observationally, the galaxies can be divided in two distinct populations (see Figure 1.2).
When plotting the distribution of galaxies on the colour-absolute magnitude diagram,
galaxies with primarily blue colours and disk morphologies are separated from galaxies
with red colours and spheroidal morphologies (Tully et al., 1982; Blanton et al., 2003;
Baldry et al., 2004; Driver et al., 2006). Blue colours in galaxies indicate the existence of
young, hot, blue stars and, therefore, recent star-formation.
The majority of these blue, star-forming galaxies have a star-formation rate (SFR)
that is correlates strongly to their existing stellar masses, producing the so-called “Main
Sequence” in which the specific SFR (sSFR) varies only weakly with stellar mass (Brinchmann et al., 2004; Daddi et al., 2007; Elbaz et al., 2007; Noeske et al., 2007). The sSFR of
the Main Sequence, however, increases strongly with look-back time (Daddi et al., 2007;
Elbaz et al., 2007; Pannella et al., 2009) and is higher by approximately a factor of twenty
at z ∼ 2 compared with the present day value. Another interesting feature of the Main
Sequence is its tightness; at any given redshift the galaxies are distributed with a very
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Figure 1.2: Star formation rate, determined from emission lines and 24 µm data, as
a function of stellar mass in four different redshift bins. Blue points show star-forming
galaxies, green crosses represent galaxies with detections but with redder photometric
colours, and orange arrows symbolise galaxies for which only the upper limits can be
determined. Red lines and circles show the medians of log(SF R) and 1σ scatters. SFR is
roughly linearly dependent on mass. Normalisation of the relation increases toward earlier
cosmic times, approximately represented as (1 + z)2.5 . Adopted from Noeske et al. (2007).

small scatter of σM S ∼ 0.2 dex around the mean relation (e.g., review by Speagle et al.,
2014). A small percentage of star-forming galaxies have significantly elevated sSFRs that
are above the Main Sequence. It appears that the fraction of these “outliers” is more or
less constant to z ∼ 2 (Sargent et al., 2012) and that they represent 10% of the integrated
star-formation that is occurring at any epoch.
The second part of the population consists of galaxies with significantly lower sSFRs.
These galaxies are thought to have been star-forming in the past, but their star-formation
has been “quenched”. Our understanding of the physical processes that lead to the quenching of star-forming galaxies is still limited, and a number of plausible physical mechanisms
have been proposed (some of which directly involve AGN). However, the main empirical or phenomenological features of this quenching process are well understood based on
the characteristic of the evolving populations of galaxies. We will explore connections
between galaxy quenching and AGN activity, especially in Chapter 3 in which we will
study a scenario in which AGN activity is directly connected with the galaxy undergoing
quenching.

1.2.2

Phenomenological approach to describe evolution of galaxy population

As the available data on galaxy populations at substantial look-back times have improved,
new analysis techniques have been introduced that take an empirical approach to the data
(see for example Peng et al. (2010) and Behroozi et al. (2013)). The approach in Peng et al.
(2010) was to identify a few striking simplicities exhibited by the galaxy population(s) and
to explore the consequences of these, where possible analytically, in terms of the most basic
continuity equations linking the galaxy population(s) at different epochs.

8

1.2. Galaxy population

The Peng et al. (2010) analysis was based on dividing the galaxy population into two
components described above: the star-forming Main Sequence and the quenched population of passive galaxies. The number densities of star-forming galaxies at different masses
can be well described by the Schechter function (Press & Schechter, 1974):
 m α
 m 
dN
Φ(m) ≡
= φ∗
exp
− ∗ ,
(1.8)
d log m
M∗
M
where φ∗ is a normalization, α is the low mass slope and M ∗ is the characteristic Schechter
mass. Much of the Peng et al. (2010) formalism is based on two salient observational
results. The first is the observation that the effects of the mass and the density of the
galaxy environment on the fraction of passive (quenched) galaxies are fully separable, as
shown in Figure 1.3. This separability suggests that the quenching is a consequence of
two processes: mass quenching which depends on the stellar mass and is independent of
the environment, and environment quenching which is dependent on environment and is
independent of stellar mass. The second observation is that the characteristic Schechter
M ∗ of the mass-function φ(m) of the star-forming population has been more for less
constant to at least z ∼ 2.5 (and likely to z ∼ 4) despite the substantial increase in
stellar mass (by a factor of 10-30) of any galaxy that stays on the star-forming Main
Sequence over this same time period (Bell et al., 2003; Bell et al., 2007; Ilbert et al.,
2010; Pozzetti et al., 2010; Ilbert et al., 2013). This observation suggests that there
is a connection between M ∗ and the termination of the mass growth of galaxies. The
exponential drop-off of the mass function means that for a given star-forming galaxy, the
mass-quenching rate, ηm , which reflects the probability that a given galaxy is quenching
in unit time has to be proportional to the sSFR and the logarithmic gradient of the mass
function, which is m for the case of the Schechter function. When these two relations are
combined it follows that ηm = (M ∗ )−1 · SF R, where M ∗ is a constant of proportionality.
The equivalent statement is that for each galaxy a probability to grow to a certain mass
is given by P (m) = exp[(M ∗ )−1 · m]. We note here that redshift independence of M ∗
requires the specific mass dependence of the quenching probability, but it does not put
any constraint on the possible existence of the mass independent quenching process. Such
mass-independent channel exists, and it is the environmental quenching process described
above and seen in Figure 1.3.
As more and more galaxies reach M ∗ , mass quenching produces an accumulation of
quenched galaxies at around the same mass. The mass-quenching rate described above
produces a mass function of quenched galaxies that is also described with the Schechter
function; however, the low mass slope, αQ , is different from the low mass slope of star
forming galaxies αSF by 1 (i.e., αQ = αSF + 1). Environmental quenching also produces
passive galaxies, but this process occurs in a manner which is independent of mass. Therefore the mass function of environmentally quenched galaxies has the same shape as that
of the star-forming galaxies. This provides a natural explanation for the shape of the
mass function of quenched galaxies, which can be described by the combination of two
Schechter functions, with differing normalizations and low-mass slopes, but with the same
characteristic Schechter mass as the star-forming galaxies.
The Peng et al. (2010) continuity formalism described above is very successful at repro-
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Figure 1.3: The red fraction in SDSS as a function of stellar mass and environment.
The fraction of galaxies that are red is a fully separable effect of mass and environment.
Adopted from Peng et al. (2010).

ducing mass functions of star-forming and passive galaxies in SDSS and also explains the
quantitative relations between the Schechter parameters of these mass functions. This formalism allows easy computation of factors such as the quenching rate of galaxies and the
mass function of galaxies that are undergoing quenching at any epoch. An alternative phenomenological approach of “abundance matching” (Behroozi et al., 2013) provides similar
results, in terms of mass functions and star formation histories. With these recent developments, we now have a self-consistent, empirical (“phenomenological”) description of the
evolving galaxy population at least back to z ∼ 4 in terms of the evolving mass-functions
of both the star-forming and quenched galaxy populations.

1.3

Co-evolution of black holes and their host galaxies

In the simplest sense, the black holes must “co-evolve” with their galaxies as they are
embedded in them. It is not clear, however, whether black holes co-evolve with their
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galaxies only in this strictest sense. They may share the physical environment but have
little to no influence on the host galaxy or the black hole activity could have a profound
effect on the host galaxies. Answer to this question is one of the main topic of this thesis
that we discuss in Chapters 2, 3 and 4. There are several interesting correlations which
hint at the strong connection, that we review below.

1.3.1

Cosmic density of mass accretion of black holes and galaxies

The black hole accretion rate density (BHARD) and the star formation rate density
(SFRD) of the Universe roughly follow each other, but with some differences (see Figure
1.4). It is not immediately obvious whether the overall similarity of these two functions is
indicative of the deep influence of black holes on their host galaxies or whether the similar
evolutions of these quantities represent only a common availability of fuel for growth. We
will show in Chapter 3 how the differences in the shape of these function are important
and they can have a significant effect on the estimated evolution of the black hole mass
function. It is also important to note that although the similarity of these functions exists
in a global sense, black hole accretion and star formation histories of individual objects are
very different. In a sample of star-forming galaxies, which are all on the Main Sequence
and are therefore growing at a similar rate, there is a wide range of black hole accretion
rates; some galaxies host extremely powerful AGN that accrete rapidly, whereas others
host central black holes that are not growing at all. Typical duty cycle, i.e., fraction of
galaxies which host an active black hole, ranges from 1% to 10%, depending on the exact
definition of what constitutes an “active” black hole.

1.3.2

Black hole-galaxy correlations

The second line of evidence comes from observed correlations between the black hole
masses and various galaxy properties. The most famous is the mbh − σ relation, which
connects black hole masses with the stellar velocity dispersion σ of a galaxy bulge (Ferrarese & Merritt, 2000; Gebhardt et al., 2000). Modern work (Kormendy & Ho, 2013)
suggests the following relationship:
4.38±0.29

mbh
σ
+0.037
=
0.309
.
(1.9)
−0.033
109 M
200 km s−1
A similar correlation exists between black hole mass and the galaxy bulge (Magorrian
et al., 1998), for which Kormendy & Ho (2013) suggests:


 mbulge 1.16±0.08
mbh
+0.06
= 0.49−0.05
.
(1.10)
109 M
1011 M
Both of these relationships show a surprisingly small intrinsic scatter, around 0.3 dex,
suggesting that the quantities in the Equations above are deeply correlated (see Figure
1.5). However, correlation with a small scatter does not necessarily imply causation. For
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Figure 1.4: Cosmic evolution of SFRD and BHARD. The red line is the fit to SFRD
given in review by Madau & Dickinson (2014), while blue and orange points are measurements done in ultraviolet and infrared bands, respectively. The black line and shaded
region is BHARD and 1 σ error estimated by Aird et al. (2015). The black line has been
renormalised to ease the comparison. Adopted from Aird et al. (2015).

example, Peng (2007) and Jahnke & Macciò (2011) pointed out that even if the black
hole mass and bulge masses are completely uncorrelated physically, galaxies that have
undergone enough mergers would all have similar bulge to black hole ratio because of
the averaging effect of the central limit theorem. We will also show that tightness of the
mbh /mbulge relation in quenched galaxies can arise naturally, even if the mbh /m∗ is an
intrinsic correlation for actively accreting black holes.
Other scaling relations have been proposed, such as mbh − n where n is Sersic index
describing the light profile of the galaxy or mbh /mhalo where mhalo is the mass of the
dark matter halo. All these relations tend to show more scatter, but the basic difficulty in
deducing the main parameters that drive these correlations is that most of these galaxy
parameters are anyway strongly correlated with each other.
These correlation are primarily observed in relatively massive quenched galaxies with
currently little or no AGN activity. For star-forming galaxies with active black holes in the
local Universe, the primary correlation seems to be between the total mass of the galaxy
and its black hole (Sani et al., 2011; Marleau et al., 2013; Reines & Volonteri, 2015). This
would explain the observed AGN sources in bulgeless, pure-disk, galaxies (Simmons et al.,
2013). We discuss the possible cosmic evolution of this relation in more detail below.
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Figure 1.5: Black hole mass as a function of bulge mass. The black line is the
relationship given in Equation (1.10), whereas the dashed line shows the error of the fit.
Black points show elliptical galaxies, whereas the red points show “classical bulges” (i.e.,
elliptical galaxy-like bulges).

1.3.3

Evolution of the galaxy-black hole mass relations

Many studies have suggested that there is some redshift evolution in the mbh /m∗ relation
(Peng et al., 2006; Decarli et al., 2010; Merloni et al., 2010; Trakhtenbrot & Netzer, 2010;
Bennert et al., 2011; Sijacki et al., 2015), but others have found no significant evolution
(Jahnke et al., 2009; Cisternas et al., 2011; Mullaney et al., 2012b; Schramm & Silverman,
2013) or argued that an observed evolution can be fully explained with selection effects
(Schulze & Wisotzki, 2011; Schulze & Wisotzki, 2014). Recently, investigations in the
local Universe have provided valuable insight on the topic of mass ratio evolution. FerréMateu et al. (2015) and Ferré-Mateu et al. (2017) presented evidence for the existence of
very compact quenched galaxies in the local Universe that have much larger black hole
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masses than could be expected from the scaling relations. Given the compactness of these
galaxies and their old mean mass-weighted ages, they can be interpreted as relics of a
typical population quenched at z ∼ 2. The fact that their central black holes are more
massive than seen generally in the local Universe supports the idea that the mbh /m∗ ratio
was larger at z ∼ 2 than at lower redshifts. The same conclusion was reached by Barber
et al. (2016) using the result from the Eagle simulation (Schaye et al., 2015; Crain et al.,
2015). Different line of evidence for the mass ratio evolution comes from Reines & Volonteri
(2015) who surveyed the mbh /m∗ in the active systems in the nearby universe (z<0.055)
and found the mbh /m∗ ratio in these systems to be more than an order of magnitude
lower than the mbh /m∗ ratio found in the quenched systems. This finding is consistent
with the evolving mbh /m∗ ratio in the scenario in which the quenched galaxies maintain a
mass ratio representative of the active systems at the time of their quenching. This would
naturally lead to quenched galaxies having larger mbh /m∗ than locally observed active
galaxies.
The questions about the co-evolution, the influence of AGN on their host galaxies and
the redshift evolution of the scaling relations still are hotly debated. In this thesis we
explore different possibilities within a simple model framework and also emphasize the
methodological issues that arise that are associated with the choice of samples.

1.4

Variability of AGN

Time variability is potentially one of the most interesting properties of quasars and AGN
generally. The variability of quasars and AGN was recognized soon after the discovery
of these objects (Matthews & Sandage, 1963). It is however still largely not understood
and remains an active area of research. Variability in the brightness of AGN has been
directly observed over a very wide range of time-scales, ranging from minutes and hours
(e.g., Kasliwal et al., 2015; McHardy et al., 2016) up to several years (MacLeod et al.,
2010) and even, by combining data from optical plates with modern surveys, to over 50
years (de Vries et al., 2003; Sesar et al., 2006). Indirect observational evidence exists
for variability on scales of ∼ 105 years (Schawinski et al., 2015) while simulations predict
large scale variability during the AGN phase that may last ∼ 107 years (Novak et al., 2011).
Quasar variability has been extensively studied in the optical waveband. The first study
with very large numbers of objects used multiply-imaged regions of the SDSS survey (Vanden Berk et al., 2004). Further progress has been achieved by dedicated surveys of the
variable sky, such as OGLE (Kozlowski et al., 2010), the Palomar-QUEST Survey (Bauer
et al., 2009), the SDSS Stripe 82 (Sesar et al., 2007; MacLeod et al., 2010; MacLeod et al.,
2012), PanStarrs (Morganson et al., 2014; Simm et al., 2016), SUDARE-VOICE (Falocco
et al., 2015) and LaSilla-Quest (Cartier et al., 2015).
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These studies have in general found an anti-correlation of the amplitude of variability
(at a fixed rest-frame timescale) with luminosity, an increase of variability towards shorter
wavelengths and little to no apparent dependence on redshift. The relationship with black
hole mass remains unclear, with different studies finding either positive, negative or absent
correlations (Wold et al., 2007; Wilhite et al., 2008; Kelly et al., 2009; MacLeod et al.,
2010; Zuo et al., 2012). In the vast majority of cases (Andrae et al., 2013), the variability is found to be of a stochastic nature, with only a few recent claims of periodicity in
a small number of objects (Graham et al., 2015a; Graham et al., 2015b; Charisi et al.,
2016, but see also Vaughan et al., 2016). To describe the characteristics of this stochastic
variability, the “damped random walk” model, first suggested by Kelly et al. (2009), is
usually used. On short time scales, the variability is dominated by short-term random
changes, producing a red noise spectrum. On longer timescales, the variation of brightness becomes uncorrelated, leading to a flattening of the spectrum towards white noise.
The Kepler mission, with its precise photometry and continuous dense sampling of the
optical light curves, has provided new insights and produced unambiguous power spectral
density (PSD) curves for a small number of AGN. These individual PSD are often found
to be inconsistent with the damped-random walk model, especially on short timescales
(Kasliwal et al., 2015).

A range of possible explanations for brightness variations in quasars have been proposed. These include micro-lensing, accretion disk instabilities and variations in the accretion rate (Hawkins, 1993; Aretxaga et al., 1997; Kawaguchi et al., 1998; Trèvese &
Vagnetti, 2002; Hawkins, 2007). The fact that the observed variability in the optical
bands can be seen on scales of days to weeks is hard to reconcile with a model in which
variability is caused by changes in the accretion rate. This is because the associated viscous
time scales that should describe the radial migration or “drift” through the disk should
be of order 104 years for typical AGN (Netzer, 2013). On the other hand accretion disk
instabilities would be connected with the dynamical or orbital time scales, which are much
shorter and will be of the order of ∼ 1 yr for typical AGN. Thin accretion disk theory also
predicts the dependence of these time scales with other physical parameters. Under the
simplest assumptions the viscous time scale varies as, at a given rest-frame wavelength
5/3 2/3
λRF , τvis ∝ L7/60 λRF mbh , while the dynamical time scale should go as τdyn ∝ L1/2 λ2RF
(MacLeod et al., 2010).
Models with independent emitting regions that experience localized temperature variations, possibly created by instabilities in the accretion flow, are able to explain, in a
qualitative manner, a wide range of features seen in optical variability surveys. In particular, they are also able to explain the measurements of large sizes of AGN disks from
micro-lensing (Dexter & Agol, 2011; Cai et al., 2016).

Ground-based optical surveys generally suffer from irregular sampling, because of the
realities of nightly, monthly and yearly observing periods. Therefore it is necessary to
use alternative methods beyond Fourier analysis to characterize the variability. The most
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commonly used approach is to construct the structure function (SF). The SF is defined
to be the rms magnitude difference (in excess of observational noise) as a function of the
time difference ∆t between pairs of measurements. In this thesis we will generally use the
SF2 which is the excess variance (arising from variability) of the magnitude difference as
a function of ∆t:

SF2 (∆t) =

P
1 X
(mi − mj )2 − σi2 − σj2
P

(1.11)

i,j>i

where the sum is over all P measurements which are separated by some time lag ∆t,
taking into account the measurement errors σ of the individual data points. The recent
study of Kozlowski (2016) offers a good overview of the SF formalism, discusses different
definitions used in the literature and points out a number of caveats. Using the SF formalism, it is possible to construct estimates of the ensemble variability of a set of objects.
This implicitly assumes that an analysis of the variability of the members of a suitably
defined set of quasars will reveal the same physical relations as studying individual objects.

AGN have been found to vary across all observational wavebands and PSD analysis
has proved useful in the X-ray band because the time sampling is generally regular. The
PSDs are in general found to be well described by a broken power law with a slope of
roughly f −2 (as in a random walk) above a break frequency, fbr , and a flatter slope below
the break frequency (Lawrence & Papadakis, 1993; Green et al., 1993), broadly mimicking
the behaviour of the SF at optical wavelengths. The exact nature of the phenomenological
correlation found between the break frequency and the mass of the black hole (mbh ) is
still unclear (McHardy et al., 2006, González-Martı́n & Vaughan, 2012, Emmanoulopoulos
et al., 2016).

At optical wavelengths, the PSD formalism has been used in the case of the regularly
and densely sampled Kepler data. These data suggest a wide spread of values for the high
frequency slope of the optical PSD, with indicated slopes of between 2 and 4 (Mushotzky
et al., 2011, Edelson et al., 2014). The existence of a break frequency and associated
flattening of the slope at low frequencies is still unclear, with various studies suggesting
breaks occurring at scales of anywhere from ∼10 to ∼1000 days or longer (Collier et al.,
2001, Kelly et al., 2009, MacLeod et al., 2010). Recently Kelly et al. (2014) introduced a
flexible algorithm to estimate the PSD of light curves in the context of a broad family of
continuous-time autoregressive moving average processes, which also enables estimates of
PSD for sparsely sampled data to be obtained.

We will be using both of these methods (SF and PSD analysis) in Chapter 5 in which
we study evolution of the AGN properties with the optical variability analysis.
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1.5

Organization and content of this thesis

As indicated at the start of this chapter, in this thesis we present results of our two relatively disjoint investigations of the evolution of the AGN population and its properties.
In Chapters 2, 3 and 4 we first present the results of our study of AGN based on our phenomenological exploration of the connections between the galaxy mass function, the AGN
mass function and the QLF. Then, in Chapter 5 we present the results of our investigation
into the evolution of AGN properties based on our examination of the variability of the
AGN.
In Chapter 2 we develop a model in which black holes “co-exist” with their host galaxies
and grow intermittently during the whole time that the galaxy is also star-forming. We
point out the connections between the parameters of the galaxy mass function and QLF
and make a number of testable predictions. We note that the results from analysis of the
mass-luminosity plane suggest evolution in the mbh /m∗ ratio, which we argue was around
∼10 times higher at z ∼ 2 than it is today. This chapter is mostly based on a paper
published in Caplar et al. (2015), with the addition of several modelling results.
We then investigate if the black hole mass accretion and star formation rates observed in
the Universe could reproduce such a strong mbh /m∗ evolution and find that this is unlikely
in the co-existence scenario described above. We therefore, in Chapter 3, discuss a scenario
in which black hole accretion is associated with the mass-quenching of the galaxy’s starformation. We use information about star-formation rate density and black hole accretion
rate density to infer the evolution of mbh /m∗ and other parameters describing accretion.
This scenario successfully reproduces observed mbh /m∗ evolution and we point out many
similarities with the model developed in Chapter 2.
Given how both scenario lead to many comparable results even though they have very
different physical origins we aim to find a observational diagnostic which can differentiate
these two scenario. In Chapter 4 we point out that the biggest difference between the
scenarios described in previous chapters is the mass dependence of the galaxies that host
an AGN. We therefore select the observations which most directly probe this difference
and conduct a comparison of the model predictions with the observations. We find that
the second model, in Chapter 3, is to be preferred.
In Chapter 5 we present the results of our study on AGN variability in PTF/(i)PTF
survey. We first discuss our procedure and the quality of our recalibration of the survey.
We then show the results of the analysis conducted in the time domain using structure
function formalism, and in the frequency domain, using power spectrum density analysis.
This chapter is based on a paper published in Caplar et al. (2017).
In Chapter 6 we summarise our results and present an outlook for future research.
Throughout the thesis, we use a ΛCDM cosmology, with parameters ΩM =0.3, ΩΛ =0.7
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and H0 = 70 km s−1 Mpc−1 . Luminosities will be given in units of erg s−1 and will refer
to bolometric luminosities, unless specified otherwise. Mass will be given in units of M ,
unless specified otherwise. We use the term “dex” to denote the antilogarithm, i.e., n dex
= 10n . We also define all distribution functions, i.e., the star-forming galaxy mass function
φSF (m∗ ), the black hole mass function φBH (mbh ), AGN mass function, φAGN (mbh ), the
AGN luminosity function φ(L) and the probability distribution of Eddington ratio ξ(λ), in
log10 space. This leads to power-law exponents that differ by unity relative to distribution
functions defined in linear space. Units of φSF (m∗ ), φBH (mbh ), φAGN (mbh ) and φ(L) are
Mpc−3 dex−1 .
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2

AGN and galaxies:
scenario

co-existence

The content of this chapter is mostly based on Caplar et al. (2015).

2.1

Ansätze

The essence of our phenomenological approach is to make a limited number of simple
Ansätze that allow us to construct a model using analytic techniques, or very elementary
numerical modelling, based on straightforward representations of the most important features of the observational data. These Ansätze are in a sense “assumptions” and a decisive
observational disproof of any of them would largely invalidate the model. Clearly they
are very unlikely to be exactly true. Their value, as the basis for a simple “toy model”, is
that we believe they are likely to be broadly true.

The three Ansätze which we use in the current chapter are as follows:
• radiatively efficient AGN are found in star-forming galaxies,
• the probability distribution of the Eddington ratio does not depend on the black
hole mass of the system,
• the mass of the central black hole is linked to the stellar mass (mbh ∝ mβ∗ ), with
some scatter, and we will for simplicity set β ∼ 1. The ratio mbh /m∗ can however
evolve with redshift.
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The first Ansatz is motivated by the fact that, although there are undoubtedly some
active AGN found in quenched galaxies, the bulk of radiatively efficient AGN reside in
star-forming galaxies (Netzer, 2009; Silverman et al., 2009; Schawinski et al., 2010; Koss
et al., 2011; Cimatti et al., 2013; Rosario et al., 2013; Matsuoka et al., 2014; Aird et al.,
2017b), especially in those relatively low luminosity systems where the host galaxy can be
most easily discerned. The second is the simplest assumption one can make about mass
dependence of the Eddington ratio is supported by the studies such as Aird et al. (2013),
Aird et al. (2017b) and Weigel et al. (2017). The final Ansatz is supported by observed
correlations, as elaborated in Section 1.3.2. We will further justify these, and the choice
of β ∼ 1, further below.
Of course, there are a number of other implicit assumptions that are being made: observational data is not wildly wrong, individual black hole and stellar mass measurements
are not systematically biased, the cosmological model is more or less correct and so on.
We will not consider these further.

2.2

The origin of the quasar luminosity function

With our Ansätze, we can use our knowledge of the mass function of galaxies to construct
the black hole mass function. To do this, we start with the mass function of star-forming
galaxies and then impose a black hole to stellar mass ratio mbh /m∗ , with an additional
log-normal scatter of η, to create a black hole mass function in star-forming hosts. This
will serve as the basis for the radiatively efficient AGN population. In first part of this
chapter, we will set the scatter η = 0 for initial analytic simplicity, before reintroducing it
with η ∼ 0.5 when we evaluate the model numerically.
If radiatively efficient accretion onto central black holes is only occurring in star-forming
hosts, the quasar luminosity function can be created from a convolution of the black hole
mass function in star-forming galaxies φBH (mbh , z) with a probability distribution of the
Eddington ratio λ,
Z
φ(L, z) =

φBH (mbh , z)ξ(λ, z)d log λ,

(2.1)

where φ(L, z) is the resulting QLF, and ξ(λ, z) is the probability distribution of the Eddington ratio, λ, as defined in Equation (1.3).

2.2.1

Convolution of Schechter functions with power law Eddington ratios

As noted above in Equation (2.1), the QLF will, with our Ansätze, be a convolution of
the black hole mass function φBH (mbh ) (itself derived from the stellar mass function of
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star-forming galaxies φSF (m∗ )) and the distribution of Eddington ratios ξ(λ), which gives
the distribution of luminosities for black holes of a given mass. In this section we look at
the general features of the ξ(λ) distribution that are needed to produce a double power-law
QLF from a Schechter-like mass function and explain qualitatively the connections that
will exist between the parameters of these different functions. The exact calculation is
presented in the following section.

First, we immediately note that in a model with a mass-independent ξ(λ) and an input
Schechter mass function, the only way to produce a power law at the bright end of the
QLF (with slope γ2 ) is to have a ξ(λ) that is also a power law of the same slope at high
values of the Eddington ratio. This power-law will then ensure that there is a high-end
power-law in the QLF even as the mass function drops off exponentially. This is shown in
Section 2.2.4. Given the limited dynamic range of the data, other representations of the
QLF instead of a double power law are possible, e.g., a log-normal bright end or a modified
Schechter function (e.g., Hopkins et al., 2007; Aird et al., 2012; Veale et al., 2014). We
choose the conventional double power law for analytic simplicity and because it certainly
provides a reasonable representation of the available data. Denoting the slope of the high
end of Eddington ratio distribution by δ2 we can thus equate
γ2 = δ2 ,

(2.2)

with γ2 the bright end slope of the QLF.

At the faint end, we may also expect a power-law QLF but now the QLF faint end
slope γ1 will be given by the steeper of the low end slope of φBH (mbh ) and the low end
slope of ξ(λ), which we denote by δ1 (see also discussion in Veale et al. 2014). Figure 2.1
illustrates what is happening with faint end of QLF (with slope) for different Eddington
ratio assumptions.

Figure 2.1: Schematic representation of our procedure to create the QLF. Starting
from the star-forming mass function (leftmost) we use an mbh /m∗ scaling to get the mass
function of SMBH in star-forming galaxies, with scatter as required (2nd panel). We
convolve it with the Eddington ratio distribution (in the 3rd panel) to create QLF in
the rightmost panel. Blue and red Eddington ratio distributions differ in the choice of
parametrization of low end slope. The faint end slope of QLF will be same as low mass
slope of galaxy mass function or low end slope of Eddington ratio distribution, depending
on relative steepness of these two slopes. A short summary of the connections between
parameters of the QLF and parameters of the contributing functions is given in Equation
(2.10).
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We can express this as
γ1 = max(−αBH , δ1 ).

(2.3)

The natural conclusion of a mass-independent Eddington rate distribution is that the
faint end of QLF is set up by either the low end slope of the underlying black hole mass
function or by the low end slope of the Eddington ratio function. If the logarithmic slope
of the mbh vs. m∗ relation is β as above, then the faint end slope of the black hole mass
function will be related to that of the star-forming galaxies by αBH = αSF /β.

We note at this point that there is good observational evidence that the faint end QLF
slope, γ1 , is similar to the observed low mass slope of the mass function of star-forming
galaxies, αSF , allowing for the reversal of sign in our definition. The QLF faint end slope,
γ1 is usually observed to be between 0.3 and 0.9 (Hasinger et al., 2005; Hopkins et al.,
2007; Aird et al., 2010; Masters et al., 2012; Ueda et al., 2014). On the other hand the
observed values of αSF range from to -0.6 to -0.2 (Baldry et al., 2008; Pérez-González
et al., 2008; Peng et al., 2010; González et al., 2011; Kajisawa et al., 2011; Baldry et al.,
2012; Lee et al., 2012) with most newer studies converging around αSF ∼ −0.4.
The data are therefore consistent with the idea that γ1 ∼ −αSF . This suggests, in the
context of this model, that γ1 may indeed being set by the low end slope of the black hole
mass function (and not the low end of the Eddington ration distribution) and further that
β ∼ 1. We will henceforth assume that this is the case, i.e., that αBH = αSF ≈ −γ1 .
This then means that the low end slope δ1 of ξ(λ) can take any value that is shallower
than this, i.e., δ1 < −αSF ∼ 0.4. The high and low end power-laws of the Eddington ratio
distribution will meet in a knee at a characteristic Eddington ratio which we denote by λ∗
at which point the value of ξ(λ) has a characteristic value ξλ∗ .

2.2.2

The simplest Eddington ratio distribution that reproduces the
shape of the QLF

To further demonstrate our approach we use the simplest function possible for the Eddington ratio distribution that reproduces, analytically, the required broken power law
shape of QLF. We use a “triangular” distribution in which some fraction, fd , of objects
are active above a certain threshold value λ∗ with an Eddington ratio distribution that is a
single power law with slope δ2 , while (1-fd ) of objects are completely inactive. Effectively
this sets the low end slope δ1 = −∞.
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The exact functional form of ξ(λ) can then be written as
ξ(λ) =

dN
= ξλ∗
N d log λ



λ
λ∗

−δ2
,

λ > λ∗ ,

(2.4)

where ξλ∗ in constrained by requirement that all of the objects have to be either active or
inactive, so ξ in this case has to integrate to a duty cycle fd .

In Section 2.2.4 we show that the knee of the QLF, L∗ , will be related to the parameters
of the original distribution functions through a formula describing the population which is
analogous to Equation (1.4) of individual black holes, i.e.,
∗
L∗ = 1038.1 · λ∗ · MBH
· ∆L (γ2 ),

(2.5)

where the ∆L factor denotes a small multiplicative factor that is weakly dependent on γ2
and varying by less than 0.15 dex.
In the same section, we also show that the φ∗QLF normalization of the QLF, i.e., the
value of φL at L = L∗ will be linked to the normalization of the galaxy mass function φ∗SF
and the normalization of the Eddington ratio distribution, ξλ∗ ,
φ∗QLF = φ∗SF · ξλ∗ · ∆φ (γ2 ),

(2.6)

where the ∆φ denotes once again a small multiplicative factor, weakly dependent on γ2
and varying by less then 0.15 dex. This is not surprising, and is stating the fact that the
normalization of objects at given luminosity L∗ is connected with the normalization of the
∗
contributing functions at MBH
and λ∗ . Simply put, if there are more objects at mass M ∗
and more of them are active at λ∗ , then we expect also more objects with corresponding
luminosity L∗ .

2.2.3

Broken power law Eddington ratio distribution and generalized
duty cycle

Even though the triangular distribution of ξ(λ) is a simple and analytically tractable one,
it is unlikely to describe the real AGN population. For actual analysis we will adopt a
more realistic broken power law distribution of Eddington ratio given by

ξ(λ) =

ξλ∗
dN
=
,
∗
δ
N d log λ
(λ/λ ) 1 + (λ/λ∗ )δ2

(2.7)

where we set δ1 =0 for further analysis. This distribution diverges logarithmically at the
low λ end. Since the integral of ξ(λ) will therefore reach unity at some low value of
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λ << λ∗ , all black holes are “active” at some very low level and we need no longer consider “inactive” ones in this chapter.

As discussed in Section 2.2.1, this distribution will also reproduce the same shape of
the QLF as the “triangular” distribution just discussed, provided that δ1 < −αBH .
We note that such a distribution, (with a sharp break at λ∗ , instead of “smooth” version
above), would naturally arise if individual AGN are boosted to some initial Eddington ratio
above λ∗ (the distribution of which is given by γ2 ) and thereafter decay exponentially with
a constant decay time τ . In this case, the concept of “duty cycle” fd in the previous section
is replaced by the value of ξλ∗ . If the “boost plus decay” scenario is relevant, then it is easy
to see that, if AGN are activated at some fractional rate ηAGN per star-forming galaxy
per unit time (e.g., Hopkins et al., 2005), then

ξλ∗ = ηAGN · τ,

(2.8)

so that ξλ∗ is the fraction of black holes that are activated in the time interval corresponding to their subsequent decay time. This is quite a useful general definition of duty cycle.

Of course, other scenarios could also produce this ξ(λ) distribution and even more
general “duty cycle” could be defined as the fraction of black holes accreting above λ∗ (as
in the triangular distribution above). In this particular case, as shown in Section 2.2.4,
this definition of duty cycle would be given by

fd =

ξλ∗
δ2 ln(10)

(2.9)

The point is that the value of ξλ∗ is a good indicator of a generalized duty cycle.
If δ1 < −αBH , then the exact choice ξ(λ) below λ∗ is of no great importance to the
convolution model and the connections between the parameters, which we can derive
analytically in the simplified model as in Equations (2.2), (2.3), (2.5) and (2.6) will still
hold. Specifically, we can write

γ2 = δ 2 ,
γ1 = max(−αBH , δ1 ),
∗
L∗ = 1038.1 · λ∗ · MBH
· ∆L (δ1 , γ2 ),

φ∗QLF = φ∗SF · ξλ∗ · ∆φ (δ1 , γ2 ),
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where we have now also explicitly shown a δ1 dependence in the ∆ factors, because this
corrective factor will also depend on our exact choice of low slope of the Eddington ratio
distribution (see exact calculation in next section). Now using the mbh /m∗ relation, we
can also connect the observed L∗ of the QLF to the M ∗ of the star-forming galaxy mass
function with


mbh
∗
38.1
∗
∗
L = 10
·λ ·M ·
· ∆L (δ1 , γ2 ).
(2.11)
m∗

2.2.4

Analytical derivation of the QLF

In this subsection we will show analytically how the convolution of a Schechter mass
function φBH (mbh ) with a triangular Eddington ratio distribution ξ(λ) in Equation (2.4)
gives rise to a double power-law QLF and the simple relations between parameters given
in (2.10). This section can be omitted by the readers who are not interested in the details
of the mathematical procedure that give rise to convolution model of the QLF.
In this simplest case when ξ(λ) = 0 below λ∗ , combining equations (2.1), (2.4) and
(2.24) leads to

αBH

  −δ2
L
−L
λ
1
φ(L) =
exp
dλ
∗
∗
38.1
38.1
∗
10 MBH λ
10 MBH λ
λ
ln(10)λ
λ∗

 (2.12)
∗ λ ∗  δ2 
φ∗SF ξλ∗ 1038.1 MBH
L
=
Γ[αBH + δ2 ] − Γ[αBH + δ2 , 38.1 ∗ ∗ ] ,
ln(10)
L
10 MBH λ
R ∞ x−1 −t
e dt and Γ[x, y] is incomplete
where Γ[x] is Euler gamma function, given
by
Γ[x]
=
0 t
R ∞ x−1 −t
gamma function, defined as Γ[x, y] = y t e dt. On the other hand we know that the
integral of distribution of Eddington ratios has to be equal to fd
Z

∞



φ∗SF ξλ∗

Z

∞

0

ξ(λ)
dλ = 1 →
log(10)λ

Z

∞

λ∗

ξλ∗



λ
λ∗

−δ2

dλ
= fd ,
ln(10)λ

(2.13)

which gives
ξλ∗ = fd δ2 ln(10).

(2.14)

Combining Equations (2.12) and (2.14) we arrive at an expression for the QLF

(
φ(L) =

fd φ∗SF

·

δ2



∗ λ∗
1038.1 MBH
L

δ2 
Γ[αBH + δ2 ] − Γ[αBH + δ2 ,

)
L
,
∗ λ∗ ]
1038.1 MBH
(2.15)
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Figure 2.2: Functional dependence of the factors ∆L (δ1 , γ2 ) and ∆φ (δ1 , γ2 ). Black
line corresponds to the “triangle” distribution given with Equation (2.4). Orange line is
showing the result for the distribution shown in Equation (2.21) (with δ1 =0), red line is
showing the result for the broken power law distribution, given in Equation (2.7) (with
δ1 = 0), while brown line corresponds to previous case, but with added scatter when
converting from the star-forming galaxy mass function to the mass function of black holes
in star-forming galaxies.

where we separate the “normalization” from the rest of the expression in curly brackets.
We can expand this expression at low and high L to show asymptotic power law behaviour.
Expanding around L = 0 gives

(1038.1 M ∗ λ∗ )−αBH
(1038.1 M ∗ λ∗ )−αBH
2
L + O(L ) ,
− 38.1 ∗ ∗
φ(L → 0) =
αBH + δ2
10 MBH λ (1 + αBH + δ2 )
(2.16)
α
BH
so we see that dominant term will be L
and that γ1 = −αBH . This is special case of
our formula γ1 = max(−αBH , δ1 ) as in this case δ1 is effectively minus infinity.
fd φ∗SF δ2 ·LαBH ·



Expanding around L → ∞,
φ(L → ∞) =
·

∗ λ∗ δ2
1038.1 MBH
·
L


−1+αBH +δ2
 !
L
L
1
,
+ δ2 ] − exp − 38.1 ∗ ∗
+O
10 MBH λ
1038.1 M ∗ λ∗
L2

fd φ∗SF δ2
Γ[αBH



(2.17)
we see that dominant term is L−δ2 , giving rise to the equation γ2 = δ2 .
Defining the double power-law as in Equation (1.6), we find expression for L∗ and φ∗
is given by

∗
L∗ ≈ 1038.1 MBH
λ∗

φ∗QLF ≈ φ∗SF fd · δ2 (Γ[αBH + δ2 ] − Γ[αBH + δ2 , 1])
≈
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φ∗SF fd .

(2.18)

2.2. The origin of the quasar luminosity function

.
Figure 2.3: QLF in a shape of a broken power law distribution is show in blue, while
in red we show results of convolution of Schechter mass function and simple “triangle”
distribution of Eddington ratio (Equation (2.15)), with parameters set to reproduce the
blue line which is barely visible below the red line. As we see, agreement is excellent.
∗
and φ∗SF via the
As would be expected, the L∗ and φ∗QLF are related to the input MBH
characteristic λ∗ and the normalization of ξλ∗ given by fd .

We have numerically fitted the resulting φ(L) around L∗ with the broken power law
given in equation (1.6) (with γ1 = −αSF ) for various γ2 values and plot the resulting
offsets ∆L and ∆φ in Figure 2.2 such that

∗
L∗ = 1038.1 · λ∗ · MBH
· ∆L (γ2 ),

φ∗QLF = φ∗SF · ξλ∗ · ∆φ (γ2 ).

(2.19)

It can be seen that, as would be expected from Equation (2.15), the values of ∆L and
∆φ vary with γ2 . The standard double power-law Equation (1.6) is a surprisingly good
representation of the analytic result in Equation (2.15). Example of power-law shape and
result from our convolution is shown in Figure 2.3.
We can also repeat this exercise with a second form of ξλ that is flat below λ∗ , i.e., has
δ1 = 0, replacing fd by ξλ∗ , i.e.,
∗
L∗ = 1038.1 · λ∗ · MBH
· ∆L (δ1 , γ2 ),

φ∗QLF = φ∗SF · ξλ∗ · ∆φ (δ1 , γ2 ),

(2.20)

where we incorporate the fact that ∆ factors depend on the assumed shape of the Eddington ratio. This can again be seen in Figure 2.2, where we also show results of fitting with
Eddington ratio distribution which has sharp break at λ∗ , i.e.,
(
−δ1
ξλ∗ λλ∗
λ < λ∗
ξ(λ) =
(2.21)

−δ2
ξλ∗ λλ∗
λ > λ∗ .
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2.2.5

Predictions of the convolution model

If the QLF is indeed produced by the convolution described in the previous two sections,
then we can immediately see in general terms how the mass distribution of AGN, or host
galaxies of AGN, selected at a given luminosity will vary with that selection-luminosity.
This is shown in Figure 2.4 where we show the mass functions of galaxies and black holes.
The masses and number densities are normalized, respectively, by the M ∗ and φ∗SF of
the input Schechter mass function of the star-forming galaxies. These distributions are
plotted for different AGN luminosities relative to the knee luminosity L∗ in the quasar
luminosity functions (see also Equation (1.6)). To generate this plot we used the model for
ξ(λ) considered in the previous section, i.e., with a flat ξ below λ∗ and with 0.5 dex scatter
in the black hole to stellar mass relation. With this normalization the figures applies at
all redshifts. Several points should be noted on this Figure.

Figure 2.4: Expected shape of the black hole and the black hole host galaxy mass
function, selected in different AGN luminosity bins. Mass are ploted relative to the
Schechter M ∗ of the galaxy population (M ∗ ∼ 1010.85 M ) and Φ relative to the φ∗SF
of the galaxy population. All luminosities are relative to the L∗ of the AGN luminosity
function. The black dashed line is connecting the masses where the mass functions reach
maximum value.

First, all of the mass functions (of both black holes and host galaxies) always show a
peak at some mass. This is quite unlike the input mass function of star-forming galaxies,
and thus also of black holes, which increase monotonically to lower masses. The peak
arises because the low mass end of the input mass function is modulated by the high λ
part of ξ(λ), simply because it is the highest Eddington ratios that pull the lowest mass
black holes (and hosts) into a given luminosity bin. The low mass end of these mass distributions should therefore have a slope of γ2 + αSF , i.e., with αSF ∼ −0.4 and γ2 ∼ 2 (see
below), we predict a low mass slope of +1.6. This is a quite generic and robust prediction
of the convolution model and is independent of the choice of δ1 , the low λ behaviour of
ξ(λ) discussed above. This is because for most luminosities, the high mass end of the mass
functions in Figure 2.4 is dominated by the exponential fall-off of the input mass function.
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Second, at high luminosities, above L∗ , the effect of the AGN luminosity on the host
galaxy mass function is to change the numbers of hosts, but not to change the peak mass
or, to first order, the shape of the mass function. This is because of the steep exponential
fall off in the input mass function of galaxies above M ∗ . Above L∗ , the peak host galaxy
mass is always close to M ∗ because there are so few more massive galaxies. The numbers of
M ∗ galaxies at the peak is determined by how high Eddington ratios are required to bring
these objects into the luminosity range in question. For these high AGN luminosities, the
shape of the mass function of (star-forming) hosts is very similar to that of passive galaxies
except that the faint end slope is significantly steeper (αSF + γ2 , with γ2 ∼ 2) that of the
passive galaxies which is given by αSF + 1 (see Peng et al., 2010). In mathematical form,
the mass function of galaxies at any AGN luminosity above L∗ will have a Schechter shape
 m αSF +γ2
 m 
∗
∗
φ(m∗ ; L > L∗ ) ∝
exp
− ∗ .
(2.22)
∗
M
M
At lower luminosities, well below L∗ , the behaviour changes and a region of intermediate slope appears. For black hole masses between (1038.1 )−1 (mbh /m∗ )−1 (λ∗ )−1 L and
(1038.1 )−1 (mbh /m∗ )−1 (λ∗ )−1 L∗ , the mass function will have the slope given by α + δ1 . At
very low masses we will again always recover the slope of αSF + γ2 .

The location of the peak in the black hole mass function therefore depends on the slopes
of both underlying distributions (Eddington ratio and galaxy mass function), i.e., on the
sign of α + δ1 . Not surprisingly, this intermediate zone also appears in the host galaxy
mass function with the same slope. This produces a peak host galaxy mass of

M∗
L
1038.1 mbh λ∗
M∗
∼ 38.1
L∗
10 mbh λ∗

mpeak ∼

|αSF | > |δ1 |

mpeak

|αSF | < |δ1 |.

(2.23)

This difference in behaviour can be understood as follows: In the |αSF | > |δ1 | case the
dominant contribution to the luminosity function will come from low mass objects accretion at high Eddington ratio which are more numerous than high mass objects accreting at
low Eddington ratios. In the second case, roles are simply reversed and main contributor
to the QLF will be high mass AGN with low Eddington ratios.

If black hole masses were very tightly correlated with host galaxy masses, then clearly
the same behaviour would be seen in the black hole mass function(s) since these would
always be a simple (mass-)scaling of the galaxy mass function(s). However, the effect of
scatter in the black hole to host galaxy mass relation is quite marked. This is visible in Figure 2.4. The reason is clear: the mass function of black holes will now be much smoother
than that of the host galaxies since the log normal scatter smooths out the sharp exponential drop of the galaxies at high masses (recall that Figure 2.4 used a 0.5 dex scatter).
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Of course, it might be argued that the black hole mass is somehow more fundamental, and
that the galaxy mass function should be obtained by smoothing it. However, we know the
galaxy mass function quite well, and it has an exponential cutoff (see Peng et al., 2010;
Baldry et al., 2012). We do not, at this stage, know the underlying mass function of black
holes in star-forming galaxies. With this scatter, there is a much smoother variation of
the peak mass with AGN luminosity.

The dashed lines show the variation of the peak mass with luminosity. The fact that
the difference between these dashed curves on the two panels decreases with luminosity
illustrates the well known “Lauer effect” (Lauer et al., 2007) whereby the typical objects at
high AGN luminosities will generally have been scattered above the mean black hole host
mass relation. It should be noted, however, that there is no change in the low mass slope of
the mass function(s) due to scatter and this remains a very robust prediction of our model.

It is worth noting in Figure 2.4 that the peak of the black hole mass distribution varies
quite weakly with luminosity, i.e., a change in luminosity of 1 dex is associated with a
smaller increase in the peak mbh . This means that we will generally see higher Eddington
ratios in higher luminosity quasars even though the Eddington ratio distribution is taken
to be strictly independent of black hole mass. We return to this point in Section 2.5.1
below.

We stress that the (solid) curves in Figure 2.4 that show the mass functions of AGN
host galaxies (with masses normalized to the Schechter M ∗ ) at different AGN luminosities
(computed relative to the knee of the luminosity function) are an easily testable prediction
of the convolution approach, modulo the effects linked to the choice of α and δ1 discussed
above, which can shift the peak of φ(m). We will return to this topic in Chapter 4 when
we compare predictions arising from different scenarios describing galaxy - black hole
co-evolution.

2.3

Data

We next turn to demonstrate how our model relates to the observations of the mass
function of star-forming galaxies and QLF. In this section, we will estimate the redshift
evolution of parameters that describe these two populations.
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2.3.1

Mass function of star-forming galaxies

As explained previously, we need to know the mass function of star-forming galaxies to
deduce the SMBH mass function in star-forming galaxies, φBH (mbh ), which is an integral
part of predicting the QLF in Equation (2.1). We also want to verify the predictions of
Peng et al. (2010) and Peng et al. (2012) for the time evolution of the parameters of the
galaxy mass function (e.g., equation B3 from Peng et al., 2012).

Figure 2.5: Evolution of φ∗SF and M ∗ parameters in the Schecter mass function of
star-forming galaxies. Data shows minimal evolution of M ∗ until at least z ≈ 2.5, but
significant evolution in φ∗SF .

In order to do this, we fit the data for star-forming galaxies from Ilbert et al. (2013)
at all redshifts with a single Schechter function in which the parameters (φ∗SF ≡ φ∗SF (z),
M ∗ ≡ M ∗ (z)) are smoothly varying functions of redshift. Fitting all the data in this
fashion, instead of fitting at single redshifts, enables us to follow better the evolution of
the parameters. It also reduces the sensitivity to small variations which may compromise
fits at a single redshift and add to the degeneracies between parameters. This procedure
of simultaneously fitting all of the data of the galaxy mass function at different redshifts
is analogous to the standard procedure often used in determining the evolving QLF (e.g.,
Hopkins et al., 2007; Ueda et al., 2014). The functional form that we use for the redshift
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Tab. 2.1 — Evolution of star-forming galaxy mass function, data from Ilbert et al. (2013)
parameter

fixed αSF = -0.4

a0
a1
a2
a3
b0
b1
b2
b3

-2.55 ± 0.04
-0.26 ± 0.06
-1.6 ± 0.12
-0.88 ± 0.16
10.9 ± 0.04
-0.53± 0.11
3.36 ± 0.11
-3.75 ± 0.13

evolution of the galaxy mass function is Schechter form introduced in (1.8)
dN
d log m∗
αSF



m∗
m∗
∗
exp − ∗
,
= φSF (z)
M ∗ (z)
M (z)

φSF (m∗ , z) =

(2.24)

where we model the redshift dependence as
log φ∗SF (z) = a0 + a1 κ + a2 κ2 + a3 κ3 ,
log M ∗ (z) = a0 + b1 κ + b2 κ2 + b3 κ3 ,

(2.25)

with κ ≡ log(1 + z). The slope of the low mass end, αSF , was kept constant at the local
value of αSF = −0.4 as there is considerable evidence that there is little or no change
in the low mass slope for the redshift range considered (Peng et al., 2014). We give the
results of the fit in Table 2.1.

The evolution of the parameters of the mass function in Figure 2.5 confirms that M ∗
is more or less constant up until at least redshift 2.5, i.e., it verifies the Ansatz of Peng
et al. (2010) which establishes a single quenching mass scale M ∗ that does not change
with redshift. It is important to stress that our results will not depend critically at this
stage on the exact functional evolution of M ∗ above z & 2.5, but will use the by now well
established observational fact that M ∗ does not change at z . 2.5 and that the evolution
in the galaxy population since that time is associated with a “vertical” evolution in φ∗SF .
We have also performed this analysis with the dataset from Muzzin et al. (2013) and the
compilation of galaxy mass functions from Behroozi et al. (2013) and our conclusions presented in the rest of this work do not change.
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2.3.2

Quasar luminosity function

Hopkins et al. (2007) combined measurements of quasar luminosity functions in different
bands, fields and redshifts in order to characterise the bolometric QLF at epochs 0 < z < 6.
In their work, the best fit luminosity-dependant bolometric correction and luminosity and
redshift-dependent column density distributions are used in order to construct an estimate
of the bolometric QLF which should be consistent with all of the various individual surveys. Although now several years old, we believe that this synthesized QLF compilation
remains the most comprehensive and it is used as the basis for the current analysis.

We proceed with fitting their tabulated data with a double power law QLF, as given by
Equation (1.6). We fit both at each redshift individually, and carry out a “full fit” where
the parameters (i.e., φ∗QLF , L∗ , γ1 and γ2 ) are all constrained to be smoothly varying functions of redshift, i.e., adopting a similar approach as we used earlier in our fitting of the
galaxy mass function in Section 2.3.1. This “full” fitting of a redshift-dependent double
power-law is essentially the same as the approach used in Hopkins et al. (2007), with one
important difference. In order to avoid degeneracies in the fits it is necessary, both here
and in Hopkins et al. (2007), to fix one or more of the parameters. Hopkins et al. (2007)
chose to require a redshift-independent φ∗QLF at a constant value. We now know that
φ∗SF of the galaxy population changes significantly over the redshift range of interest and,
as developed in the previous section, the relationship of φ∗QLF relative to φ∗SF is of great
interest in the context of the duty cycle. In contrast, γ1 is set, in our convolution model,
by the low mass slope αSF of the mass function of star-forming galaxies. As mentioned
before there is not much evidence (see Peng et al., 2014) that this changes significantly,
if at all, over the redshift range of interest, nor compelling evidence for a change in γ1 .
Therefore, we choose to have a redshift-independent faint end slope of the luminosity
function, γ1 and to allow φ∗QLF to vary with redshift. It should be noted that our fitting
procedure is the same as a “luminosity and density evolution” model (e.g., Aird et al.,
2010) except that we are allowing the bright end slope γ2 to vary. We do this because,
as we have seen, γ2 is set by the high λ behaviour of the Eddington ratio distribution ξ(λ).

The parameters in the luminosity function are allowed to vary as
log φ∗QLF = c0 + c1 κ + c2 κ2 + c3 κ3 ,
log L∗ = d0 + d1 κ + d2 κ2 + d3 κ3 + d4 κ4 ,
γ1 = e 0 ,

(2.26)

γ2 = f0 + f1 z + f2 z 2 ,
with again κ = log(1 + z). We follow Hopkins et al. (2007) in fitting γ1 and γ2 as a
polynomial in z (rather then κ = log(1 + z) ), but this choice is not of great importance.

Additional degrees of freedom were added to the fit until we can find no appreciable
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Figure 2.6: Fits to the bolometric dataset compiled in Hopkins et al. (2007), with the
broken power law fit of Equation (1.6). The orange curve shows our “full fit” done with
parametrization in Equation (2.26). Red curve shows fit in which redshift dependence of
φ∗QLF is set to be exactly the redshift dependence of φ∗SF .

Tab. 2.2 — Best fits to QLF data from Hopkins et al. (2007)
parameter
c0
c1
c2
c3
d0
d1
d2
d3
d4
e0
f0
f1
f2

“full fit”

with φ∗QLF ∝ φ∗SF

-4.35 ± 0.06
0.059 ± 0.07
-3.2 ± 0.3
1.73 ± 0.2
44.67 ± 0.06
4.02± 0.07
3.78 ± 0.08
-4.68 ± 0.1
-5.7 ± 0.2
0.5 ± 0.03
1.64 ± 0.05
0.54 ± 0.05
-0.12 ± 0.01

-1.79 ± 0.04
44.67 ± 0.04
4.09 ± 0.09
3.5 ±0.07
-3.85 ± 0.07
-5.98 ± 0.15
0.52 ± 0.04
1.63 ± 0.06
0.56 ± 0.06
-0.106 ± 0.03

quantitative difference in the quality of the fit. The values of the double power-law parameters in the smoothly varying “full-fit” are given in Table 2.2 and the fits are shown
with orange curves in Figure 2.6.
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The redshift dependences of φ∗QLF and L∗ are shown in the panels of Figure 2.7 and
we discuss these results in the next section.

Figure 2.7: Top left: Redshift evolution of QLF parameters L∗ and φ∗QLF in our “full
fit”. The contours are showing 1-σ allowed regions of parameter space for fits which were
made with data at each individual redshift. The filled circles are the result of a global fit,
for which the resulting QLF is shown in Figure 2.6. Uncertainty contours for this fit are
not shown here for clarity. Top right panel: Projection showing explicitly the change of
normalization φ∗QLF with redshift. Bottom left: Projection showing explicitly change of
L∗ with redshift.

2.4

2.4.1

Results from comparing the evolution of the QLF and
the galaxy mass function
The evolution of QLF normalization

The first result is that we notice a strong similarity between the observed redshift dependence of φ∗QLF in Figure 2.7 and the observed φ∗SF in Figure 2.5. Both drop by ∼0.5 dex
by redshift 2. Their relative evolution is explicitly compared in the bottom right panel
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Figure 2.8: Same as Figure 2.7 for QLF fit at redshifts z ≤ 3, in which we demanded
that φ∗QLF ∝ φ∗SF , i.e., that redshift dependence of theses two variables is the same.

of Figure 2.9, which shows that a constant ratio between φ∗QLF and φ∗SF is perfectly consistent with the data. We note that the fact that the density normalization of the QLF
decreases slowly with redshift has been seen in several previous analyses, for instance in
the “luminosity and density evolution” model of Aird et al. (2010) and Aird et al. (2015),
which have a 0.4 dex decrease in normalization between redshifts 0 and 2, Croom et al.
(2009) shows a very similar decrease of normalization in his “luminosity and density evolution” model, while Hasinger et al. (2005) show a decrease in normalization of 0.5 dex
between redshift 0.6 and 2.4. Here we highlight the striking similarity of this behaviour
to the observed decline in φ∗SF .
Referring back to Section 2.2.3, a constant ratio between φ∗QLF and φ∗SF implies a
constant duty cycle, ξλ∗ , of the black holes in the context of our convolution model. To
explore this further, we now repeat the fitting procedure but set the evolution of φ∗QLF
to be exactly that of φ∗SF , i.e., we impose that the evolution of the QLF normalization
is exactly the same as the evolution of the normalization of star-forming galaxies in the
redshift range where we have φ∗SF available (z<3.5), while the constant multiplicative
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offset between these parameters remains a free parameter to be determined by the fitting
procedure, i.e.,

φ∗QLF ∝ φ∗SF .

(2.27)

The results of this fitting are given in Table 2.2 and the resulting QLF is shown
with the red curve in Figure 2.6. It can be seen that the fit is extremely good, being
only marginally worse then the full fit of Hopkins et al. (2007) ( χ2this work /d.o.f. = 2.1;
χ2Hopkins /d.o.f. = 2.0), both of which have a comparable number of free parameters. The
main driver for the slightly worse fits in our work is the deviation of the fit from data for
low luminosities at low redshifts. The data in this regime may be contaminated by contributions from the stellar populations of the hosts, as discussed in Hopkins et al. (2007).

The parameter evolution in this “φ∗SF -matched” fitting are shown as linked filled circles in Figure 2.8. As one can see, the points are typically situated on the edges of the
individual 1-σ contours, which is to be expected given that χ2 /d.o.f. = 2.1. We conclude
that the change of normalization of the QLF is perfectly consistent with the change of
normalization of the star-forming galaxy mass function over the entire redshift range for
which we have the measurements of normalization of the star-forming galaxy mass function.

The fact that as far as we can tell the φ∗SF (z) and φ∗QLF (z) track each other throughout
cosmic time (at least since z ∼ 3, and quite possibly since earlier epochs also, is an interesting result. It means that the factor which is connecting these two quantities, which in
the convolution model is ξλ∗ (slightly modified by ∆φ ), remains constant.

As we have discussed above, this suggests that the general “duty cycle”, fd , stays constant over cosmic time (e.g., Equations (2.6) and (2.9))(see also Conroy & White, 2013).
Clearly, this would not be the case for other definitions of “duty cycle” that are based,
for instance, on the fraction of black holes radiating above some luminosity or accreting
above some Eddington ratio, if λ∗ or L∗ evolves with time, as it does (see below), but we
believe that our definition of duty cycle is the most natural one (as discussed above).

2.4.2

The evolution of characteristic QLF luminosity

The other striking feature of the quasar luminosity function is the strong redshift evolution of L∗ , which increases by almost two orders of magnitude back to z ∼ 2. At higher
redshifts, the L∗ (z) certainly flattens out and probably declines, although this cannot be
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Figure 2.9: Top: Comparison of the redshift evolution of the normalization of starforming galaxy mass function and the normalization of quasar luminosity function. Black
circles show the values of φ∗SF which were determined by fitting the data from Ilbert et al.
(2013) at a single redshift. Black squared show the values of φ∗QLF which were determined
by fitting the QLF data at a single redshift and are also shown in Figures 2.7 and 2.8.
Bottom: Redshift evolution of the φ∗SF /φ∗QLF . This ratio is remarkably constant over
redshift range for which data is available.

established at high significance. The strong initial rise with redshift is seen independent
of whether we use the full fit, or the fit constrained to have φ∗SF (z) and φ∗QLF (z) tracking
each other.

In our convolution model, the steep rise in L∗ (z) (see Equation (2.11)) could have been
caused in principle by one or more of (a) an evolution of λ∗ , (b) an evolution of M ∗ of the
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galaxy mass function or (c) an evolution of the mass ratio mbh /m∗ .

As discussed in Section 2.3.1, we know that the characteristic M ∗ of the galaxy population does not change, especially in the redshift range where increase of L∗ is most
prominent (z ≤ 2), so case (b) will not apply. There is however complete degeneracy
between cases (a) and (c), i.e., the distribution of specific accretion rates of AGN and the
black hole to stellar mass ratio. This is clear in Equation (2.11) and has been pointed out
also by e.g., Veale et al. (2014). This degeneracy can only be broken if we have information
on the black hole masses of the AGN. We will explore this in the next section.

2.5
2.5.1

Testing the model with black hole mass data
The quasar mass-luminosity plane

In this part of the thesis we will compare predictions of how the black hole mass-luminosity
plane of broad-line AGN should be populated in our model, and compare these with SDSS
data. After creating a mock sample of star-forming galaxies in an SDSS volume, we will
populate them with black holes assuming different redshift-dependent mbh /m∗ scaling relations and an assumed scatter. We will then assign Eddington ratios from the evolving
ξ(λ, z) distribution and apply an obscuration prescription from Hopkins et al. (2007).
These two functions are chosen so that the QLF is reproduced as in the previous section:
in other words the redshift evolution in mbh /m∗ and the redshift evolution in λ∗ will be
required to produce the observed evolution in the QLF L∗ .

For the observational distribution, we use data from two observational studies (Shen
et al., 2011; Trakhtenbrot & Netzer, 2012) to show that our results do not depend critically on the data choice and to give the reader a graphical impression of the uncertainties
involved in this kind of measurement. By comparing our mock data with the observed
distribution we will be able to see which combination of redshift-dependent mbh /m∗ and
ξ(λ, z) best reproduces the observational data. We take into account the obscuration factor and the differences in bolometric correction between different works and apply the
same bolometric correction to the data and model (namely the one used in Shen et al.,
2011) to make them directly comparable.

By using this mock sample approach we can fully account for biasses introduced by
the luminosity-selection of the quasar samples. We recreate data only up to z = 2, as
black hole mass estimates for higher redshifts are based on the broad C iv λ1549 emission
line, which was shown to be far less reliable for these purposes, as discussed in Introduction.
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Figure 2.10: Mass-luminosity plane shown in 3 representative redshift bins. Our
model with assumed non-evolving relation mbh /m∗ = 10−2.8 is in the top row and our
model with assumed evolving relation mbh /m∗ = 10−3 (1 + z)2 is in the row below. Observational data from Shen et al. (2011) and Trakhtenbrot & Netzer (2012) are shown in
bottom two rows. The thick black line is the Eddington limit, dashed orange lines show
the calculated luminosity selection limit for lowest and highest redshift in the bin. The
dotted and dashed black lines represent FWHM=1000 km/s and 1500 km/s, respectively,
and are shown here to indicate which objects could be missed in observations because of
FWHM limit in quasar selection. Contours are set at 10%, 20% etc. values of estimated
probability distribution of objects. Outermost objects are represented as individual dots.
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We first show in the topmost panels of the Figure 2.10 the modelled distribution of
quasars in the black hole mass-luminosity (mbh , L) plane in three representative redshift
bins if we assume a redshift independent mbh /m∗ with the standard value of mbh /m∗ ≈
10−2.8 . We introduce a log-normal scatter in this relationship of 0.5 dex to account for
scatter in mbh /m∗ relationship. The solid diagonal line indicates the Eddington limit
(λ = 1).

The data from Shen et al. (2011) and Trakhtenbrot & Netzer (2012) are plotted in the
two bottom rows of panels in Figure 2.10. In these panels, the diagonal dashed and dotted
lines indicate the locus of black hole masses for two constant FWHM (of 1000 km/s and
1500 km/s respectively) of the emission lines (Hβ and MgII) that were used to infer the
black hole masses. Systems of lower FWHM will not appear in the samples, e.g., the limit
used in Shen et al. (2011) is set at 1200 km/s.

We see that there is good agreement of model with the data at low redshifts, which a
consequence of the choosing a suitable mbh /m∗ ratio. We see, however, that a non-evolving
mbh /m∗ relation produces far too many objects with masses that are too small or, equivalently, which have very high Eddington ratios, with around 50% being super-Eddington
in the final redshift bin, while only around 2% of objects are super-Eddington in the
data. This is a simple consequence of the fact that L∗ is much higher then locally and is
a reflection of the high λ∗ implied for an unevolving mbh /m∗ relation shown in Figure 2.19.

We note that the comparison could not be expected to be perfect because our data is
constrained to reproduce the QLF from Hopkins et al. (2007); although SDSS data and the
optical QLF is the main contributor to the Hopkins QLF in this luminosity range, there
are small contributions from other surveys as well as slightly different bolometric and obscuration corrections which will induce small differences. Nevertheless, the disagreement
with a non-evolving mbh /m∗ ratio is too large to be due to this.

A much better agreement is obtained (second row of Figure 2.10) if we adopt an evolving mbh /m∗ relation. We adopt as a heuristic example the form mbh /m∗ ∝ (1 + z)n with
n = 2. The agreement with the observed distribution is considerably better and there are
now far fewer objects crossing the Eddington limit (∼ 3 %) at high redshifts. This means
that the observed ∼ (1 + z)4 increase in L∗ back to z ∼ 2 would be due to an equal split
between a (1 + z)2 change in mbh /m∗ and a (1 + z)2 change in characteristic Eddington
ratio λ∗ , remembering that these two changes are degenerate in our convolution model
without the mbh /m∗ data of Figure 2.10.

Finally we note that, quite independently of any assumptions about mbh /m∗ , our convolution model naturally recreates the apparent “sub-Eddington boundary” that has been
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emphasized by Steinhardt & Elvis (2010), by which we mean the flat upper envelope.
This refers to the fact that at all redshifts there seems to be a lack of objects at high
masses close to the Eddington limit, which can also be seen in Figure 16 of Trakhtenbrot
& Netzer (2012). This can be observed in the Figure 2.10 where the upper contours of
the red regions have slopes that are noticeably shallower than the 45 degree slope that
corresponds to a constant Eddington ratio, thereby giving the impression of an absence of
high luminosity high λ sources.

This behaviour is quite counter-intuitive, and was interpreted by Steinhardt & Elvis
(2010) as being caused by some new physical effect that somehow limits accretion onto
more luminous quasars. Various authors have proposed alterations to the measurement
methods in mass-luminosity plane which could reduce or eliminate this effect (e.g., Rafiee
& Hall, 2011a; Rafiee & Hall, 2011b). We show instead that this behaviour is actually
expected from the convolution model presented in this chapter and is primarily a consequence of how the data is plotted!

We commented earlier in Section 2.2.5 that while the typical black hole mass increases
with luminosity in our convolution model, it does so sub-linearly, so that the “typical”
Eddington ratio must also increase with luminosity. This can be seen also in these plots:
the ridge line that is defined by the peak in the mass distribution at a given L is indeed
steeper than the 45 degree line of constant Eddington ratio, which is why the shallower
slope of the boundary defined by the contours is so counter-intuitive. However, because
the number of more massive black holes falls very steeply with mass, because of the decline
of the galactic mass function above M ∗ , the contours of constant surface density, given by
the contours in the plots in Figure 2.10 and in the Steinhardt & Elvis (2010) analysis, are
actually shallower than the 45 degree line.

This is more clearly seen in Figure 2.11 were we show the appearance of our full sample,
before the application of the SDSS luminosity cut. At lower luminosities the effect gets
more and more pronounced and we expect that deeper surveys of a given area would find
more super-Eddington objects at small masses.

We emphasize that the reproduction of the Steinhardt & Elvis (2010) effect in Figure
2.10 is achieved within our convolution model with an Eddington ratio distribution ξ(λ)
that is completely independent of black hole mass. The effect noted by Steinhardt &
Elvis (2010) would not be seen (in our model) if the distribution of points in the (mbh , L)
plane was normalized to the total number of black holes (in star-forming galaxies) at a
given mass, which is, of course, unfortunately not observable. Our explanation for the
sub-Eddington boundary in Steinhardt & Elvis (2010) is therefore a kind of “plotting
bias” arising from how the data is plotted, rather than a “selection effect” per se, coming
through the construction of the sample via, e.g., emission line widths.

42

2.5. Testing the model with black hole mass data

Figure 2.11: Full sample from our model, before applying the luminosity cuts to
produce the second row in Figure 2.10. For clarity, only one out of every 25 points is
shown.

2.5.2

Establishing the mbh /m∗ correlation in quenched systems

In this section we show how it is possible to reproduce the observed tight correlation between mbh /m∗ in the local Universe even if the black hole to stellar mass relation in the
star-forming galaxies is strongly evolving (see also Croton, 2006; Hopkins et al., 2006a). We
first consider the correlation between the black hole mass and the stellar mass in quenched
objects. Given that we do not work with different galaxy component in this simple model,
we initially do not consider the separation of the galaxy mass in the bulge/disk component, i.e., we treat the total galaxy mass at the moment of the quenching as a observable
quantity in the local Universe. In the following section we will also explicitly consider,
using the model from Lilly & Carollo (2016), mbh /mbulge relation in the local Universe.

For this analysis, we use results from the simple galaxy evolution model of Birrer et al.
(2014) to construct a set of evolving star-forming galaxies and their quenched descendants.
The details of the Birrer et al. (2014) model are not important for the present purpose
since it reproduces well the overall evolution of the galaxy population, which is all that
we require here.

For each quenched galaxy seen in the model at the present epoch, we know the mass
and redshift at which it quenched and can therefore compute the black hole mass from
the adopted redshift-dependent mbh /m∗ relation for (star-forming) galaxies, adding also
the adopted scatter. We assume that there is no stellar mass growth after quenching and
that there is no central SMBH mass growth after quenching

After this procedure we are left with a mock sample of quenched galaxies, with their
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Figure 2.12: Top left: Resulting mbh /m∗ relation in quenched galaxy systems today,
if we only take into account systems that have quenched after z = 2. Orange line shows best
fit quoted in Kormendy & Ho (2013). Blue line shows best fit to the data generated from
40 realizations of the model. Top right: Resulting mbh /m∗ relation in quenched systems
today, for full range of quenching history (z < 5). Orange and blue line are generated
in same way as in previous panel. Merging, uncertain evolution in mbh /m∗ relation and
errors in estimated rate of quenching at high redshift could bias this result, as discussed in
text. Bottom left: Measured mbh /mbulge by Kormendy & Ho (2013). Orange line shows
again best fit quoted in Kormendy & Ho (2013). Bottom right: Measured mbh /mbulge by
Häring & Rix (2004).

black hole masses known, after which we can account for sample selection effects. This is
not trivial, as measurements of masses of black holes are from heterogeneous sources and
no single luminosity or other cut is possible.

We therefore decided to create an empirical selection in galaxy mass so that the distribution of galaxy masses in the mock sample broadly matches that of the passive early
type galaxies which have had their SMBH mass measured. We show results for two situations, where we first only consider galaxies that quenched after z = 2 and then include all
galaxies that have quenched since z = 5. We differentiate between these two cases since
we expect merging, which is not explicitly accounted for here, to have a larger impact for
galaxies that quench earlier, and because the assumed mass ratio scaling, which we think
is reasonable approximation (see above) at redshift z < 2, may break down at higher red-
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shifts. When we ignore quenching at 2 < z < 5, we are losing only about 10% of today’s
quenched population, but the model is on a much firmer footing.

We have fitted the simulated data, derived from 40 random realizations of the model,
with a relation of the form




m∗,quench b
mbh
=a·
(2.28)
100
m∗,quench
1011 M
by regressing the black hole mass on the stellar mass, and compute the scatter of the simulated galaxies around this relation. We derive values of (a, b) = (0.40, 0.09) and a scatter
of 0.53 dex for the case of quenching only from z=2, and values of (a, b) = (0.63, 0.18) with
scatter of 0.6 dex for the case of quenching from z=5. These values should be compared
with the observed values of (a, b) = (0.49+0.06
−0.05 , 0.14 ± 0.08) and a intrinsic scatter of 0.29
dex derived in Kormendy & Ho (2013). While the predicted scatter appears to be larger
than observed, subsequent merging of galaxies, that has not been modelled here, will act
to reduce the scatter (Hirschmann et al., 2010, Jahnke & Macciò, 2011). Additionally, we
are here considering the total galaxy mass, and we will show in the following subsection
that scatter is smaller when considering only the bulge component of galaxies.

The origin of mbh /m∗,quench relation is the underlying mbh /m∗ relation in star-forming
galaxies assumed in the model, with added scatter due to the fact that galaxies of a given
stellar mass today have quenched at various redshifts and, for a given stellar mass, the
spread in black hole masses is amplified by spread in the quenching redshifts. The mean
of the mbh /m∗ relation in quenched objects is positioned roughly at the value of mbh /m∗
at the mean redshift of quenching at that mass, which is z ∼ 1 − 1.5 over a wide range of
galaxy masses.

It is interesting to note that objects that have quenched more recently would be expected on average to have a lower mbh /m∗ value, because of the evolution in mbh /m∗ . It
is possible that these recently quenched galaxies could be associated with pseudo-bulges
instead of bulges. Kormendy & Ho (2013) has indeed argued that pseudo-bulges do have
a lower mbh /mbulge ratio.

We also note in passing that if there is a trend for the typical quenching redshift to
increase with increasing stellar mass (e.g., because of interplay of mass and environment
quenching, Peng et al., 2010) then this would introduce a tilt in the local mbh /m∗ relation
(b 6= 0) even though the input mbh /m∗ in star-forming galaxies was perfectly linear.
The link with quenching redshift then prompts another interesting point. There is very
good evidence that the sizes of galaxies, at a given mass, are smaller at high redshift
(Daddi et al., 2005; Newman et al., 2012; Carollo et al., 2013; Shankar et al., 2013). We
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would therefore expect, through virial arguments, that the velocity dispersions, at a given
mass, would also be higher. This has been directly observed in a few cases (e.g., van
Dokkum et al. 2014). For analytic simplicity, we assume that the scale radius of galaxies
scales as (1 + z) so that the usual FaberJackson-type scaling relation would be expected
to evolve as

m∗ ∝ σ 4 (1 + z)−2 .

(2.29)

If mbh /m∗ scales as (1 + z)2 , as we have been exploring in this part of the thesis, then this
naturally produces an mbh − σ relation that is independent of redshift.
This has two implications: first, we would not expect to see any significant evolution in
the observed mbh − σ relation (see Shen et al., 2015 for observational evidence). Second,
we would expect the present-day mbh − σ relation for passive galaxies to be tighter than
the mbh − m∗ relation, because of the aforementioned broadening of the latter from the
range of zquench . We will explore this further, in the context of mbh /mbulge relation, in the
next subsection.

We stress that this tighter mbh − σ relation would be present even if the velocity dispersion is not playing a direct role in the growth of black holes. Of course, it is also
possible that the evolution in the mbh /m∗ is in fact caused by the constancy of an underlying mbh − σ causal connection. On the other hand, there could well be other causes for
mbh /m∗ to evolve as (1 + z)2 , in which case the tight mbh − σ relation would simply be a
coincidence.

2.5.3

The mbh /mbulge correlation in quenched systems

In this section we will further expand our analysis of the scatter in the relation connecting
galaxy properties and black holes masses in the quenched objects. We have already pointed
out that the size evolution of galaxies will act to reduce scatter in the mbh −σ relationship,
compared to the mbh /m∗ relation. We now consider the scatter in the mbh /mbulge relation.
How the bulges are formed and what dynamical processes are drivers of the bulge formation is an still an open question and a topic of research (e.g., Noguchi, 1999; Steinmetz
& Navarro, 2002; Kormendy & Kennicutt, 2004; Dekel et al., 2009). However, phenomenological approach which we have been using so far, can provide some insights here as well.
Lilly & Carollo (2016) studied correlation between sSFR and internal structure of galaxies. Their simple model uses observed evolution of the size-mass relation for star-forming
galaxies to model build-up and radial dependence of stellar mass in galaxies. As galaxies
grow along the Main Sequence the newly created stars are distributed in an azimuthally
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symmetric exponential distribution with a scale length, h, which has a redshift dependence:
h(z) ∝ (1 + z)−1 .

(2.30)

For a typical galaxy at a given redshift and mass, the outer edges follow the exponential
profile, while the inner parts have profile which rises above exponential due to the star
formation which has happened at earlier epochs. This excess of the mass in the central
parts of the galaxies can be operationally associated with the bulge component. In this
model galaxies which have quenched at the earlier times have much denser core, due to
scale length being smaller at earlier times, and a larger fraction of these galaxies can be
identified as a “bulge”. This very simple model is quite successful in reproducing observed
correlation between quenched fraction of galaxies and their mean surface mass densities,
even though the quenching itself follows the prescription from Peng et al. (2010), i.e., it
is only dependent on the mass and the environment, and it is not connected, in a direct
way, with the surface mass density.

Figure 2.13: Correlation of black hole mass with total and bulge mass in quenched
galaxies. In the left panel we show expected mbh /m∗ relation in quenched galaxies. We
separate the population in the “bulge dominated systems”, i.e., the galaxies which have
quenched before z = 1.2 which are shown in red and “disk dominated systems”, i.e., the
galaxies which have quenched after z = 1.2, which are shown in black. We also show, in
the dashed lines, evolution of the typical mbh /m∗ ratio with redshift. In the right panel we
show expected mbh /mbulge relation in quenched galaxies. Bulge mass has been identified
as a total stellar mass of a galaxy at z = 1.2.

Following this approach and to illustrate qualitatively the scatter expected in the
mbh /mbulge relation, in the following analysis we simply identify, for each galaxy, the
stellar mass which was created before z > 1.2 as bulge. More involved and no doubt
more realistic scenario could be surely implemented but we use this simplest assumption
following the spirit of our phenomenological modelling and to transparently illustrate the
main effect. In Figure 2.13 we show our results. Comparison of the two panels clearly
shows that the observed scatter in reduced when considering mbh /mbulge relation. This is
because the “added scatter”, which is caused by the redshift evolution of mbh /m∗ relation,
is virtually eliminated when considering just the bulge parts of the galaxies, which have all
been built-up at higher redshifts. mbh /mbulge relation in quenched galaxies has therefore
the scatter which is virtually the same as the intrinsic scatter of the mbh /m∗ relation in
star-forming galaxies. We show also calculation of scatter as function of either total or
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bulge mass in Figure 2.14. For this particular calculation we used intrinsic scatter of 0.3
dex - in this way contribution of the intrinsic scatter and the mass ratio evolution to the
total observed scatter are of comparable magnitude.

Figure 2.14: Scatter in the black hole - galaxy relation as a function total mass (in
black) or as a function of “bulge” mass (in orange). Thin dashed line show the intrinsic
scatter, which was set at 0.3 dex for this particular analysis. mbh /mbulge relation shows
less scatter than the mbh /m∗ relation. This is because mbh /mbulge relation effectively
eliminates the contribution of the mbh /m∗ evolution to the total scatter, which is present
in the mbh /m∗ relation.

This analysis shows how the the tight correlation between mbh /mbulge does not necessarily imply that there is deep causal connection between black hole and its bulge. Even
though the intrinsic correlation in our model was between the black hole and the total
stellar mass, the interplay between the sSFR evolution, the galaxy size evolution, and
the mbh /m∗ evolution can mimic the tight mbh /mbulge relation. Of course, in the similar
fashion as in the previous section, this analysis can not recover which physical process is
the primary driver for correlations observed in the Universe. One could also conduct the
analysis “in reverse”, by arguing that the mbh /mbulge in quenched galaxies is the most
fundamental correlation and derive the mass quenching law, which we use as a premise.

2.5.4

Quenched galaxies as a function of galaxy and black hole mass

Following the discussion about the possibly misleading conclusions which can be derived
from the data describing black hole - galaxy properties, in this section we show a similar
effect when considering black hole mass and quenched fraction of galaxies. In the previous section we have briefly explained the basic assumption and ingredients of the model
presented in Lilly & Carollo (2016). As we mentioned, the quenching law adopted in
that work is the same that we discussed in Section 1.2.2, i.e., it is a function only of the
galaxy mass and the environment. Yet, it successfully reproduces the observed correlation
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between the quenching fraction and properties of the central regions of galaxies, which
was the consequence of the size evolution in star-forming galaxies and the sSFR evolution
(and therefore, as explained in Section 1.2.2, also the evolution in the quenching rate).
We therefore expect a similar effect, in our model, when we look at the quenched fraction
as a function of stellar mass and the black hole mass. We note that, if one uses the results
from previous section in which we argued for tight connection between the black hole mass
and the bulge mass, the reader can replace mbh with mbulge in what follows. We show our
prediction for quenched fraction in Figure 2.15.

Figure 2.15: Quenched fraction as a function of stellar and black hole mass. The
colour denotes the expected quenched fraction as shown on the label at the right hand
side of the plot. Quenched fraction increases as a function of black hole mass, but this is
due to the evolution of the mbh /m∗ ratio and the cosmic quenching rate. The black hole
mass is not directly connected with the quenching in this model.

We note several features of this plot. First of all, if we concentrate ourselves solely on the
stellar mass, we see the fraction of quenched objects as a function of stellar mass is rising.
This is the trivial consequence of the quenching law which is galaxy mass dependent and
reproduces star-forming and quenched galaxy mass functions in the local Universe which
we discussed in Section 1.2.2.
Different view is to consider the quenched fraction as a function of black hole mass.
We see that the quenched fraction rises suddenly around 108 M , almost irrespective of
the galaxy mass. This changes happens even though black hole mass was not directly
connected with quenching of star-formation. The fact that the fraction of quenched objects is seemingly strongly related with black hole mass is consequence of the interplay of
(i) rising quenched fraction as a function of galaxy mass, (ii) evolution of the quenched
population, and (iii) mbh /m∗ ratio evolution.
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For an example, consider all galaxies having similar stellar mass, e.g., 1010 M . Galaxies which have low black hole mass, below 107 M , are all likely to be star-forming as this
ratio, because mbh /m∗ = 10−3 is the typical ratio for the galaxies which are star-forming
today. As the black hole mass rises we are probing higher and higher mbh /m∗ ratios which
are tracking galaxies which have quenched at higher and higher redshifts and the number
of currently star-forming galaxies which are scattered to these high ratios keeps dropping.
Therefore, the fraction of quenched galaxies, at given galaxy mass, keeps rising with the
black hole mass. On the other hand, given that fraction of quenched galaxies rises with
stellar mass, the mbh /m∗ ratio needed to achieve the same fraction of quenched objects
keeps changing in a way that constant quenching fraction roughly corresponds to the constant black hole mass. As discussed previously in Sections 2.5.2 and 2.5.3, this analysis
shows how dangerous it is to associate the the correlations seen in the data with the causal
relationship (e.g., Bluck et al., 2014).
We will return to the topic of connection between the mbh /m∗ ratio in star-forming
and quenched galaxies when we discuss observation at higher redshifts in Section 2.6.1.

2.5.5

mbh /m∗ in AGN in the local Universe

Finally, we turn to estimates of the mbh /m∗ relations for AGN in the local Universe, where
it is possible to estimate independently the mass of the galaxy that is hosting an optically
active AGN. Matsuoka et al. (2014) made a careful decomposition into nuclear and host
contributions of the images of z < 0.6 quasars in the SDSS Stripe 82. They found that the
quasars are predominately hosted in massive star-forming galaxies, with relatively large
mbh /m∗ ratios of around 10−2.5 . Matsuoka et al. (2014) were aware of the possibility that
selection effects could bias this value upwards but could not estimate their magnitude. We
can now use our model to examine the expected size of this bias.

To do this we simulate sources within the same sky area as Stripe 82 and recreate objects above the AGN luminosity cut that would have been selected for quasar spectroscopy
in the SDSS sample, with scatter of 0.4 dex. The results are shown in Figure 2.16, represented in the same way as in the original paper. We see that the observed quasars will
have mbh /m∗ ratios that are indeed much higher then the mean value in the underlying
sample, which is indicated by the shaded region in the figure.

Finally, we notice that even though we inserted mbh /m∗ ∝ (1 + z)2 redshift evolution in
our model, this evolution would be quite hard to detect in the sample of Matsuoka et al.
(2014), owing to the large spread of points and the selection biasses connected with such
a study. Nevertheless, we do still see a slight change in the mean values of the simulated
sample that is not seen in the actual data. We discuss evolution of the mass ratio at these
low redshifts further in Section 3.1.1.
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Figure 2.16: Top panel : Simulated observation of mbh /m∗ relation in Stripe 82,
mimicking analysis of Matsuoka et al. (2014). Blue line shows mean mbh /m∗ relation in
full sample (before luminosity cut was applied), while the shaded area shows 1 − σ spread
around mean relation in our model. The black line shows mean and spread of distribution
of points in 0.1 redshift slices. Red line is set to 10−2.8 , which is approximately local
relation from Häring & Rix (2004). Bottom panel : original data from Matsuoka et al.
(2014).

2.6

Discussion

In the preceding sections of this thesis we have developed a simple generic model for
obtaining the evolving AGN luminosity function from a convolution of the evolving galaxy
mass function. This generic model makes testable predictions for quantities such as the
shape of the mass distribution of host galaxies as a function of AGN luminosity and allows
us to derive quantitative connections between the parameters describing the galaxy mass
function and the AGN QLF. On the basis of these, we can derive powerful statements
about the duty cycle of AGN. We then showed, in the framework of this general model,
that a redshift-dependent mbh /m∗ and Eddington ratio distribution, ξ(λ), successfully
reproduces the observed quasar luminosity function (by construction) and also reproduces
observations of the distribution of quasars in the (mbh , L) plane, the black hole to bulge
mass relation of quenched galaxies and measurements of mbh /m∗ for low redshift AGN. In
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this Discussion, we develop further some of the astrophysical implications of the preceding
results.

2.6.1

Comparing mbh /m∗ redshift evolution in active and quenched systems

It is important to appreciate that a quite rapid evolution in mbh /m∗ in active (starforming) AGN systems does not imply an equally rapid evolution of mbh /m∗ in the
quenched systems. This is because, when we are observing quenched systems, we are
effectively observing the integrated population that was produced at earlier epochs. To
illustrate this, we perform a simple heuristic exercise in which we determine mbh /m∗ in
quenched systems at given epoch, assuming as above that quenching started at redshift
2. We make the same assumptions as before, namely that there is no stellar or black hole
mass growth after quenching.

Our results are shown in Figure 2.17. Even though star-forming galaxies have changed
their black-hole to stellar mass ratio by almost a factor of 10 from redshift z ∼ 2 to today,
the evolution in this ratio for quenched systems is much milder, more like a factor of 3 or
even less (0.4 dex), simply because the quenched population includes galaxies that have
quenched much earlier. This means that the redshift evolution in mbh /m∗ for quenched
systems will always be much milder than the evolution in this quantity in active systems.

The distinction between active and passive populations becomes even more important
if observational studies compare actively accreting systems at high redshift with data on
the quiescent population at low redshift. This is unfortunately quite common practice
(e.g., Jahnke et al., 2009; Decarli et al., 2010; Merloni et al., 2010; Bennert et al., 2011;
Schramm & Silverman, 2013; Schulze et al., 2015), because of the current practicalities
of observations. We stress that this approach automatically produces weaker evolution
since neither mbh nor m∗ will have changed once a given object becomes inactive (i.e.,
passive/quenched). It is therefore clear that the mean mbh /m∗ relation in the quenched
systems will reflect the mass ratio in the star-forming galaxies at the much earlier epochs
when those galaxies actually quenched (as already discussed above). For the local population, this is typically around z ∼ 1-1.5.
Clearly, if we compare the mbh /m∗ of star forming systems at z ∼ 1-1.5 to the mbh /m∗
ratio of passive galaxies seen today that quenched at z ∼ 1-1.5, then we would expect to
see no change in mbh /m∗ , even if this ratio had changed a lot within the actively accreting
population! Of course, if the high redshift active systems are luminosity-selected then their
mbh /m∗ ratio will likely have been biassed to higher values than the underlying population
through the “Lauer effect” discussed in Section 2.2.5, which goes in the opposite direction
(as shown by the parallel black lines in Figure 2.17). This figure shows that if Nature has
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Figure 2.17: Evolution of the mean mbh /m∗ relation in star-forming (heavy blue
line) and quenched systems (heavy red line). The dashed blue line shows the redshift
range where this mean relation may not accurately represent star-forming galaxies, as it
will be discussed in Section 3.1.1. The evolution in mbh /m∗ for the quenched (inactive
nuclei) galaxies is always shallower than for the population of actively accreting systems,
potentially leading to an underestimate of the evolution if the populations are mixed. On
the other hand, the “Lauer effect” will bias the mbh /m∗ upwards in luminosity selected
active samples, which goes in the opposite direction. This is indicated by the thin black
lines which show the observed mbh /m∗ for active systems for luminosity-selection (labelled
relative to L∗ ) for our standard assumption of σ = 0.5 dex.

an underlying mbh /m∗ scaling as (1 + z)2 for active systems, then we would expect to see
(1 + z)0.8 if we compare comparisons of active systems at z ∼ 2 with quenched systems at
z ∼ 0, once we correct for these observational biases. This is quite similar to the evolution
seen in at least some of the observational studies cited above (e.g., Jahnke et al., 2009;
Decarli et al., 2010; Merloni et al., 2010; Schramm & Silverman, 2013; Schulze et al., 2015).

We have already commented in Section 2.5.2 that we would also expect to see little or
no evolution in mbh − σ for any population of galaxies, however selected. This is due to
the higher σ associated with a given stellar mass at high redshift which cancels out the
(1 + z)2 dependence in mbh /m∗ .

2.6.2

Downsizing

A number of authors (e.g., Hasinger et al., 2005; Barger et al., 2005; Labita et al., 2009; Li
et al., 2011) have noted or discussed a “downsizing” of the quasar population. Although
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different authors often use this term to mean different things, it is most often used to denote the observational fact that lower-luminosity AGN peak in comoving density at lower
redshifts then higher-luminosity AGN.

It is worth stressing that this may not have much physical significance. We have shown
that it is possible to reproduce the strong observed redshift evolution in the QLF with a
model based on the observed mass function of star-forming galaxies coupled with a massindependent (but redshift-dependent) Eddington ratio distribution ξ(λ, z). This is shown
more explicitly in Figure 2.18 where we show the comoving number density of quasars of
different luminosity in the QLF which is reproduced by our model. This emphasizes that
the apparent down-sizing signature in the AGN population can appear even though the
distribution of Eddington ratios (and thus of specific black hole growth rates) is strictly
independent of black hole mass at all redshifts in our model.

Figure 2.18: Redshift evolution of comoving density of quasars for several different
luminosities. The density of lower luminosity AGN peaks at lower redshift then for high
luminosity AGN. This behaviour is naturally produced in our model even though the
distribution of Eddington ratios is completely independent of black hole mass.

It is clear that the apparent “downsizing” in our model arises as a natural consequence
of two competing effects which are independent of mass. The first is the redshift evolution
of the L∗ which shifts the luminosity function uniformly in luminosity, but which therefore
produces a differential change in number density with luminosity. This shift is produced
by the degenerate combination of evolution of the mbh /m∗ mass ratio and characteristic
Eddington ratio, λ∗ . The second is the redshift evolution of φ∗QLF that changes the number
densities uniformly with luminosity. We have argued in this work that the evolution
of φ∗QLF is a direct consequence of the evolution of φ∗SF , coupled with a constant duty
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Figure 2.19: Left: γ2 − L∗ redshift evolution. As in Figure 2.7, contours are showing
1-σ allowed regions of parameter space for fit which was made with data at each individual
redshift, while filled circles are result of global fit. Right: δ2 − λ∗ evolution derived from
γ2 − L∗ evolution with our knowledge of redshift evolution of M ∗ and with assumed mass
scaling mbh /m∗ ∝ (1 + z)2 . All of the points and contours seem to align along single line
suggesting intimate link between these two quantities.

cycle. The combination of these two produces variation in the number density (at fixed
luminosity) that changes with luminosity, producing a variation in the redshift of the peak
in the number density as well as different rates of evolution at different luminosities.

2.7

Connection of the shape of Eddington distribution and
mass ratio evolution

In this section we wish to point out one interesting and suggestive fact that arises from
fits that were discussed in Section 2.4. We show on the left hand side of Figure 2.19
the relation obtained between L∗ and the bright end slope of the QLF, γ2 . There is a
clear increase in the bright end slope γ2 as L∗ increases with redshift. At z ≥ 3, as L∗
stalls and then declines, we also see γ2 decreasing again, although not in unison with L∗
in the sense that the track in the (L∗ , γ2 ) plane is displaced. We can plot an equivalent
diagram in the (λ∗ , δ2 ) plane by converting L∗ to λ∗ using an mbh /m∗ ratio and Equation
(2.11) and setting δ2 = γ2 (Equation (2.2)). The steepening of δ2 as λ∗ increases might
qualitatively be expected if there was some maximum value of the Eddington ratio λmax .
As λ∗ increased towards such a limit, then ξ(λ) above λ∗ would have to steepen, so as to
get down to zero at the limiting λmax .
An interesting question is then whether we can find an evolving (i.e., redshift-dependent)
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mbh /m∗ ratio that will cause the “up” and “down” tracks in Figure 2.19 to lie on top of
each other. We find that introducing mbh /m∗ ∝ (1 + z)2 produces a good congruence in
the (λ∗ , δ2 ) tracks associated with the rise and decline of L∗ . This is shown in the right
hand panel, where we show the (λ∗ , δ2 ) tracks obtained by using mbh /m∗ = 10−3 (1 + z)2 .
The congruence with this particular mbh /m∗ evolution is suggestive but cannot be taken
as a strong indication of this particular evolution of mbh /m∗ .

2.7.1

Coherent evolution of φ∗SF and φ∗QLF

One of the most striking results of this chapter is that the observed evolution of φ∗QLF of
the QLF tracks the observed evolution of φ∗SF of the star-forming galaxy mass function.
This in turn implies that the ξλ∗ knee of the Eddington ratio distribution ξ(λ) has a more
or less constant value, even though the change of the characteristic λ∗ “knee” is dramatic.
We have argued that ξλ∗ is a good measure of a generalized “duty cycle” of quasars. Indeed,
if the luminosity of individual quasars decays with a timescale τ then (Equation (2.8)) ξλ∗
will be direct measure of the birth-rate of quasars in star-forming galaxies.

By applying simple continuity equations to the observed evolution of the star-forming
galaxy mass function, Peng et al. (2010) derived an expression for the rate of the massquenching process, ηm , which may be written

ηm ∼ sSF R(z) · (m∗ /M ∗ ),

(2.31)

where sSFR(z) is the redshift dependent specific star-formation rate of the star-forming
Main Sequence. It has been well established that sSFR was much higher in the past and
a useful representation is (Lilly et al., 2013 and references therein)
(
(1 + z)3 ,
sSF R ∼
(1 + z)5/3 ,

when z < 2
when z > 2.

(2.32)

AGN activity in “quasar-mode” is one of the many processes that have been proposed
(e.g., Granato et al., 2004; Hopkins et al., 2008; King, 2010; Henriques et al., 2017) to
drive the mass-quenching of galaxies. If a single quasar event is responsible for quenching,
then this would require that ηAGN (from Equation (2.8)) to be equal to ηm . These can
only be equated for our inferred constant ξλ∗ for a particular redshift and mass dependence
of the decay time τ .

τ (m, z) ∼ sSF R(z)−1 (m/M ∗ )−1 ξλ∗ .
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(2.33)

2.8. Summary and conclusions

We would require quasars to fade faster at high redshift and at high galaxy masses. We
could well imagine ways in which this would occur, e.g., because of the shorter dynamical
timescales of galaxies at high redshift.

However, the above picture is probably over-simplistic. We could well expect the physics
of quenching to be more complex. It is quite plausible that the energy source for quenching
is AGN activity but that the effectiveness of this energy injection depends on the stellar
or halo mass of the system (the Peng et al., 2010 quenching law can be written in terms of
a redshift-independent survival probability that depends only on mass). This would then
break the simple link between ηm and ηAGN .

We remind the reader that main feature of the model presented in this chapter is
that all star-forming galaxies have the same chance to host an AGN, irrespective of their
mass. That is the main reason why AGN quenching time in this scenario, expressed in
Equation (2.33), has to incorporate mass dependence if AGN are the primary cause of
mass-quenching. Of course, the model presented here is equally valid if the AGN activity
is not the main driver for mass quenching, which in that case needs be driven by some
other mass-dependent process. In the next chapter we will come back to this problem and
investigate the scenario in which AGN activity is explicitly coupled with mass-quenching.

2.8

Summary and conclusions

In this chapter we have presented a simple, phenomenological model that aims to link the
evolving galaxy population with the evolving AGN population. We use our observational
knowledge of the evolving galaxy mass function and of the evolving quasar luminosity
function (QLF) to connect these two populations and to create a global model to interpret
the AGN population, including biases associated with sample selection.

Our model is based on three observationally motivated Ansätze, namely that
• radiatively efficient AGN are found in star-forming galaxies,
• the probability distribution of the Eddington ratio does not depend on the black
hole mass of the system,
• the mass of the central black hole is linked to the stellar mass.
The QLF is then a straightforward convolution of the black hole mass function with the
distribution of Eddington ratios ξ(λ, z), while the former is itself a convolution of the
galaxy mass-function with the mbh /m∗ relation. These heuristic assumptions ensure that
our model is simple enough to be analytically tractable, while still capturing the main
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characteristics of the galaxy and AGN population.

The main conclusions of this chapter can be summarized as follows:

1. The “broken” or “double” power law form of the quasar luminosity function is a
consequence of the underlying Schechter mass function and a “double” power law,
mass independent, Eddington ratio distribution. We show how the parameters of the
QLF are straightforwardly connected with the input functions. Most importantly,
the knee of the QLF, L∗ , is proportional to the product of the M ∗ of the galaxy mass
function, the ratio mbh /m∗ and the position λ∗ of the break in the Eddington ratio
distribution while the φ∗QLF normalization of the QLF is proportional to the product of the φ∗SF normalization of the star-forming galaxy mass function and the ξλ∗
normalisation of the Eddington ratio distribution, which can be loosely interpreted
as a “duty cycle”.
Our simple convolution model makes clear and testable predictions for the distribution of host galaxy masses (relative to the star-forming galaxy Schechter M ∗ ) for
different AGN luminosities (relative to L∗ ). At high luminosities (above the AGN
L∗ ) this is a Schechter function with the star-forming M* but a faint end slope given
by αSF + γ2 ∼ 1.5.
2. There is a remarkable consistency in the redshift evolution of φ∗SF normalization
of SF mass function and the φ∗QLF normalization of QLF. These two characteristic
densities track each other closely out to redshifts of z ∼ 3, and possibly to even higher
redshifts. This implies that the generalised “duty cycle” of AGN is surprisingly
constant with redshift.
3. In contrast, the QLF L∗ evolves strongly with redshift, with evolution being at least
L∗ ∝ (1 + z)3 up to z ∼ 2. Given that there is strong evidence for no change in the
galaxy M ∗ over this redshift range, this evolution in L∗ is driven by an evolution
in the characteristic “knee” in the Eddington ratio distribution λ∗ or in the mass
scaling between stellar mass and black hole mass, mbh /m∗ , or some combination of
the two. The QLF evolution is degenerate in changes of these two quantities.

We then explore this degeneracy by comparing predictions of our model, incorporating the relevant selection cuts, for the distribution of systems in the SDSS AGN massluminosity plane(s) using black hole mass estimates for individual AGN. We find a good
match with an evolving mbh /m∗ ∝ (1 + z)2 in star-forming systems. This implies that the
observed ∼ (1 + z)4 increase in L∗ back to z ∼ 2 would be due to an equal split between
a (1 + z)2 change in mbh /m∗ and a (1 + z)2 change in characteristic Eddington ratio λ∗ .

We show that this is compatible with the observed mbh /m∗ relations in both quenched
and in star-forming galaxies in the local Universe, both in terms of the mean relations and
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the scatter.

We also make the important point that much weaker evolution, more like mbh /m∗ ∝
(1 + z)0.8 , would be deduced by observers, after correcting for the “Lauer bias”, if (as they
usually of necessity do) they compare black hole masses in active (star-forming) systems
at high redshift (z ∼ 2) with those in quiescent systems at low redshift. Similarly, much
weaker evolution would also be seen if black hole masses were to be compared solely within
the passive population at different redshifts.

We make the point that an evolution of the form mbh /m∗ ∝ (1 + z)2 would, when
coupled with the observed changes in the sizes of galaxies which typically scale as roughly
(1 + z)−1 , have the feature of producing a mbh − σ relation that would be more or less
independent of redshift. This could then explain why the present-day mbh − σ relation
would have lower scatter than the mbh /m∗ relation, even if σ plays no direct role in black
hole growth. Alternatively, a fundamental redshift-independent mbh − σ relation could be
the physical origin of an apparent mbh /m∗ ∝ (1 + z)2 evolution.
Following similar reasoning, and operationally identifying central stellar mass which
was created at z> 1.2 as “bulge”, we show that the observed mbh /mbugle relation in
quenched galaxies today would also be tighter than observed mbh /m∗ relation. This is
again consequence of the size evolution of galaxies and mbh /m∗ ratio evolution. We finally
show that the same evolution would also produce quenched fraction of galaxies which is
seemingly independent of the galaxy stellar mass and strongly dependent on the black hole
or bulge mass, even though the quenching in the model used is only directly connected
with the stellar mass of galaxies.
We however stress that the most basic features of the model do not depend on the
redshift dependence of mbh /m∗ , which is driven largely by the possibly uncertain observational estimates of black hole masses in high redshift AGN.

Not least, quite independent of the form of any evolution in mbh /m∗ , the generic model
naturally reproduces the counter-intuitive “sub-Eddington boundary” in the (mbh , L)
plane that has been noted by Steinhardt & Elvis (2010) without the need to invoke any
new physical effects. The generic model also produces the apparent “downsizing” of the
AGN population (e.g., Hasinger et al., 2005). We stress that both of these apparently
mass-dependent effects are achieved in the model with an Eddington ratio distribution
that is completely independent of black hole mass at all redshifts.
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3

AGN and galaxies: quenching scenario

3.1

Is the mass ratio evolution consistent with the observed
mass growth in the universe?

In the previous chapter, we found that the mbh /m∗ evolution was preferred to the scenario in which mbh /m∗ stays constant with redshift. This was based on the comparison
of the models with the mass and luminosity SDSS data from Shen & Kelly (2012) and
Trakhtenbrot & Netzer (2012). To explain both the QLF and the mass-luminosity plane
at different redshifts, we investigated different mass scaling relations of the fiducial form
mbh /m∗ ∝ (1 + z)n . We found that the case of n=0 produced results that were inconsistent with the observations in the mass luminosity plane. If the mass ratio was set to
reproduce the observations in the mass-luminosity plane at low redshifts and no evolution
was allowed, we found that at z ∼ 2, the majority of AGN need to be super-Eddington
to produce correct QLF, given their relatively low black hole masses. This large fraction
of super-Eddington objects would be clearly inconsistent with observations. We found
much better agreement when setting n=2, that is with black holes being ∼ 10 times more
massive, relative to the host galaxy mass, at redshift 2 (see Figure 2.10). The inferred
Eddington ratios are then also around 10 times smaller, with the simulated distributions
agreeing with the observations and only a small fraction of observed black holes accreting
at super-Eddington rates.
In the previous analysis, we have put in the needed mass ratio evolution “by hand”,
i.e., we did not consider if the mass growth of the galaxies and black holes that we observe
in the Universe is consistent with such an evolution. The evolution in the mass ratio that
we suggest implies that the growth of star-forming galaxies would have to be much more
vigorous than those of black holes at redshifts z<2 to create such a change in the mass
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ratio in the galaxies that remain star-forming throughout.
In this chapter we aim to expand the analysis from Chapter 2 by building a selfconsistent model in which we include information about the mass accretion histories of
both galaxy and black hole population. We will now use the star formation rate density
(SFRD) and black hole accretion density (BHARD) in order to follow mass build up of
both population over time. As such, observations in the mass-luminosity plane will now
be a “consequence” of the model, rather than an input, and we will use them so check
validity of our assumptions.

3.1.1

Mass growth of star-forming galaxies at low redshifts (z . 0.7)
This subsection has been presented in Caplar et al. (2015).

In this section we will show that mass ratio evolution of the type (1 + z)n , (with n ∼ 2)
is implausible at low redshifts in the co-existence scenario which we presented in previous
chapter (see also Hopkins et al., 2006b). We consider the most extreme case in which black
holes in star-forming galaxies are not growing at all and calculate what is the strongest
possible evolution of the mass ratio in that case.
Assuming that a star-forming galaxy is on the Main Sequence we can track the increase
of its stellar mass using the Main Sequence rsSFR(z),

ṁ∗
rsSF R(z) =
=
m∗

−1

p
H0 (1 + z) ΩM (1 + z)3 + ΩΛ

!−1

1 dm∗
,
m∗ dz

(3.1)

where rsSF R is the “reduced specific star-formation rate” (see Lilly et al., 2013),
rsSF R = (1 − R)sSF R, where R is the fraction R of stellar mass that is returned during
star formation R ∼ 0.4, which is therefore the inverse mass doubling timescale of the
stellar population. If we use rsSF R(z) = 0.07(1 + z)3 Gyr−1 from (e.g., Lilly et al. (2013)
and references therein), this can be analytically integrated to give

#!
p
√
2 · 0.07 ΩM + ΩΛ 2 · 0.07 ΩM (1 + z)3 + ΩΛ
m∗ (z) = m∗ (0) exp
−
.
3H0 ΩM
3H0 ΩM
"

(3.2)

This modest increase in stellar mass for a star-forming galaxy sets a maximal change
in mbh /m∗ ratio even in the most extreme case that mbh does not increase at all. We
show this maximal evolution in Figure 3.1 and compare it with the (1 + z)2 evolution
used before. It can be seen that the maximal evolution is actually slower then (1 + z)2 at
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redshifts z . 0.7. Galaxies are growing so slowly at low redshifts that it is not possible to
create a strong evolution in mbh /m∗ ratio in a given galaxy, even if their black holes are
not growing at all.

Figure 3.1: Comparison of the maximal evolution of the mbh /m∗ relation in a starforming galaxy that stays on the Main Sequence, with our assumed mbh /m∗ ∝ (1 + z)2 .
At low redshift galaxies are growing so slowly in the stellar mass that strong evolution in
the mbh /m∗ ratio is not possible, even if the black hole does not grow at all.

3.1.2

Mass growth of star-forming galaxies and black holes in co-existence
scenario

Of course, we know that the case we considered above, in which black holes do not accrete
at all, is not realistic. We can estimate how the mass doubling time for the black holes
would need to change if the mbh /m∗ ratio changes by the factor of ten from z ∼ 0 to
z ∼ 2, this amount of change being implied by mbh /m∗ ∝ (1 + z)2 evolution. We use an
equation describing mass growth of AGN, which takes similar shape to Equation (3.1)
1−
ṁbh
hλi =
=

mbh

−1

p
H0 (1 + z) ΩM (1 + z)3 + ΩΛ

!−1

1 dmbh
,
mbh dz

(3.3)

where hλi is the mean Eddington ratio of the population. If we assume that both galaxy
and black hole populations had the same mass doubling times at z ∼ 2 and there is
no change in efficiency of accretion, we find that mean Eddington ratio has to evolve as
hλi ∝ (1 + z)5.5 to create change of typical galaxy - black hole ratio by the factor of 10!
This means that the black hole accretion has to fall rapidly to allow galaxies to “overtake”
their black holes and create such a large change of in the mbh /m∗ ratio.
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This change is a consequence of the fact that, as we have seen in the previous section,
the galaxy growth is so slow at low redshifts that even in the case of no black hole growth,
the mass ratio cannot change very much. Therefore, the black hole growth has to decline
rapidly to allow for galaxy growth to overtake black hole growth sufficiently at 1 . z . 2
so that the mass ratio can evolve. This rapid slowing down of mass doubling times implies
that typical Eddington ratio would today have to be around ∼ 500 times lower than at
redshift 2, while we have pointed out in Section 2.8 that we expect characteristic Eddington
ratio to experience mild evolution of λ∗ ∝ (1 + z)2 up until z ∼ 2, i.e., change of factor ∼
10.
Even if the efficiency does change, it is hard to imagine that it would change by a
factor that would compensate for this difference. The minimal accretion efficiency in
the standard thin disk model, for retrograde accretion disk, is 4%, and the maximal
accretion efficiency is 42%. This maximal accretion efficiency cannot be achieved, and 31%
is usually the quoted maximal canonical value, which is the consequence of the fact that
the decelerating impact of radiation makes it impossible for the disk to achieve maximal
spin (Thorne, 1974). Even the largest possible change of efficiency would not compensate
for this difference and would imply that all accretion disks would have to change their spin
rapidly, from being completely co-rotating with their black holes and having maximum
efficiency (spin=1), to the state in which their spin is 0 or -1. In the following section we
present an independent scenario that resolves this discrepancy in a much more plausible
manner.

3.2
3.2.1

New convolution scenario
Qualitative explanation of the quenching scenario

It can be seen from the discussion above that the large evolutionary change of mbh /m∗ is
hard to achieve in the co-existence scenario described in Chapter 2. This is a consequence
of the fact that in this scenario, both the galaxy and the black hole mass have grown over
a large spans of time so the changes in the ratio of the current accretion rates of the two
populations will produce relatively small change in the ratio of current total masses in
active black holes and galaxies. Therefore, to create mild evolution in the mass ratio, a
much larger difference in the evolution of the accretion rates is needed.
We will now consider a model in which AGN are not continuously accreting during the
whole time that the host galaxy is also creating stars, but the entire black hole accretion
happens in single, almost δ-like, short burst of mass accretion just as the galaxy is about
to mass-quench its star-formation. This clearly overcomes the problem. The black holes
grow over a very short period of time, and the mbh /m∗ in these objects is unaffected
by accretion in other systems that happened at earlier times. The current mass ratio
between the total stellar mass and black hole mass is now not given by the integral over
the long-term relation between mass accretion histories of galaxies and corresponding black
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holes, but with a current mass accretion rate. We will explore and further clarify these
statements below.
The starting point for our analysis is the mass function of galaxies that are being massquenched, which we will use as a mass function of AGN host galaxies. As elaborated
in Section 1.2.2, the mass function of mass-quenched galaxies can be described with the
Schechter formula defined in Equation (1.8):
ΦQing (m∗ ) ≡

 m αQing
 m 
dN
∗
∗
= φ∗Qing
exp
− ∗
d log m
M∗
M

(3.4)

where φ∗Qing is the normalization, M ∗ is the Schechter mass and αQing is the low-mass end
slope of the quenching population. The parameters of this function are directly connected
with the mass function of star-forming galaxies (Peng et al., 2010); while the Schechter
mass is the same for both populations, the low mass slope of galaxies that are being
quenched differs from the low mass slope of star-forming galaxies by a factor of unity,
i.e., αQing = αSF + 1. To derive the normalization, we can use the fact that the rate
by which galaxies are being quenched is proportional to the total number of star-forming
galaxies and their quenching rate (Peng et al. (2010), see also Equation (2.31)). To get
the normalization of quenching mass function (AGN host mass function), we multiply the
rate with the time spent in the quenching phase τ , which describes the duration during
which the galaxy is considered an AGN host. From this, it follows φ∗Qing = φSF · sSF R · τ .
As galaxies enter the quenching population we assume that black holes start accreting
from some low “seed” mass and accrete until they reach their final mass. AGN grow
exponentially which corresponds, in logarithmic space, to convolution of the AGN host
mass function with the step-like function with lower limit set to reproduce the “seed”
AGN mass. Mirroring the discussion in Section 2.2.1, the resulting function will be a
Schechter function with the low mass slope given by the smaller of two power-law slopes
of convolving functions, αAGN = min(αQing , 0). Therefore the AGN mass function will
have low mass end slope αAGN = 0. We show this schematically in Figure 3.2.
In the same figure we also show how the QLF is now a convolution of the AGN mass
function and the Eddington ratio distribution:
Z
φ(L, z) =

φAGN (mbh , z)ξ(λ, z)d log λ,

(3.5)

where, when denoting AGN mass function, we used subscript AGN instead of BH used in
Equation (2.1), to indicate that this mass function does not refer to all black holes hosted
in star-forming galaxies, but only to the ones that are actually accreting. We see that this
convolution is very similar to the one considered in Section 2.2, the only difference being
the shape of the AGN mass function. Given that, all of our general conclusions about
connections between AGN mass function, Eddington ratio distribution function and QLF
can be carried across here as well.
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Figure 3.2: Schematic representation of the model used in this chapter. The quasar
luminosity function is given by a convolution of the AGN mass function and the Eddington distribution. We also indicate that Eddington ratio function can not extended to
arbitrarily low values and that this creates another break, below the “knee” or characteristic luminosity of the QLF. The AGN mass function is derived by convolving the galaxy
mass function of galaxies undergoing quenching with the step-like function describing the
mbh /m∗ relation. In the context of this model we show (see text) that the position of
the step is given by BHARD/SF RD ratio. Quenching mass function is derived from the
star-forming mass function using formalism from Peng et al. (2010). In this scenario only
star-forming galaxies that are undergoing mass-quenching host an AGN. Compare with
Figure 2.1.

3.2.2

Predictions for the mass function of AGN and AGN host galaxies

Because the QLF is the product of the convolution of AGN mass function and Eddington
ratio distribution, we can immediately calculate the predicted mass function of AGN and
AGN host galaxies as a function of selection luminosity. Here, we present the analysis done
for the quenching scenario presented above. This is the same analysis that we described
in Section 2.2.5 and Figure 2.4 for the case of co-existence scenario. We will show that
prediction for these two scenario differ substantially and we will use this extensively when
trying to differentiate observable effects of two scenarios in Chapter 4.
To generate the plot, we used the AGN mass function described above and Eddington
ratio distribution from Equation (2.7), with a lower limit on the Eddington distribution
being λmin = λ∗ /10. We impose this limit to ensure that the AGN accretion mimics δ-like
burst of mass accretion which is defining feature of the model. We do not add, at this point,
any additional intrinsic scatter to the galaxy - black hole relation. We show our results
in Figure 3.3. We follow the same procedure as we did when creating Figure 2.4, i.e., we
normalize all our results to the parameters of the AGN host galaxy mass function, φ∗Qing
and M ∗ , and show results in bins of luminosity relative to the characteristic luminosity of
QLF, L∗ .
We see that for luminosities above L∗ , results are virtually unchanged. This is a
consequence of the fact that at these high luminosities the QLF is dominated by black
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Figure 3.3: Expected shape of the black hole and the black hole host galaxy mass
function, selected in different AGN luminosity bins. Mass are plotted relative to the
Schechter M ∗ of the galaxy population (M ∗ ∼ 1010.85 M ) and Φ relative to the φ∗Qing of
the quenching galaxy population (AGN host population). All luminosities are relative to
the L∗ of the AGN luminosity function. L is given in logarithmic units. The black thick
lines show the full AGN mass function (left) and AGN host mass function (right).

holes and galaxies that are at the Schechter mass of their respective mass functions and
that are radiating at, or above, the characteristic Eddington ratio. Therefore, the mass
function at these luminosities is dominated by an exponential drop off above the Schechter
mass, and below the Schechter mass is it characterized with a low mass slope which is given
with α = αAGN + γ2 (see Section 2.2.5). The difference between two scenarios is therefore
only in the relatively small change of αAGN slope (αAGN = αSF = −0.45 before and
αAGN ≈ 0 now).
Much more substantial differences arise when observing AGN at luminosities below
L∗ . In the left panel we see that different AGN luminosities are originating from different
parts of the AGN mass function. This is a consequence of a fact that our Eddington ratio
distribution is quite “narrow” so a given AGN luminosity is dominated by the black holes
in a narrow range of mass. The AGN mass function always reaches its peak at
mpeak,AGN ∼

L
,
1038.1 λ∗

L < L∗ .

(3.6)

We can again recognize that each individual mass function at a given luminosity has a
low mass slope of αAGN + γ2 . This is caused by low mass AGN, described with low
mass slope αAGN , which are radiating at high Eddington ratios, described with high-end
slope of γ2 . Finally, the AGN mass function drops and disappears at a maximal mass of
mmax,AGN = L/(1038.1 λmin ), reflecting the fact that these black hole are too massive to
radiate at these low luminosities, given the λmin of the distribution.
In case of galaxies at luminosities below L∗ , we recognize three distinct regimes, similar
to the co-existence case presented in Section 2.2.5. At low masses, below 1038.1 (mbh /m∗ )−1 (λ∗ )−1 ,
the mass function has slope αSF + 1 + γ2 , and then the slope of αSF + 1 until the M ∗
mass, after which an exponential drop takes over.
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This is quite different relationship to the one presented before; AGN of all luminosities
are mostly likely to be hosted in M ∗ galaxies. Perhaps surprisingly, even the low luminosity, low mass AGN are most likely to be in massive galaxies, simply because massive
galaxies are dominating the quenching population and hosting AGN having wide range of
black hole masses. As a conclusion, while AGN of different luminosities are hosted in systems with different black hole masses, systems with similar galaxy mass, ∼ M ∗ , dominate
the AGN distribution at all luminosities.

3.2.3

Connection between mass accretion and the mass function of galaxies and AGN

The star formation rate density (SFRD) and black hole luminosity density (BHLD) are
the basic observational quantities describing mass accretion on galaxies and black holes in
the Universe. BHLD can be used to infer the black hole accretion rate density (BHARD),
as these are connected by a variable that describes the efficiency of accretion (see Equation
1.3). In the following we will assume that efficiency is constant with redshift and therefore
BHLD and BHRD are effectively interchangeable quantities. Below we analyse analytically
connections between SFRD and the BHARD to find the expected evolution of the active
black hole mass function and Eddington ratio distribution.
Both of these integral quantities (SFRD and BHARD) can be derived computationally
by knowing the underlying corresponding mass function and the corresponding law connecting mass and mass accretion. We first derive these relations, i.e., connections of SFRD
and BHARD with the parameters of the appropriate mass functions and mass growth relations, before we attempt to connect the redshift evolution of SFRD and BHARD.
We first consider the SFRD. As noted above, the total star formation rate density at
any given time in the Universe can be reproduced given the underlying mass function of
star-forming galaxies and the law connecting star-formation and the mass of the galaxies.
Integrating the Schechter function describing the star-forming mass function over the
whole mass range we can derive the total mass of the star-forming population
φ∗SF
· M ∗ · Γ(1 + αSF )
ln10
R∞
where Γ is denoting the Gamma function, Γ(x) = 0 tx−1 exp(−t)dt.
ρSF =

(3.7)

As we discussed in Chapter 1, the vast majority of star-formation happens on the
Main Sequence, a tight linear correlation between the stellar mass and the star-formation
rate. This means that for galaxies on the Main Sequence, one can define the specific starformation rate (sSFR), which is not strongly dependent on the stellar mass of a galaxy.
We ignore in this analysis small tilt in Main Sequence, i.e., the fact that the correlation
between the stellar mass and the star-formation rate is probably not perfectly linear (see
Lilly et al. (2013), Speagle et al. (2014) and references within) for simplicity, but also note
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that this small non-linearity would not make significant changes to our conclusions sine
they are driven by galaxies in a small range of mass.
Redshift evolution of the star-formation density is then given by a product of the mass
density and sSFR so it follows that
SF RD ∝

φ∗SF
· M ∗ · Γ(1 + αSF ) · sSF R.
ln10

(3.8)

Given that we know that there is little to no evolution in the M ∗ and the slope α (e.g.,
Peng et al. 2014, Mortlock et al. 2015), the redshift evolution of the SFRD is primarily
driven only by the evolution of the sSFR and the parameter φ∗SF describing the overall
normalization of the mass function, i.e.,
SF RD ∝ φ∗SF · sSF R.

(3.9)

We now follow the same procedure to investigate the evolution of BHARD, which can also
be derived from the underlying AGN mass function and the relation describing its mass
doubling rate. The mass density of the AGN population is given by an equation equivalent
to Equation (3.7):

φ∗AGN ∗
M
Γ(1 + αbh )
ln10 AGN


φ∗AGN ∗ mbh
=
M
Γ(1 + αbh ),
ln10
m∗ AGN

ρAGN =

(3.10)

where in the first step we have denoted the Schechter mass of the AGN mass function
∗
with MAGN
, and in the second step we have explicitly written black hole - galaxy mass
relation.
As we already discussed in Section 3.1.2, similarly to sSFR which describes the mass
accretion for galaxies, the mass growth of the black holes is proportional to the mean
Eddington ratio, hλi. Now we can write Equation for BHARD that is equivalent to (3.9)
for SFRD:

BHARD ∝

φ∗AGN



mbh
m∗


AGN

M ∗ · hλi ,

(3.11)

We see that the evolution of BHARD has the same two parameters as the SFRD, which
influence its dependence, normalization and mass growth rate. The only difference is the
terms relating black hole and galaxy mass.
Because the AGN are now only active when the galaxy is mass-quenching, the number of
AGN host galaxies is directly proportional to the number of galaxies that are undergoing
quenching, φ∗AGN ∝ φ∗Qing . As we have shown in Section 3.2, the number of galaxies
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undergoing mass-quenching is given by φ∗Qing = φSF · sSF R · τ . Putting this normalization
in Equation above leads to


mbh
∗
BHARD ∝ φSF sSF R τ ·
· hλi ,
(3.12)
m∗ Qing
where we have used subscript Qing to remind the reader once again that the AGN accretion
is happening as the galaxies are being quenched.
As τ denotes the time that the black grows from the seed mass to its final mass, it
is inversely related with the hλi that describes the mass accretion rate of the system.
Therefore, Equation (3.12) can be simplified by removing τ and hλi, so that it now reads


mbh
∗
BHARD ∝ φSF · sSF R ·
M ∗.
(3.13)
m∗ Qing
When comparing Equations 3.9 and 3.13, and taking into account the fact that M ∗ does
not evolve, we see that the mass ratio in the newly quenched objects is simply given by
the ratio of BHARD and SFRD:


mbh
BHARD
.
(3.14)
∝
m∗ Qing
SF RD
The equation above determines the redshift evolution of the black hole - galaxy mass ratio
and therefore the evolution of the characteristic mass of the AGN mass function. In this
case, the evolution of the mass ratio is given exactly by the ratio of BHARD and SFRD,
i.e., changes in the black hole - galaxy mass ratio reflect, virtually instantaneously, changes
in the black hole - galaxy mass accretion ratio and vice versa.
Using the same analysis we can also infer the connection of the normalization of the
AGN mass function with the normalization of the star-forming galaxy mass function. As
we pointed out when deriving Equation (3.11) the normalization of the AGN mass function
is given by φ∗AGN ∝ φSF · sSF R · τ . Using the fact that τ and hλi are inversely related we
immediately arrive to
sSF R
φ∗AGN ∝ φ∗SF ·
.
(3.15)
hλi
This relation provides a direct link between normalization of mass function of star-forming
galaxies and AGN, which is simply given by the ratio of the mass doubling times.
We note that if both sSF R and hλi have same redshift dependence the normalizations
of respective populations will have also have the same redshift dependence. This is exactly
the dependence that is seen at z . 2 in Section 2.4.1! This suggests that sSFR and hλi
have the same, or similar, redshift dependence over this range of redshifts.
We have now derived the relation for the mass ratio between quenching galaxies and
AGN (Equation (3.14)) and for the normalization of the AGN mass function which fully
defines the evolving AGN mass function. To fully describe AGN evolution and its growth
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we will now derive the evolution of the characteristic Eddington ratio. As the L∗ , characteristic luminosity of the QLF, is proportional to the position of the Schechter break
in AGN mass function and the break in Eddington ratio distribution, the second part of
Equation (3.11) can be recognized as being proportional to L∗


mbh
∗
L ∝
M ∗ λ∗ ,
(3.16)
m∗ Qing
where we have used the simplifying assumption that hλi ∝ λ∗ , i.e., that the characteristic
and mean Eddington ratio of the population are linearly related to one another. We can
combine Equation above with Equation (3.14) to express λ∗ fully as a function of evolving
observable quantities
SF RD
L∗
λ∗ ∝
(3.17)
· ∗.
BHARD M
Equation above provides clear prediction for the evolution of λ∗ , which is given by the
ratio of accretion rate densities and by evolution of the ratio between characteristic QLF
luminosity and characteristic galaxy mass.
Equations (3.14), (3.15) and (3.17) fully describe the evolution of crucial parameters
describing AGN mass function and Eddington ratio function once the evolution of SFRD
and BHLD(BHARD) is given.
We stress again that in this model the mbh /m∗ ratio in systems with AGN is set,
virtually instantaneously, by the BHARD/SFRD ratio at that particular moment of time!
This is a consequence of the fact that AGN accrete for a relatively brief time and as thus,
all the relevant time-scales are short. This is different than in the co-existence scenario
described in Chapter 2 in which AGN accrete during the whole lifetime that the host galaxy
is also star-forming. This long co-existence means the mbh /m∗ ratio in the population is set
by the integral over the whole accretion history of the host galaxy and AGN, and therefore
mbh /m∗ does not respond instantaneously to the change of SFRD/BHARD ratio.

3.3

Observational determination of parameters describing
AGN mass function and Eddington ratio function

In the previous section we pointed out the analytical connections between parameters
describing AGN mass function and Eddington ratio function with the observed QLF and
SFRD. Here, we aim to present the main observational constraints on the evolution of
these quantities.
For evolution of the BHARD we use results from Hopkins et al. (2007), Ueda et al.
(2014), and Aird et al. (2015). Even though the first study is somewhat older, it is
arguably the most complete because it uses data from the rest-frame optical, soft and
hard X-ray, and near- and mid-IR bands to infer bolometric QLF that is consistent with
all the measurements in individual bands, at all of the redshifts. The second and third
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studies use x-ray surveys with varying depths and sizes to constrain evolution of BHARD
with redshift. X-ray surveys are especially suitable for this purpose because they can
also probe moderately obscured AGN population and selection effects are relatively well
understood.
To derive the BHARD from the observed luminosity densities reported in each paper,
we use an efficiency  = 0.04 and the observational uncertainties reported in each paper
as errors. We will show in Section 3.4 that the choice of  = 0.04 is most suitable as
it reproduces the mass density of black holes seen in observations. Even though earlier
works advocated higher values for efficiency,  ∼ 0.1 (Merloni, 2004), re-normalization of
the black hole - galaxy relation in the local Universe (Kormendy & Ho, 2013) suggest
that lower values of efficiency are needed. We will show that our choice of efficiency is
consistent with the observations in star-forming and quenched galaxies.
We also present results by using two different choices for SFRD. The first one is from
Madau & Dickinson (2014), which uses surveys that have measured star-formation rates
from rest-frame far-ultraviolet or mid- and far-infrared measurements to estimate the
evolution of star-formation density. As noted in Madau & Dickinson (2014), this estimate
is slightly inconsistent with measurements and evolution of the galaxy mass function.
This could be due to a number of reasons, such as uncertainty in luminosity-weighted
dust corrections for UV-measurements, changing initial mass function, influence of strong
nebular lines and other systemic effects.
Although Madau & Dickinson (2014) is certainly the state-the-art compilation of starformation density measurements we want to use the SFRD not just to follow the increase
of total stellar mass in the Universe but also to have a self-consistent coupling of the sSFR
and the number of mass-quenched objects at each redshift. To self-consistently model coevolution of galaxies and AGN we also use an SFRD which was derived using a simplified
assumption that the rsSFR of the Main Sequence evolves as 0.07 · (1 + z)2.5 Gyr−1 and
then following through the growth of the galaxy population using the model presented in
Peng et al. (2010). This model reproduces growth of galaxy mass function from Ilbert
et al. (2013), and will enable us later to self-consistently follow the growth of individual
galaxies and their black holes, since to derive the number of quenching objects and galaxies
that host an ANG, we use the same formalism. As for both choices of SFRD direct
observational estimates of errors are not available, we assume, for plotting purposes only,
that representative error is 0.15 dex and independent of redshift.
Figure 3.4 shows the redshift evolution of BHARD and SFRD, while the Figure 3.5
shows the redshift evolution of BHARD/SFRD ratio using the different choices for SFRD
and BHARD described above. What we can see in Figures 3.4 and 3.5 is that all the
panels suggest some amount of evolution in BHARD/SFRD ratio, with the ratio being
smaller in the local Universe, then rising to z ∼ 2 and then falling at higher redshifts. This
points towards (see Equation (3.14)) an evolution of the mbh /m∗ ratio in galaxies which
are hosting AGN, similar to the one which we pointed out in Chapter 2. The fact that both
of these approaches yield similar results was not guaranteed as they have quite different
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reasoning. Most importantly, while in Chapter 2 mbh /m∗ evolution was promulgated as
an input to the model in order to reproduce the data, now the mbh /m∗ ratio evolution
arises as a simple consequence of the evolution of the observed integral quantities. Simply
said, while in Chapter 2 mbh /m∗ ratio evolution was used as an “input” for the model,
the mbh /m∗ ratio evolution now arises naturally as an “output”.

Figure 3.4: Observational determination of the redshift evolution of BHARD and
SFRD. From left to right, we show BHARD from Hopkins et al. (2007), Aird et al. (2015),
and Ueda et al. (2014). In the top row we show SFRD derived using model from Peng
et al. (2010) and assuming that Main Sequence evolves as rsSF R = 0.07 · (1 + z)2.5 Gyr−1 ,
which reproduces evolution of mass functions in Ilbert et al. (2013). In the bottom row
we show results using SFRD from Madau & Dickinson (2014). In each panel the BHARD
is shown in black and errors are taken from each individual observational study. BHARD
has been derived from BHLD with  = 0.04 and multiplied by 103 to ease the comparison
with the SFRD. In each panel the SFRD is shown in blue; errors are taken to be 0.15 dex
and independent of redshift. Units of SFRD and BHARD are M yr−1 Mpc−3 .

Now we turn to the evolution of the Eddington ratio distribution. As we argued before
(see Equation (3.17)), the characteristic Eddington ratio can be directly deduced from
the evolution of BHARD/SFRD ratio, which we just established, and the evolution of the
ratio of characteristic quantities L∗ /M ∗ .
For evolution of L∗ for QLF from Hopkins et al. (2007), we use the results of our “full”
fit presented in Chapter 2, with the parameters given in Table 2.2. To estimate the L∗
evolution in Aird et al. (2015) we use the results of their fit to the LADE model. This model
describes QLF evolution with independent evolution of two parameters, “luminosity” and
“density”. This is exactly the approach we adopt in this work, evolution of “luminosity”
being evolution in L∗ and evolution of “density” being the evolution in φ∗ . Aird et al.
(2015) provides for values of evolution of these quantities for observed hard and soft X-ray
data, but unfortunately does not explicitly provide values for the evolution of total QLF
with this model, which would include correction for obscuration. Therefore we estimate
the evolution of L∗ from the redshift evolution of φQLF in the LADE model and the total
luminosity density, which includes obscured population. We use φQLF evolution in the
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Figure 3.5: Observational determination of the redshift evolution of BHARD/SFRD
ratio. From left to right, we show result derived with BHARD from Hopkins et al. (2007),
Aird et al. (2015), and Ueda et al. (2014). In the top row we show SFRD derived using
model from Peng et al. (2010) and assuming that Main Sequence evolves as rsSF R =
0.07 · (1 + z)2.5 Gyr−1 , which reproduces evolution of mass functions in Ilbert et al. (2013)
and in bottom row we show results using SFRD from Madau & Dickinson (2014).

observed hard band, but we note that evolution of both normalizations (in hard or soft
band) are almost identical and thus this make little difference in our results. The fact
that both of these normalizations, which are differently affected by obscuration, have the
same redshift evolution makes us confident that the normalization of the total population
behaves in the same way. Unfortunately, Ueda et al. (2014) does not parametrise the QLF
as a simple broken power law function so we can not infer evolution of the L∗ in this study.
Still, we note that its results are broadly consistent with results presented in Aird et al.
(2015).
Figure 3.6 shows the results of combining the evolution of SFRD/BHARD with the
inferred evolution of L∗ . The Eddington ratio rises with redshift, to z ∼ 2 after which its
evolutions flattens out. The change of the ratio up to z ∼ 2 is around ∼ 1.25 dex, which
is what we would expect with the λ∗ ∼ (1 + z)2.5 evolution. This is very similar to the
evolution of the sSFR relation at these redshifts. Additionally, we see that this flattening
happens at a value at which characteristic Eddington ratio approaches the Eddington limit,
i.e., λ∗ ∼ 1. This suggests that this is indeed the value above which accretion seems to
be rare, and it represents a maximum value at which AGN can shine and accrete mass, at
least in the cosmologically relevant sense. We stress that the flattening at higher redshifts
at λ∗ ∼ 1 is again an output of the model and is not in any way motivated or dictated by
any physical considerations. As such, there were no pre-existing requirements whatsoever
which would dictate an evolution of the Eddington ratio which has same dependence as
sSFR at low redshifts and flattens out at Eddington limit at z ∼ 2.
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Figure 3.6: Redshift evolution of (SF RD/BHARD) · (L∗ /M ∗ ). The Figure uses
same format at Figure 3.5. As we have argued in the text, (SF RD/BHARD) · (L∗ /M ∗ )
quantity is proportional to the characteristic Eddington ratio, λ∗ . We see that it rises to
z ∼ 2, after which it flattens off at values corresponding to the Eddington limit.

3.4

Quantitative discussion

In previous sections, we have set up the model and derived analytic connections between
parameters describing the galaxy mass functions, the AGN mass function, the Eddington
ratio distribution and the QLF. We have then “derived” the redshift evolution of black hole
- galaxy ratio and characteristic Eddington ratio by using observational constraints on the
evolution of BHARD, SFRD and L∗ . In this section, we adopt the specific choices for the
evolution of all these variables, conduct a quantitative analysis and show our “predictions”
for the black hole - galaxy relation in quenched galaxies in the local Universe and for starforming galaxies at z < 2, which can be directly compared with observations.

3.4.1

Description of the calculation

We use the BHARD, presented in Hopkins et al. (2007) as we want to compare our results
with the evolution of AGN mass-luminosity plane from SDSS. Because SDSS measurements are the main component of the analysis in Hopkins et al. (2007) this will ensure
that comparisons are done using the same basic dataset. We then use the SFRD, which
uses rsSFR of the Main Sequence rsSF R|M S = 0.07 · (1 + z)2.5 Gyr−1 and is prepared
as discussed in Section 3.3. As noted, this functional form recreates the growth of galaxy
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mass function and the evolution of the number of quenched objects.
The model is fully self-consisted because it uses the same inputs to determine both the
evolution of galaxy and AGN population. As we discussed above, all of the choices for
BHARD and SFRD will lead to same qualitative conclusions (see Figures 3.5 and 3.6) and
the exact choice will not change our main findings.
Spurred by the results in Section 3.3 and especially those shown in Figure 3.6 we adopt
a characteristic Eddington ratio which evolves as λ∗ = 0.048(1 + z)2.5 below redshift 2
and then remains constant at higher redshifts. The fact that λ∗ and sSF R have the same
redshift dependence automatically leads to same evolution of φ∗S and φ∗QLF below redshift
2, exactly as observed in the data (see Figure 2.9).
We start our simulation at redshift 6, assuming that all galaxies are star-forming at that
redshift and that their mass distribution can be described by a Schechter function. We
assume the same non-changing M ∗ = 1010.85 and αSF = −0.45 seen in the data at lower
redshifts. We use Equation (B1) from Peng et al. (2012) which provides the relationship
for redshift evolution of normalization of star-forming galaxies:
φ∗SF (t) = φ∗SF (t0 )e

Rt
t0

0

−(1+αSF )rsSF R(t )dt

(3.18)

and search for value at redshift 6 which reproduces value of φ∗SF (z = 1) = 10−2.81 Mpc−3
dex−1 from the fit presented in Section 2.3.1. We find this value to be φ∗SF (z = 6) = 10−4.58
Mpc−3 dex−1 . We then grow galaxies along the Main Sequence in consecutive bins of
∆z = 0.002. In each redshift bin we also deduce which galaxies should quench, according
to the mass-quenching law from Peng et al. (2010).
There are several ways that one could connect AGN accretion with quenching, either
by requiring that AGN accretion happens just before galaxies quench, just after or with
some part of accretion happening before and some part happening after quenching, which
we assume to be an instantaneous event in the history of an galaxy. In this work, we
set up the calculation in such a way that AGN start accreting from their seed mass and
reach their final mbh , which is given by BHARD/SFRD, at the moment that their host
quenches. This is an operative choice, as both processes (AGN activity and quenching) are
unlikely to be well defined, sharp transitions in the life of a galaxy but our results depend
minimally on whether AGN accretion happens just before, during or after quenching of a
galaxy.
When AGN start accreting, we assume that their initial mass function is of the shape as
the mass function of “quenching” galaxies, i.e., that low mass slope is αAGN,1 = αSF + 1,
where with subscript 1 we denote that this is the low mass slope of the AGN that have
started accreting in a single redshift step of the simulation. This choice of slope is the most
logical one because is preserves the linear relation between galaxies that are quenching and
their black hole mass. This shape is modified with assumed log-normal scatter, which we
set at η = 0.3 dex for this analysis. To represent the seed mass of black holes, we assume
∗
that initial Schechter mass of AGN mass function of MAGN,1
= 106 M . In each step
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∗
∗
we then increase the MAGN,1
taking in account current hλi, until the maximal MAGN,1
∗
is reached. As we shown above, the maximal MAGN,1 is given by the (non-evolving) M ∗
of the galaxy population and mbh /m∗ ratio which is reflecting evolving BHARD/SFRD
ratio.

As we discussed in Section 2.2, the shape of the QLF is given by the combination of the
underlying Eddington ratio distribution and the AGN mass function. The high luminosity
end of the QLF is always equivalent to the high-end of the Eddington distribution, while
the low luminosity end is given either by the low mass slope of the AGN mass function
or the low end slope of the Eddington ratio distribution, whichever is steeper. While in
Chapter 2 the low mass slope of AGN mass function had a slope of αAGN = −0.45 and
was therefore steep enough to reproduce QLF, we have argued in Section 3.2.2 that this
is not the case in this scenario (αAGN ≈ 0) so we set up a low end slope of Eddington
distribution function to reproduce low luminosity end of QLF (δ1 = 0.45). For simplicity
and tractability of the model we set up the low and high Eddington ratio slopes to be
constant with redshift. We chose the values representative of the QLF at z ∼ 2 which
corresponds to the peak of black hole accretion density. Following the results of our fit to
the QLF given with Equation (2.26) and Table 2.2, we set the low Eddington slope to be
δ1 = −0.45 and the high Eddington slope to be δ2 = −2.45. From this, it follows that the
QLF will also have non-changing slopes and BHARD will only depend on the evolution of
normalization and characteristic luminosity. We note that considering possible changes of
the slopes would minimally influence our results. As an example, for a QLF with a given
φ∗QLF , L∗ and γ1 = 0.45, varying the high luminosity slope from the lowest value reported
in Hopkins et al. (2007), which is γ2 = 1.8 to the highest value, γ2 = 2.5, changes the total
luminosity density by the factor of 0.09 dex.
As we briefly mentioned above, to ensure that AGN growth happens in a quick, δlike manner, we terminate the Eddington ratio at a given fraction of the characteristic
Eddington ratio, λ∗ , which we in this work set at tenth of λ∗ , i.e., λmin = λ∗ /10. The
choice of terminating the Eddington ratio distribution at a given fraction of λ∗ is simplest
possible, and is attractive as it leads to proportionally between the mean Eddington ratio
of the population, hλi, and the characteristic Eddington ratio, λ∗ .

3.4.2

Predictions of the quenching scenario and comparison with the
conclusions from the co-existence scenario

We first present the black hole mass-luminosity plane, generated with the new, “quenching”, model. We follow exactly the procedure that we explained in detail in Section 2.5.1.
Figure 3.7 shows evolution of the mass-luminosity plane at three representative redshifts. Since the figure was produced using the same procedure it is directly comparable to
Figure 2.10. We see that agreement with observational data, although not perfect, is far
superior to the non-evolving case presented in upper panel of Figure 2.10. This is a consequence of the evolution in the mass ratio of roughly mbh /m∗ ∝ (1 + z)1.5 and Eddington
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ratio evolution of λ∗ ∝ (1 + z)2.5 , quite similar to (1 + z)2 for both quantities which was
postulated in Chapter 2. We remind the reader, that while in Chapter 2 we have put in
mbh /m∗ evolution by hand, any observed evolution in this ratio is now consequence of the
observed galaxy and black hole growth in the SFRD and BHARD, respectively.

Figure 3.7: Mass-luminosity plane in the model in which AGN are connected with
quenching, shown in 3 representative redshift bins. In the top row we show predictions
from the quenching scenario of the model, and observational data from Shen et al. (2011)
and Trakhtenbrot & Netzer (2012) are shown in bottom two rows. Colours and lines are
the same as in Figure 2.10.

We also point out that most of the other conclusions that we made, such as pointing
out that “sub-Eddington” boundary is a simple plotting effect, are still valid. That this
particular effect is so similar in both cases is simply because the predictions for the two
presented scenarios are very similar at high luminosities. SDSS probes luminosities of L∗
and, as we argued when presenting black hole mass functions at different luminosities in
Figures 2.4 and 3.3, the mass function of black holes at luminosities higher that L∗ has
basically the same shape in both scenarios we have considered. As a matter of fact, we
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note that other conclusions from Chapter 2, such as expectation that mbh − σ relation
is redshift independent and the explanation for weaker evolution of the mass ratio at
z ∼ 1 − 2 in direct observations are similarly not changed. These are both consequence
of the mass ratio evolution, which is virtually unchanged in the new scenario, and galaxy
evolution, which is unchanged. Finally, we note that since the new model was set to also
reproduce QLF and BHARD it also automatically reproduces “downsizing”, even though
the Eddington ratio distribution is again independent of the black hole mass.
Finally, we consider the prediction of the model for the black hole - galaxy relation
for quenched objects in the local Universe. We follow the same procedure as when we
produced the equivalent Figure 2.12 in Chapter 2. The only difference is, while before
we used results from Birrer et al. (2014) to determine the quenching redshifts of passive
galaxies, this information is not incorporated in the self-consistent manner in the model.
Given how both reproduce well the overall evolution of the galaxy population this difference
is in-consequential.
In the left panel of Figure 3.8 we show expected mbh /m∗ relation as measured in
quenched galaxies in the local Universe, while in the right panel we show observational
data from Kormendy & Ho (2013). We note excellent agreement, similar to the results
shown in Figure 2.12. Given that both models employed the similar information about
galaxy evolution and have similar mbh /m∗ evolution, this result is not surprising.

Figure 3.8: Left: Predicted mbh /m∗ relation in quenched galaxy systems in the local
Universe. Right: Measured mbh /mbulge by Kormendy & Ho (2013). Orange line on both
panels shows the best fit to the data reported in Kormendy & Ho (2013). The scenario
in which AGN are associated with quenching, similarly to co-existence scenario, naturally
reproduces the local relation in passive systems.

3.5

Summary and conclusions

In this chapter, we have presented a phenomenological model in which AGN were connected with the “mass-quenching” of galaxy star formation. This was motivated by the fact
that significant change by a factor of ten in the black hole - galaxy mass ratio between red-
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shifts 0 and 2, needed to reproduce observation in SDSS mass-luminosity plane, is hardly
consistent with the observed mass growth rate in the co-existence scenario presented in
Chapter 2. We have shown results of analysis that assumes that ANG accretion happens
just as galaxies are mass quenched and whole AGN growth happens in one uninterrupted
episode. Our main conclusion can be summarized as follows:

1. Black hole - galaxy mass relation for galaxies that are just about to be quenched is
given explicitly by the BHARD/SFRD ratio at the moment of quenching. Observational data on BHARD and SFRD suggest that BHARD/SFRD ratio was higher at
redshift 2 than today by 0.5 to 1 dex, i.e., it evolves with ∼ (1 + z)1.5 dependence.
This implies the same change of mbh /m∗ ratio in galaxies that host an AGN.
2. The characteristic Eddington ratio, λ∗ is proportional to SFRD/BHARD ratio and
the characteristic luminosity of QLF, L∗ . Observations suggest a rise of this product
with ∼ (1 + z)2.5 dependence up to z ∼ 2 which is similar to the redshift evolution
of the cosmic sSFR. λ∗ stabilizes around z ∼ 2 at the value close to Eddington limit.
3. The normalization of the AGN mass function φ∗AGN is proportional to the product of
the normalization of the star-forming galaxy mass function φ∗SF and sSF R/λ∗ ratio
of mass doubling times for galaxies and AGN. If sSFR and λ∗ have same redshift
dependence as our analysis indicated for z ∼ 2, the ratio between φ∗AGN and φ∗SF
stays constant with time, as observed.

We have shown that this model in which AGN activity is connected with quenching also
reproduces the SDSS mass-luminosity plane and the observed mbh /m∗ relation quenched
galaxies in the local Universe. Similarly, other attractive conclusions from Chapter 2, such
as (i) an explanation for the sub-Eddington boundary, (ii) a reproduction of downsizing
with the Eddington ratio distribution being independent of mass, (iii) an explanation for
weaker evolution mass ratio evolution at z ∼ 1 in observations and (iv) an expectation
that mbh − σ relation is redshift independent, are not modified.
This is not surprising as the mbh /m∗ and λ∗ that we derived are very similar to the
evolution we postulated in Chapter 2. We remind the reader that this congruence was
not guaranteed or set up beforehand, but is a natural consequence of the evolution of
BHLD(BHARD), SFRD and galaxy population. Given many similarities in the observational consequences arising from the two scenarios, even though their main assumptions
and (presumably) physical drivers are quite disparate, in the next chapter we discus explicitly their observational differences.
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4.1

Differentiating
between
galaxy co-evolution scenarios

AGN-

Introduction

We have now presented a model for AGN-galaxy co-evolution with two quite different
physical scenarios. While in the first scenario the AGN did not directly influence the
galaxy and the co-evolution happens during the cosmological time-scales, in the second
scenario AGN are active only when the galaxy is undergoing mass quenching, implying a
close physical connection between the two. We have seen that both scenarios reproduce
the QLF and other observables in the Universe. Even though we argued that only the
scenario in which AGN are connected with quenching star-formation reproduces evolution
in the mass-luminosity plane and mbh /m∗ relation in quenched galaxies once when the
mass accretion histories are taken into account, we remind the reader that the mass ratio
evolution difference is not defining feature of the model. Additionally, one could still imagine that effects such as obscuration and spin could conspire to create sufficient evolution
in mbh /m∗ ratio even in the co-existence scenario considered in Chapter 2.
In this chapter, we directly compare two models, i.e., use a diagnostic that can conclusively differentiate between these two scenarios. We note that the main difference between
the scenarios is in which galaxies host an AGN. In the first model all star-forming galaxies
have an equal chance to host an actively accreting black hole and therefore the AGN host
mass function has also the shape of the mass function of star-forming galaxies. In the second scenario, AGN are hosted only in galaxies undergoing mass-quenching, and therefore,
the mass function of the AGN host galaxies has the same shape as the mass function of
quenched galaxies. These two function differ in their low mass slope by the factor of 1,
i.e., their mass function can be written as
 m αhost
 m 
∗
∗
Φhost (m∗ ) ∝
exp
− ∗
(4.1)
∗
M
M
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with αhost is αhost = αSF in the co-existence scenario and αhost = αSF +1 in the quenching
scenario. Simply stated, while in the first scenario AGN accretion is equally likely in all
star-forming galaxies, in the later scenario AGN activity happens preferentially in the
massive star-forming galaxies. Therefore we consider studies that test both AGN and
galaxy properties in an independent and statistical manner.
Such studies are only possible in the fields with rich multi-wavelength data. As we
argued in Chapter 1, X-ray surveys offer the best chance to trace AGN accretion in
an unbiased way. Especially for studies in which we want to investigate AGN-galaxy
dependence, the X-ray coverage is crucial because it is only band that allows to cleanly
identify AGN accretion, as star formation cannot contribute significantly to the sources
with luminosity of Lx & 1042 erg/s (e.g., Aird et al., 2017a). On the other hand midand far-infrared photometry are crucial for estimation of the SED of the objects and
determination of the properties of galaxies, such as SFR and stellar mass. This restricts
such studies to fields with deep X-ray coverage such as Chandra Deep Field North (CDFN; Alexander et al. 2003), Chandra Deep Field South (CDF-S; Xue et al. 2011), COSMOS
(C-COSMOS, Elvis et al. (2009) and XMM-COSMOS, Cappelluti et al. 2009). The mid
and far-infrarred measurements for these fields with Spitzer and Herschel are described
in Elbaz et al. (2011), Lutz et al. (2011) and Oliver et al. (2012).

4.2

Galaxy properties as a function of AGN luminosity

The first quantity we consider is the dependence of the star-formation rate as a function
of the AGN luminosity. For this experiment, the AGN sample is divided into luminosity
bins, and then the mean star-formation of the AGN hosts is determined. Assuming that
the AGN hosts are star-forming galaxies that obey a linear relationship between their
mass and star-formation, determining the mean star-formation rate is largely equivalent
to determining the mean mass of the host galaxies. As we have argued in Section 3.2.2, this
dependence is intrinsically different in two proposed scenarios. While in the co-existence
scenario the typical galaxy mass of AGN hosts was dependent on the AGN luminosity, in
the quenching scenario ∼M∗ galaxies dominate the host mass function at all luminosities.
We show our results in Figures 4.1 and 4.2. The data points in Figure 4.1 show results
from Ross et al. (2013), while data points in Figure 4.2 show results from Stanley et al.
(2015). These are directly comparable, but we avoided putting them in the same panel
to improve the clarity of the presentation. We also show results from Mullaney et al.
(2012a), using their Equation (4) which connects stellar mass and LX . We transform
stellar mass to SFR assuming the Main Sequence and show the result as a band with a
width of 0.2 dex, corresponding to the scatter seen in the data. In both figures, we show on
the x-axis labels for both X-ray and bolometric luminosity. We follow the suggestion from
Mullaney et al. (2012b) and use, for a sake of simplicity, a constant bolometric correction
to convert the X-ray luminosity to a bolometric luminosity using a correction factor of
k = 22.4 (Vasudevan & Fabian, 2007). On the y-axis we show both the IR luminosity due
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Figure 4.1: Star formation as a function of AGN luminosity. Dashed lines show predictions of our model, compared with data points and the filled area showing observational
results listed in the Figure and explained in the text. Dotted line shows prediction from
the co-existence scenario described in Chapter 2. We shows some of the results only at
redshift z ∼ 1.2 to improve clarity of the plot.

to star-formation, and the estimated SFR, using the constant scaling in which SFR of 1
M /yr correspond to 1043.6 erg s−1 , as used in Stanley et al. (2015). We show with dashed
lines our predictions using the model in which AGN are connected with quenching in four
different redshifts bins. We show with dotted line the expected results using the model
from Caplar et al. (2015), i.e., from the model presented in Chapter 2. We show the last
two outcomes (from Caplar et al. 2015 and Mullaney et al. 2012a) only at redshift z ∼ 1.2,
to reduce clutter on the plots and because the conclusions we derive are applicable to any
redshift.
As Figures 4.1 and 4.2 show, the quenching model provides excellent agreement with
observations. The predicted slope is almost flat as a consequence of the fact that in any
AGN luminosity bin the sample is dominated by galaxies at the characteristic Schechter
mass (see also Figure 3.3). Even though different luminosity bins have very different
black hole masses, these are all hosted by the galaxies that are undergoing quenching,
which are overwhelmingly massive galaxies around M ∗ . The slight tilt in the figures is a
consequence of the fact that black hole accretion is not instantaneous - while black holes
are growing their galaxies are also growing, although at a slower pace. This induces a
weak dependence in which more luminous objects, corresponding to more massive black
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Figure 4.2: Star formation as a function of AGN luminosity. This plot is equivalent
to the previous Figure but uses different observational results, indicated in Figure 4.1. We
have separated presentation of observational results to avoid overcrowding on the Figures.

holes, reside in slightly more massive galaxies.
The co-existence scenario from Chapter 2 shows very different dependence. As we
elaborated in Section 2.2.5 the dependence of host mass on AGN luminosity is quite
different below and above L∗ . Below L∗ , the dependence of the galaxy mass and the AGN
luminosity is linear, while above L∗ this correlation can not continue given how steep the
drop in the galaxy mass function is, and all AGN are hosted in M ∗ galaxies. This can
be seen in Figures 4.1 and 4.2 as the dotted line flattens its linear dependence at higher
luminosities towards what is seen in the quenching scenario (Chapter 3) at all luminosities.

4.3

AGN properties as a function of galaxy mass

An alternative view on the AGN - galaxy connection can be obtained if the data are not
binned in bins of AGN luminosity but in bins of galaxy mass. In this analysis, all starforming galaxies of a certain mass are considered and then the mean AGN luminosity is
calculated by stacking the total X-ray flux at the positions of the objects, including the flux
that would not be considered sufficient to a claim detection of an individual AGN. This
analysis is of interest because, even though the underlying data are the same, different
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projections can expose different trends in the population (e.g., Volonteri et al. 2015).
Additionally, when selecting objects above a certain AGN luminosity, we are sensitive
only to objects that are currently accreting. As we argued at the beginning of this chapter
the main difference between two scenarios was in the mass dependence of the fraction of
galaxies that host an AGN. This analysis is explicitly sensitive to this difference, as the
mean luminosity of AGN in a bin containing all star-forming galaxies of a similar mass is
obviously sensitive to the fraction of these galaxies that are hosting an AGN.
Before we compare the model predictions with the data we want to point out a salient
effect that influences this analysis. Due to observational constraints, these types of analysis
are done on still relatively small fields. These are not large enough to constraint a number
of rare, very luminous, objects. If the luminous AGN are lacking in the sample of galaxies
that can substantially change the conclusion about dependence of mean AGN luminosity
with galaxy mass because the rare luminous objects are most likely to be hosted in more
massive galaxies.
In Figure 4.3, we schematically show predictions from our quenching model at redshift
z ∼ 2 and the effect we expect if more luminous objects are absent from the sample. On
the x-axis, we have grouped galaxies in the bins of 0.5 dex, as such binning over relatively
large range of masses is commonly done in observations. On the left y-axis we denote the
mean x-ray luminosity over star formation rate for galaxies in the bin. On the right-hand
side, we show the equivalent quantity, black hole accretion rate over star formation rate.
We use a constant offset of a factor 1042.45 , as used in Rodighiero et al. (2015). First, we
consider the dark red line on the top of the figure that shows a non-biased sample, and
follows the true distribution. For low masses, the slope has linear dependence, which is the
consequence of the trend that the fraction of star-forming galaxies which are quenching is
increasing linearly with the stellar mass (see Equation (4.1)). At the high mass end there
is some flattening because the fraction saturates, i.e., the fraction of star-forming galaxies
that host an AGN cannot continue to grow linearly as the high enough masses fraction of
star-forming galaxies that host an AGN approaches unity.
We then start removing the most luminous objects from our sample, as indicated by
the successive orange, yellow and blue lines. As we have pointed out, removing more
luminous objects from the sample disproportionately affects measurement of mean AGN
luminosities of high mass galaxies that are more likely to host these rare very luminous
AGN. This effect causes flattening of the observed relation, because the inferred mean
luminosity of AGN in high mass galaxies is underestimated. In the unrealistic extreme
case in which we are only considering low luminosity AGN (e.g., dark blue line), the mean
measured AGN luminosity in high mass galaxies is very low, since large black holes in
those galaxies generally do not radiate at these low luminosities.
We now compare results of our models with two sets of observations. The first analysis mimics the results one would expect from a 0.9 deg2 C-COSMOS field, analysed in
Rodighiero et al. (2015). To do so, we use the results from our analysis in Section 3.4
and create very large numbers (105 ) of AGN hosted in galaxies with m∗ > 108 M , to-
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Figure 4.3: Schematic representation of the effect that removing AGN above certain luminosity has on the inferred Lx /SF R dependence with stellar mass. Lines show
predicted Lx /SF R dependence if only AGN below bolometric luminosity indicated next
to each line are kept in the sample. Luminosities on the Figure are logarithmic and expressed in units of erg/s. Figure has been created assuming that survey is at z ∼ 2, when
L∗ ≈ 1046.7 erg/s.

gether with their black hole and galaxy masses at redshift intervals separated by ∆z =
0.1. We estimate the number of objects that we expect in each redshift bin in a 0.9 deg2
field and draw objects randomly. For the sample at z ∼ 2 we simulate objects between
1.5 < z < 2.5, and for the sample at z ∼ 1 we simulate objects between 0.5 < z < 1.5.
To make sure we capture the effect described in Figure 4.3, we estimate what are
the most luminous objects seen in the COSMOS sample. We therefore create a function
describing the redshift dependence of the brightest AGN found in the sample in the following manner. We consider the sample of COSMOS X-ray detections from Civano et al.
(2012) between redshifts 0.5 < z < 2.5 and search for brightest AGN in redshift bins of
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∆z = 0.25. We then fit this upper envelope of the distribution in with functional form
log LX,0 +n log(1+z) and find best fit parameters to be log LX,0 = 43.5 and n = 2.14, where
unit of LX,0 is erg/s. After that we apply the bolometric correction and raise the overall
normalization of the relation so that all observed AGN are actually below it (apart from
one object at z ∼ 1.2 ). For our further analysis of the simulated sample we remove AGN, if
there happen to be any, with luminosity larger than Llim,COSM OS = 44.8 + 2.14 log(1 + z),
where Llim,COSM OS is now a bolometric luminosity and its unit is again erg/s. This
procedure eliminates, on average, around 0.07% of the total simulated sample from the
analysis.
The second analysis mimics results from the 0.11 deg2 CDF-S field, analysed in Mullaney et al. (2012b) and Yang et al. (2017). We follow the same procedure as described
above. For the sample at z ∼ 2 we simulate objects between 1.3 < z < 2.0, and for the
sample at z ∼ 1 we simulate objects between 0.5 < z < 1.3, as it has been done in Yang
et al. (2017). We also estimate a dependence of the maximal luminosity with redshift
from the sample presented in Yang et al. (2017). We find upper envelope of the sample
to be well described with Llim,CDF −S = 44.25 + 3.48 log(1 + z) and we remove objects
with larger luminosities from the sample. With this procedure we remove, on average,
∼0.1% of all galaxies that have been simulated. For a sample of 13114 galaxies considered
in Yang et al. (2017) this correspond to ∼ 13 objects. We can compare this with Yang
et al. (2017), where 18 broad-line, generally more luminous, AGN were removed from the
sample, as SFR measurements from SED fitting could be overestimated for these objects
(e.g., Ciesla et al., 2015).
We show the results of our analysis in Figures 4.4 and 4.5. Figure 4.4 shows results at
higher redshift of z ∼ 2, while Figure 4.5 shows result at the lower redshift of z ∼ 1. Both
figures employ the same colour scheme. The red points show results from the analysis of
COSMOS field presented in Rodighiero et al. (2015), black and grey points show results
from analysing CDF-S field by Mullaney et al. (2012b), while light blue and blue points
show CDF-S results by Yang et al. (2017). These different surveys have been scaled to
the same K-correction for X-ray data as shown in Rodighiero et al. (2015). The thick
lines show the intrinsic relationships, without considering the possible “small field effect”
considering above. Brown thick line shows dependence with mass expected from the coexistence scenario elaborated in Chapter 2. The fact that this line is horizontal is a natural
consequence of the model in which all star-forming galaxies have an equal chance to host
an AGN, regardless of their mass. On the other hand the diagonal thick orange line shows
the idealized expectation of mass dependence from the quenching scenario from Chapter
3, in which the probability of hosting an AGN increases linearly with galaxy mass. The
line saturates at high masses as the fraction of star-forming galaxies which are considered
to be quenching starts to approach unity. The red and blue lines show our expectation for
the actually observed relations, after the “small field effect” correction, in COSMOS and
CDF-S field, respectively. With dotted lines we show results from co-existence model in
Chapter 2, while with dotted lines we show results from the quenching model described
in Chapter 3. The shaded regions were created by running the simulation of the results
from quenching model 100 times and selecting the 16th and 84th quantile to indicate the
possible spread of the results. Because COSMOS field is much larger and contains more
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galaxies, the spread is naturally smaller, as seen in the figures.

Figure 4.4: Dependence of LX /SF R on the stellar mass, prediction from our model
and the data at z ∼ 2. The points are from observational studies indicated in the Figure
and the lines show our predictions from using co-existence scenario (denoted with “Caplar
et al. 2015”) and the quenching scenario (denoted with “This work”). Full lines are
showing schematically the difference of the mass dependence between these two scenarios,
while red and blue lines show our predictions for observational results in realistic surveys.
See text for more details.

The quenching model is fully consistent with the observational data once the fact that
the very luminous objects are likely missing in the available surveys is considered. The
effect is such that it can easily recreate the observed lack of mass dependence in the
hLX /SF Ri relationship at relatively high masses (m∗ > 1010 M ) as seen in Mullaney
et al. (2012b), even though intrinsic relation has almost linear dependence with stellar
mass. Rodighiero et al. (2015) argues, from analysing COSMOS field, for a steeper relationship, with hLX /SF Ri ∝ m∗0.43±0.09 . This steeper relationship is exactly what we
would expect in the quenching scenario when considering a larger, less biased field!
The second difference that we expect to see between the analysis in the COSMOS
and CDF-S fields is the normalization. As shown in Figure 4.3, our prediction is that
normalization of the hLx /SF Ri relation should be higher in the larger field which is less
affected by the “small field effect”. That is not what is seen in Figure 4.5 where the
normalization of studies in both fields is seen to be comparable. However, these studies
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Figure 4.5: Dependence of LX /SF R on the stellar mass, prediction from our model
and the data at z ∼ 1. See Figure 4.4 for explanation of labels.

have been done on different datasets and using different methods to estimate the SFR.
Given these differences we believe it would be unwise to attach too much significance to
this disparity.
At lower galaxy masses our predictions follow the intrinsic correlation as these galaxy
host black hole that accrete at luminosities that are well probed by surveys. We see that
the data points from Yang et al. (2017), which is the only study covering these masses, are
below the results measured from galaxies with larger masses, qualitatively in accordance
with our predictions. Yang et al. (2017) notes that contribution of the X-ray background,
not explicitly modelled here, acts to flatten out the dependence at low stellar masses and
this is probably the reason why the data at low stellar masses do not continue to follow
linear trend with the stellar mass.
This mass dependence in these results is already in contradiction with the co-existence
scenario, in which no mass-dependence is expected. If we also take into account the
maximal luminosities observed in the fields, we would expect that the observed hLX /SF Ri
should actually fall towards higher galaxy masses. To look at it another way, in general,
we expect the difference in the slope of hLX /SF Ri−m∗ dependence between two scenarios
to be of an order of unity. This will be the case not only for the intrinsic relations, but also
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for the relations with observational effects included. As we have shown that the quenching
scenario produces an apparent lack of correlation in the observations of small, possibly
biased, fields, the difference of slope of order of unity suggests the negative correlation in
observation for the co-existence scenario, as shown in Figures 4.4 and 4.5.
As a final note, we mention that the results in this section are somewhat preliminary as
there are several other ways to test these observational results. In the near future we aim
to confirm our reasoning with (i) statistically evaluating model predictions expected from
COSMOS and CDF-S sized fields, without special luminosity cuts, and (ii) by modelling
non-stacked data, i.e., modelling hLX /SF Ri only for the AGN which are actually detected
in X-ray surveys. This is the most direct way to test the different scenarios as it avoids
possible problems due to stacking and it automatically fully accounts for the peculiarities
of the observational surveys and their relatively small fields which might bias the result.

4.4

Summary and conclusions

In this chapter we have presented direct comparison between two possible scenarios characterizing galaxy - black hole co-evolution that we described in Chapters 2 and 3. We have
pointed out that the main difference between the co-existence and quenching scenario was
in the mass function of galaxies that are hosting AGN. We have therefore conducted this
comparison with the studies that follow simultaneously evolution of mean properties of
both galaxy and AGN population. Our main findings can be summarized as follows:

1. Mean star-formation in AGN host galaxies is only weakly dependent with the luminosity of AGN in the quenching scenario, which is in excellent agreement with
the observed relations from Rosario et al. (2012), Mullaney et al. (2012a), and
Rodighiero et al. (2015) that show little luminosity dependence in the observed
range. The co-existence scenario, on the other hand, predicts linear correlation between the star-formation rate and AGN luminosity in the luminosity range covered
by the observations.
2. When studying dependence of mean AGN luminosity as a function of galaxy mass,
the observed mass dependence can substantially differ from the actual relation in
the Universe if the small fields studied do not include high luminosity AGN.
3. We make predictions for the mean AGN luminosity/SFR ratio as a function of galaxy
mass in the quenching and co-existence scenarios in COSMOS and CDF-S fields, using actual maximal luminosities of AGN in those fields. We find that the quenching
scenario offers better description than the co-evolution scenario for the observed
galaxy mass dependence of hLX /SF Ri in Rodighiero et al. (2015) and Yang et al.
(2017). Quenching scenario is also consistent with Mullaney et al. (2012b), once
the actual maximal luminosities of AGN in the survey are modelled. The quenching model also correctly predicts a steeper observed slope in the COSMOS field,

90

4.4. Summary and conclusions

hLX /SF Ri ∝ m0.5
∗ , rather than no dependence with galaxy mass (at relatively high
stellar masses, M ∗ > 1010 M ) that is seen in CDF-S field. This is a consequence of
less bias affecting the intrinsic relation in the larger and more representative COSMOS field.

With this we conclude our study of the co-evolution of galaxies and black holes. In
Chapters 2, 3, and 4 we have presented a simple phenomenological model which, despite its
simplicity, is capable of explaining the number of observations in the local and high-redshift
Universe. We have pointed out a number of predictions and possible misconceptions which
can arise from interpretations of the data which involves redshift-evolving quantities. Full
summary of our results is presented in Chapter 6.
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5

Optical variability

The content of this chapter is based on Caplar et al. (2017).

In this chapter we adopt a very different approach to study the AGN population. We
will still use large datasets and explore the evolution of the same AGN properties, such
as mass and luminosity, but with the data collected through synoptic surveys. While in
the previous chapter AGN properties have been inferred indirectly from the AGN-galaxy
co-evolution on cosmological time-scales, this new approach will be directly testing the
accretion disk and its structure. Overview of the topic of AGN variability has been given
in Section 1.4. Several of the more technically involved sections are presented in dedicated
Appendix.

5.1

The sample & data

Our main dataset comes from the Palomar Transient Factory (PTF) and intermediate
Palomar Transient Factory (iPTF). The PTF/iPTF is studying the transient sky using
00
the 48 telescope on Mount Palomar. It employs the former Canada-France-Hawaii Telescope 12K × 8K camera with 11 active chips which together cover an effective 7.26 deg2
field of view (Rahmer et al., 2008, Law et al., 2009, Rau et al., 2009). Most of the
PTF/iPTF observations, which started in the March 2009, are taken in the Mould hri
00
filter (λ = 6580 Å). The median seeing of the images is about 2.2 . Individual exposures
are 60 seconds and the surveys cover ∼ 8000 deg2 of the northern sky above declination of
−30◦ . Further information about the performance of the survey and the data preparation
procedures are available in Law et al. (2009) and Laher et al. (2014). Initial calibration
for the survey was reported in Ofek et al. (2012), but we decided to recalibrate the quasar
data with our specific scientific goals in mind. This re-calibration is presented below in
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Section 5.2.

Figure 5.1: Distribution of observational cadence in the sample. The time differences
have been transformed into the quasar restframe.

This analysis is based on all the observations that were taken in the r-band in the
six year interval between the start of the survey in March 2009 and April 2015. A small
fraction of images were taken with g-band and Hα filters, but these were not included
due to the low number of available observations. We only use images which are not
significantly affected by clouds, i.e., if the mean observed instrumental magnitudes of our
reference objects (see below) are within 0.2 mag of the instrumental magnitudes in the
5 best observations of that field. This cut removes a significant fraction of the available
data (∼30%), but is necessary in order to achieve a high quality of calibration (see also
Appendix A.1), not least because, with such a large field of view and short exposure, the
effects of clouds can vary significantly across the field of view. The survey consists of a
large number of images of specific regions of the sky, or “fields”, each-defined by a single
field-center. Our work only includes those fields for which images at more than 10 epochs
are available.
The sample of quasars was constructed from the homogeneous sample of AGN identified in the Sloan Digital Sky Survey Data Release 7 (SDSS-DR7) by Shen et al. (2011). All
physical quantities are taken from the accompanying catalog, except for black hole masses
which are taken from a catalog with improved estimates in Trakhtenbrot & Netzer (2012).
In cases where mass estimates from Trakhtenbrot & Netzer (2012) are not available, we
retain the Shen et al. (2011) mass estimates. We have verified that the choice of the black
hole mass catalog makes no significant difference to our final conclusions. In both of the
catalogs, black hole masses are estimated using the single-epoch method in which the mass
is estimated from the width of the broad emission lines (Hβ, Mg ii λ2798 or C iv λ1549)
combined with the monochromatic luminosity at 5100, 3000 or 1450 Å, respectively. The
exact choice of the line and monochromatic luminosity that is used depends on the redshift
of the source.
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Figure 5.2: Cumulative distribution of the number of observations for the objects in
the sample. There are ∼14,500 quasars with light curves with more than 50 observations,
and ∼1,750 light curves with more than 250 observations.

We have then selected only quasars for which the median instrumental magnitude in
the PTF/iPTF was brighter than -9 mag which corresponds broadly to r = 19.1 mag.1 We
impose this conservative cut in order to be sure that we can fully capture the variability
of the AGN, both through their bright and their faint phases. This choice is discussed
further in Appendix A.1. We also exclude objects in areas around the bad columns on the
chips. To accommodate small variations in the pointing of each field, these are chosen to
be 100 pixels wide, leading to a loss of about ∼ 6% of the field of view.
Our final sample consists of 28,096 AGN with the total of 2.4 million photometric datapoints. The PTF/iPTF survey also has a number of special fields which were configured
for specific projects. Some of the selected AGN therefore appear in different PTF-fields
and CCD chips. As our recalibration is chip and field specific (see Section 5.2), we treat
these duplicated AGN as completely separate objects for calibration and analysis purposes.
There are 3634 such objects, so our sample in fact consists of 31,730 calibrated light curves.
In Figures 5.1, 5.2 and 5.3 we present the distributions of the survey’s observational cadence, the number of observations per light curve and the total duration of the light curves.

At two points in our analysis, we also use light curves from the SDSS Stripe 82 survey.
The first is when we estimate, and correct, the wavelength dependence of AGN variability.
The second is to compare with the results of our PSD analysis. The Stripe 82 survey
covered an area of 290 deg2 and provides 5-band photometric measurements, with an
average of 60 observations in each band per quasar. Photometric accuracy of the SDSS is
1
Instrumental magnitudes refer to the measured brightness of the sources, as obtained from the automatically generated catalogs provided by the PTF collaboration. Details regarding these measurements
are given in Laher et al. (2014).
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Figure 5.3: Cumulative distribution of the time span of the observations for the
objects in the sample, i.e., the total length of the light curve between the first and the last
observation. The time spans have been transformed into the quasar restframe.

excellent, with the photometric errors smaller than σ=0.018 mag in the g, r and i bands
and 0.04 mag in u and z bands for sources with r <19 mag. We refer the reader to
MacLeod et al. (2012) for an extensive discussion of this survey and data products.

5.2

Re-calibration of the PTF AGN Light Curves

Although the initial calibration from Ofek et al. (2012) is available for all of the AGN in
our sample, we decided to recalibrate all of the AGN photometry in a way that was optimized to our scientific goals. This led to a significant reduction in the systematic errors.
A more detailed comparison of the calibrations is presented in Appendix A.2.

In general, we use a relative calibration as we are primarily interested in the differences
in the brightness of the quasars as a function of time rather than the absolute measurements. We broadly follow the procedure and philosophy in Levitan et al. (2011) and Ofek
et al. (2011), for which we give a brief overview below. The main idea is to minimize the
scatter in a set of reference objects, similar to the targeted quasars, that are available in
the same images.

We first identify, in each field, the five “best” observations, i.e., epochs, simply in
terms of the number of detected objects. A set of potential “reference” objects is then
constructed to be all objects that (a) were observed in at least 4 out of these 5 best observations for a given field and chip combination, (b) have Sextractor CLASS STAR value larger
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than 0.9 and (c) do not have any Sextractor quality flags set in any of the observations
(Bertin & Arnouts, 1996). Potential reference objects that were selected in this fashion
were cross checked against the AGN SDSS-DR7 catalog and known AGN were removed.
We then assign an initial value of brightness to each of these reference objects, calculated
as the mean instrumental magnitude of the object in these best observations.

For each object for which we want to create a calibrated light curve, we then select a
subsample of up to 50 reference objects which are in the same chip and same field. These
are chosen to be within 0.25 mag of the median magnitude of the five “best” observations
of the target in question. If, as was usually the case, there are more than 50 objects that
satisfy this criteria then we select the 50 spatially nearest ones (in the same chip) to the
source that we are calibrating. If there are fewer than ten available reference objects, the
target is discarded.

Using these reference objects we then fit, using standard least-squares, the following
relation for each of the targets:
mij ∼
(5.1)
= zi + m̄j ,
where mij is a p × q matrix that contains all the p measured magnitudes of the q reference
objects, and i is the epoch index and the j is the index of reference object. From the
results of the fit we can determine m̄j which is the mean magnitude of the jth reference
object and the zi which is the zero-point of the ith epoch observation (Ofek et al., 2012).
We apply the method iteratively, by removing reference objects which are highly variable
(χ2 /d.o.f.> 3 for the constant magnitude fit) and adding “cosmic error” term to all the
measurement in the epoch for which the residuals are deemed to be too large (as suggested
in Ofek et al., 2012).

We then use the final zeropoints, zi , determined for this target for each epoch, to calibrate the relative light curve for the quasar. For each observation of a target at a given
epoch, we also estimate the measurement errors σi from the spread of the reference objects
around their respective means. We do not include specifically any color dependant terms
in our calibration as we demonstrate that for stars there is no dependence of residuals on
colour. We shown this in Appendix A.3.

Clearly, the estimate of the zero point zi at a given epoch will have uncertainties since
it is based on data from a finite number of reference objects (maximum 50). This estimate
will introduce a spurious apparent variability to the target quasar that must be included in
calculating the SF. It is easy to show that the additional variance in the quasar variability
will be equivalent to σ 2 /(N − 1) where N is the number of reference objects used and σ 2
is initially estimated variance. This additional variance can therefore be easily included
in the final estimate of the measurement error.
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Following the procedure in Schmidt et al. (2010) we clean our resulting quasar light
curves to remove spurious outliers. We do this by applying a 5-point median filter to the
light curves and removing individual observations which satisfy the criterion
|mi − mm,i | > 0.3 mag × (∆ti,i−1 /100)1/2 + 5σi ,

(5.2)

where mi is the observed magnitude, mm,i is the resulting magnitude after applying 5point median filter, ∆ti,i−1 is the temporal separation of ith and i−1 observation measured
in days in the quasar rest frame and σi is the estimated error of the ith observation. Given
that the light curves have large seasonal gaps, the time-dependent term ensures that we do
not remove variability which is not spurious, but which might have occurred during the long
observational break. We have compared our results with and without the time-dependent
term in the Equation (5.2) and we find that our main conclusions are unchanged. This
cleaning removes 0.1% of the data points. Visual inspection of the images associated with
these discrepant data-points confirms that they were often compromised by satellite or
aircraft trails 2 .

5.3
5.3.1

Analysis Methods
Construction of the structure functions

In order to study the correlation of variability with the physical parameters of the quasars,
we construct the ensemble structure functions. We split our quasar sample into 64 bins
defined by the physical properties of redshift, luminosity and black hole mass, as follows.
Firstly we split our sample into 4 redshift bins that each contain the same number of
quasars. Each of these 4 redshift bins is then subdivided equally into 4 luminosity bins,
and finally each of these bins is further divided into 4 mass bins. Mean values for redshift,
mass and luminosity in each of these bins are shown in the Figure 5.4 and in the Table 5.1.
Although the bins are different in size and are irregularly spaced in parameter space, this
procedure ensures that each of the final 64 bins contains the same number of quasars and
consequently also approximately the same number of photometric observations. Since the
uncertainty in the mean properties is driven by scatter within the population, this means
that the uncertainty in the mean behaviour should be comparable in all of the bins.

In each bin, we then construct the structure function using Equation (1.11), modified
as described in Section 5.2. Firstly we transform all of the quasar observations into the
quasar rest-frame, i.e., we divide all of the observation times by the time-dilation factor
of (1+z), where z is the redshift of the quasar. For each of the 64 bins, we then create
the structure function in 20 time bins of time interval ∆t, chosen so that each time bin
contains the same number of pairs of observations. Outside of the ∆t associated with the
seasonal gaps in the survey observations, the spacing of these bins is roughly equidistant
2
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in units of log ∆t, with a typical width of ∼0.13 dex.
This divides the whole survey, which consists of 250 million pairs of photometric observations, into 1280 bins of the structure function which contain, on average, 150,000
observational pairs each. However, it should be realised that, within each structure function, the number of objects which are contributing to the different ∆t bins varies with
∆t. While time-bins describing short-term ∆t (∼ 1day) contain typically 400-500 objects,
because essentially all quasars in a given redshift-luminosity-mass bin will be present, the
number contributing to the longest-term time bins drops to ∼150. This is a consequence
of the inhomogeneous observing strategy in which objects are usually observed multiple
times during the same or adjacent nights and only a subset of the sky was observed repeatedly during the full duration of the survey.

Because our data sample is quite heterogeneous, with different quasars represented by a
very different number of observations, there is some danger of the results being dominated
by a small number of objects that were observed very often. In the case of the SF, each
light curve comprising p data points will contribute p2 times to the structure function.
Given that quasars display a wide range of variability properties, this could significantly
bias our results, further exacerbating the problem that individual quasars may contribute
to the SF2 with different weights at different ∆t. To minimise this, when constructing
the SF2 in each of the time bins ∆t, we restrict the number of observational pairs from
each quasar in a given ∆t bin to be a maximum of 20 (randomly chosen) pairs. If the
quasar does not contribute with 20 data-pairs to the particular time bin its contribution
is discarded. This limits the weight given to the most densely sampled quasars.

To estimate the uncertainties in the SF2 arising from the scatter in the population and
from the variations in the observational data described in the previous paragraphs, we
employ resampling procedures. We repeat the SF2 construction procedure 100 times using N randomly selected objects from the N available objects, allowing repetition. When
an object is included twice, it is treated as “new”, e.g., with a different randomly chosen
set of 20 observational pairs. We estimate the mean SF2 and error on the SF2 from the
distribution of the results.

The quasar SF2 constructed in this way show a significantly non-zero value of the SF2
at short time scales, where the SF2 should in principle converge towards zero for zero ∆t.
For example, within a single night the SF2 is typically 10−3.5 , i.e., a residual variability of
about 0.01-0.02 mag. This could well be the signature of unrecognised systematic uncertainties, and similar samples of stars might be expected to show similar effects. We have
therefore constructed control samples of stars which were matched in brightness to the
AGN samples. These stellar samples were processed, using the above procedure, in exactly
the same way as if they were quasars. Of course, this control sample of stars could show
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Figure 5.4: SF2 split by redshift, luminosity and mass. Each row shows structure
functions taken from the same redshift bin, as indicated on the right-hand side. Each
panel within each row, then shows the structure functions of quasars in a given luminosity
bin, which is then further split within each panel into black hole mass by denoting the
points in different colors. In each panel, we show the mean luminosity and the mean mass
is given in the key, both in logarithmic units. The dashed line, which is the same on all of
the panels, has a functional dependence of −4 + log t and is given to help guide the eye in
comparing panels. Except at the lowest redshifts and luminosities, where the photometry
could be affected by the host galaxy, the structure functions are consistent with zero as
∆t tends to zero.

genuine stellar variability effects. This procedure is explained and discussed in detail in
Appendix A.4, but we provide brief overview here. What is seen is that the stellar SF2 is
flat over a wide range of ∆t, with a similar amplitude to that of the quasars at very small
∆t. The stellar SF2 is independent of the colour of the stars. It is therefore likely that the
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estimate of the observational errors on each photometric point has slightly underestimated
the observational uncertainties in the survey (they appear to capture around 90% of the
variance). In order to account for this effect we simply subtract the stellar SF2 from the
initial AGN SF2 , to yield a final estimate of the AGN SF2 .

We show the corrected SF2 in Figure 5.4. We see that we are able to capture the
variability for the vast majority of objects from shortest (. 1 day) to very long (several
years) scales. Except for a small excess variance at small ∆t at the lowest redshifts and
luminosities, the SF2 generally converge towards zero as ∆t approaches zero, as expected.
The two lowest redshift and lowest luminosity bins may contain residual calibration errors,
possibly due to host galaxy contributions. When conducting the analysis below we take
special care to verify that none of our results is being driven by these two bins.

5.3.2

Wavelength correction

When comparing the measurements of SF2 of quasars of different properties, we would
ideally compare them at the same rest-frame wavelength, given that variability is known
to be wavelength dependent (e.g., MacLeod et al., 2010). Since our data is only taken
in a single (observed) band, this involves a redshift-dependent correction to the observed
amplitudes, on top of correction to the timescales from the cosmological time-dilation.
This correction cannot be estimated from our data alone but can be estimated from the
multi-wavelength quasar data from the SDSS Stripe 82 in MacLeod et al. (2012) .

We separate the available SDSS data into 5 redshift bins and then split each redshift
bin into 5 luminosity bins. In each of the resulting 25 bins we estimate the ratios of the
SF2 in the g− and r− bands, and in the r− and i− bands. We estimate this ratio with
all of the available data in the single bin as we assume that the color dependence of variability is independent of time. We do not use the u and z bands because of the larger
errors associated with the photometric measurements in these bands. This procedure,
done in a single redshift bin, enables us to estimate the dependence of the SF2 across the
gri wavelength range which spans the r−band data of the (i)PTF. Splitting the redshift
bin into different luminosity bins allows us to check if this wavelength dependence changes
with luminosity, but we do not in fact detect any such luminosity trends and can treat
these five luminosity bins as independent estimates of a luminosity-independent relation.

In order to connect these single-redshift estimates across a range of redshift, we construct a redshift ladder, as shown in the Figure 5.5. We first force the gri SF2 curves
from the five luminosity bins at the lowest redshift to be coincident at a rest-frame 4000
Å by making small vertical adjustments. We then require the SF2 variance curves from
the next two redshift bins to overlap with each other and with the ones from the lowest
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Figure 5.5: The redshift ladder constructed to determine the dependence of variability
as a function of wavelength. We estimate the ratio of excess variance (SF2 ) between the
g-r band and r-i band in the SDSS Stripe 82 in different redshift bins and then demand
that these estimates agree at the fixed points of 2000, 3000, and 4000 Å. The grey line,
which we show in the wavelength range that is probed in this survey, shows a fit to the
data (Equation 5.3) which we use in further analysis to characterize the dependency of
variability with wavelength. See text for more details.

redshift bin at the shorter rest-frame wavelength of 3000 Å. Finally, we can add the two
highest redshift bins, now normalising at 2000 Å. We then fit a second order polynomial
to these normalized estimates of SF2 at different wavelengths to infer:
SF2 (λRF )
log 2
= −0.03 − 0.815 log
SF (4000Å)



λ
4000Å




+ 1.989 log

λ
4000Å

2
.

(5.3)

We will use the function in Equation (5.3) to renormalise all of our estimates of variability
at different redshifts to the value expected at 4000 Å. This choice of rest-frame wavelength
corresponds to what is observed within (i)PTF for z ∼ 1 quasars - typical of our sample.
We note that our prescription is consistent with other estimates of the wavelength dependence of quasar variability from the same dataset (MacLeod et al., 2010; Meusinger et al.,
2011; Zuo et al., 2012).

5.3.3

Fitting the structure function

As was seen in Figure 5.4, the SF2 rise uniformly with time, with slopes similar to that
expected from a random walk and with possible breaks at long time-scales in some cases.
We therefore model the ensemble SF2 , constructed in each bin of quasar properties and
after applying the wavelength correction derived above, with the functional form of a
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broken power law. Namely we use
(
φ0 + φ1 · (∆t)g1

g 2
2
SF (∆t) =
∆t
(φ0 + φ1 · (∆tbr )g1 ) · ∆t
br

∆t ≤ ∆tbr

∆t > ∆tbr

(5.4)

where the ∆tbr is the timescale associated with a break in the structure function. We fit
the SF2 function with a double power law to allow for potential changes of slope at long
timescales which can be caused by either a real flattening or by statistical fluctuations in
the sample (remembering that not all quasars contribute at the longest timescales). The
term φ0 in Equation (5.4) allows for the possibility of a time-independent term associated
with lingering systematic effects in the calibration. All of the inferred parameters are
shown in Table 5.1.
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Tab. 5.1 — Fit of SF2 with Equation (5.4), table of parameters
hzi

hlog Li

hlog M i

φ0

φ1

g1

g2

tbr

0.26
0.28
0.29
0.30
0.38
0.40
0.40
0.40
0.51
0.54
0.56
0.55
0.64
0.67
0.69
0.66
0.90
0.91
0.95
0.97
1.02
1.03
1.06
1.05
1.08
1.10
1.12
1.11
1.09
1.14
1.15
1.16
1.45
1.45
1.44
1.45
1.51
1.49
1.47
1.50
1.55
1.53
1.55
1.55
1.59
1.59
1.60
1.59

45.15
45.17
45.17
45.18
45.42
45.44
45.44
45.44
45.71
45.72
45.74
45.74
46.01
46.05
46.08
46.11
45.99
46.02
46.05
46.07
46.24
46.25
46.25
46.25
46.39
46.40
46.41
46.41
46.59
46.61
46.65
46.69
46.29
46.34
46.37
46.37
46.55
46.55
46.56
46.55
46.70
46.70
46.71
46.71
46.89
46.89
46.94
46.99

7.67
8.06
8.41
8.83
7.83
8.22
8.50
8.90
8.04
8.36
8.64
8.96
8.30
8.62
8.87
9.21
8.39
8.67
8.87
9.16
8.58
8.84
9.03
9.25
8.69
8.94
9.11
9.31
8.88
9.12
9.28
9.51
8.67
8.92
9.13
9.37
8.84
9.06
9.24
9.45
8.95
9.15
9.32
9.52
9.11
9.30
9.46
9.68

-2.88±0.12
-3.02±0.15
-2.77±0.10
-2.67±0.083
-3.68±0.61
-4.37±0.71
-2.77±0.094
-2.82±0.14
-5.66±1.8
-10.7±1.4
-15.8±2.2
-3.68±0.58
-4.33±0.78
-4.72±1.6
-7.53±0.85
-4.30±0.50
-4.43±0.60
-4.19±0.57
-4.29±0.56
-11.3±1.3
-3.69±0.44
-4.51±0.67
-8.03±1.0
-5.89±0.65
-3.93±0.66
-5.40±1.1
-7.75±0.84
-6.46±0.47
-14.0±0.92
-6.11±1.3
-9.72±1.0
-10.9±1.7
-7.20±2.2
-3.64±0.36
-4.11±0.81
-4.21±0.87
-16.7±1.7
-10.4±0.82
-10.2±0.92
-8.60±1.4
-10.1±0.82
-5.22±0.72
-8.35±1.0
-12.2±0.85
-5.63±1.1
-4.27±1.5
-4.36±0.51
-6.20±1.0

-3.94±0.24
-4.08±0.26
-4.29±0.31
-3.80±0.25
-3.83±0.26
-3.34±0.13
-4.78±0.37
-4.01±0.20
-4.04±0.20
-3.68±0.11
-3.58±0.13
-4.15±0.29
-4.27±0.21
-4.36±0.26
-4.86±0.25
-4.45±0.21
-4.20±0.18
-4.05±0.17
-4.60±0.30
-4.37±0.23
-4.84±0.28
-4.95±0.28
-4.35±0.22
-4.63±0.28
-4.56±0.37
-4.31±0.19
-4.89±0.32
-4.08±0.24
-5.07±0.27
-5.03±0.19
-4.68±0.31
-4.84±0.19
-3.83±0.21
-4.72±0.31
-4.08±0.22
-4.26±0.23
-4.27±0.19
-4.23±0.18
-4.28±0.16
-4.79±0.28
-4.65±0.21
-4.49±0.16
-5.06±0.31
-4.07±0.15
-5.09±0.38
-4.43±0.39
-4.69±0.24
-5.15±0.23

0.83±0.098
0.93±0.12
1.04±0.13
0.78±0.10
0.86±0.11
0.67±0.057
1.29±0.17
0.96±0.082
0.96±0.11
0.82±0.052
0.80±0.058
1.12±0.15
1.04±0.088
1.13±0.12
1.43±0.13
1.19±0.11
1.03±0.079
0.98±0.086
1.29±0.15
1.16±0.11
1.34±0.14
1.49±0.14
1.11±0.10
1.32±0.14
1.16±0.18
1.05±0.086
1.40±0.16
1.02±0.12
1.41±0.15
1.35±0.089
1.20±0.14
1.28±0.091
0.90±0.096
1.32±0.15
0.98±0.10
1.08±0.10
1.07±0.094
1.04±0.082
1.08±0.071
1.34±0.14
1.22±0.11
1.10±0.069
1.45±0.15
0.96±0.065
1.38±0.18
1.06±0.18
1.19±0.11
1.46±0.12

0.242±0.11
0.531±0.071
0.348±0.14
0.461±0.081
0.393±0.074
0.327±0.10
0.699±0.11
0.455±0.20
0.519±0.081
0.391±0.11
0.387±0.14
0.453±0.14
0.266±0.15
0.482±0.13
0.695±0.082
0.751±0.074
0.364±0.19
0.676±0.081
0.719±0.090
0.635±0.17
0.787±0.053
0.707±0.057
0.530±0.20
0.692±0.095
0.746±0.087
0.455±0.17
0.794±0.12
0.481±0.14
0.631±0.080
0.664±0.17
0.499±0.17
0.889±0.20
0.419±0.13
0.770±0.080
0.365±0.17
0.654±0.14
0.602±0.12
0.467±0.20
0.451±0.19
0.880±0.089
0.759±0.096
0.480±0.22
0.850±0.086
0.408±0.19
0.492±0.17
0.591±0.19
0.506±0.20
0.649±0.11

2.70±0.088
2.18±0.085
2.49±0.14
2.25±0.12
2.35±0.083
2.54±0.15
2.18±0.098
2.73±0.19
2.33±0.19
2.53±0.098
2.60±0.11
2.36±0.16
2.60±0.082
2.43±0.11
2.15±0.078
2.10±0.080
2.57±0.12
2.25±0.12
2.16±0.11
2.45±0.17
2.08±0.049
2.07±0.050
2.56±0.15
2.19±0.096
2.15±0.16
2.49±0.092
2.15±0.12
2.30±0.12
2.19±0.10
2.46±0.098
2.42±0.085
2.43±0.28
2.39±0.12
2.09±0.068
2.60±0.15
2.24±0.17
2.22±0.11
2.47±0.085
2.57±0.064
2.11±0.071
2.16±0.095
2.68±0.15
2.13±0.11
2.64±0.13
2.25±0.084
2.41±0.20
2.48±0.087
2.18±0.074
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χ2 /d.o.f
0.75
0.37
0.42
0.66
0.85
0.57
0.81
0.56
0.70
1.1
1.1
0.46
0.34
0.73
0.44
0.28
0.42
0.56
0.29
0.43
0.37
0.35
0.35
0.30
0.46
0.26
0.57
0.81
0.26
0.30
0.58
0.38
0.35
0.34
0.59
0.64
0.21
0.46
0.38
0.20
0.24
0.79
0.30
0.71
0.26
0.61
0.70
0.28
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Tab. 5.1 — (cont’d)
hzi

hlog Li

hlog M i

φ0

φ1

g1

g2

tbr

2.04
1.96
1.97
2.03
2.05
1.98
2.06
2.05
2.22
2.17
2.13
2.21
2.56
2.30
2.44
2.61

46.48
46.57
46.61
46.64
46.85
46.85
46.86
46.88
47.04
47.05
47.05
47.08
47.28
47.27
47.31
47.40

8.56
8.99
9.23
9.54
8.92
9.23
9.42
9.66
9.07
9.38
9.57
9.77
9.22
9.58
9.77
10.0

-8.71±1.8
-4.31±0.53
-6.80±1.1
-3.86±0.61
-6.65±0.84
-4.86±0.57
-10.1±1.3
-6.57±0.73
-5.57±1.6
-3.29±0.16
-4.41±0.99
-6.41±1.5
-8.46±0.73
-4.93±0.85
-12.9±1.1
-7.85±1.3

-3.59±0.14
-4.00±0.17
-4.30±0.20
-4.10±0.24
-4.39±0.22
-4.69±0.23
-4.00±0.17
-4.40±0.26
-4.29±0.26
-4.84±0.30
-4.61±0.39
-4.48±0.21
-4.57±0.31
-4.53±0.21
-4.61±0.28
-4.67±0.30

0.80±0.066
1.01±0.080
1.12±0.090
1.02±0.11
1.18±0.11
1.29±0.12
0.98±0.085
1.17±0.13
1.04±0.12
1.35±0.14
1.27±0.19
1.17±0.095
1.22±0.16
1.18±0.092
1.25±0.14
1.25±0.16

0.324±0.17
0.426±0.17
0.616±0.24
0.343±0.17
0.420±0.13
0.732±0.22
0.522±0.19
0.484±0.15
0.423±0.19
0.633±0.15
0.522±0.13
0.549±0.21
0.548±0.12
0.582±0.23
0.707±0.16
0.484±0.18

2.49±0.16
2.44±0.11
2.57±0.21
2.47±0.086
2.20±0.079
2.37±0.17
2.40±0.18
2.25±0.097
2.45±0.13
2.28±0.065
2.19±0.089
2.43±0.11
2.05±0.049
2.41±0.12
2.20±0.14
2.19±0.10

χ2 /d.o.f
0.33
0.37
0.42
0.40
0.33
0.53
0.44
0.31
0.95
0.34
0.33
0.66
0.44
0.42
0.78
0.32

We note that while we use a broken power law to describe our SF2 functions by ensuring
a good fit, we do not think it is safe to ascribe physical meaning or significance to the
timescales of the possible breaks which we always find on the scales comparable to the
total length of the survey. The main reason for this is that, as noted above, different
quasars will contribute with different weights to the SF2 at different ∆t, because of the
heterogeneous temporal coverage of the (i)PTF survey in different fields. Only a relatively
small number of quasars have photometric data covering the full length of the survey. In
quite general terms, it is clear that features in the SF on timescales comparable to the
length of the survey should be treated with some caution because of limited sampling at
these timescales, even for individual objects (e.g., Emmanoulopoulos et al., 2010).

5.3.4

Construction and testing of PSDs

Power spectrum analysis presents a powerful alternative to structure function analysis. In
this section we describe the analysis of the data using this independent method. While
the SF2 analysis was used on the ensemble of objects, the PSD analysis can be only used
on individual light curves. We will be using the code presented in Kelly et al. (2014) that
estimates the PSD of a light curve by modelling it as a continuous auto-regressive moving
average (CARMA) process. This method is suitable for use even when using data with
non-uniform time sampling with large gaps, as in (i)PTF. The tool includes an adaptive
MCMC sampler, maximum likelihood estimators and the basic tools for representing the
final results of the estimate. We refer the reader to Kelly et al. (2014) for a detailed explanation of the procedure and the code. Previous examples of the AGN variability studied
using this algorithm can be found in Edelson et al. (2014) and Simm et al. (2016).
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Figure 5.6: Four representative light curves (left) and the resulting PSD spectra
(right) obtained using the code presented in Kelly et al. (2014). In the latter, the solid
lines show the maximum-likelihood estimate, while the shaded regions shows the 95% confidence interval. The dashed lines show the approximate level of noise in the photometric
measurements. All of the right hand panels have the same scaling to ease comparison. The
upper two panels show examples of quasars that are well modelled with with power-law
PSD, PSD ∝ f −α , with slope of α ∼ 2, while the lower two panels shows two quasars with
a steeper PSD, α ∼ 3.

106

5.3. Analysis Methods

For setting up the algorithm we use the standard procedure described in Kelly et al.
(2014) and further elaborated in Simm et al. (2016). We let the algorithm freely choose
the order of the CARMA(P,Q) process on the grid of values P=1,2,3 and Q=0,1,2. It was
not found to be necessary to include higher order processes as the light curves were adequately modelled in the vast majority of cases. After choosing the optimal CARMA(P,Q)
process we then run the sampler for 75,000 iterations. We show examples of the results in
Figure 5.6.

Following testing of this algorithm, we restricted the analysis to well-sampled, extended
light curves. Specifically, we include only light curves with more than 60 data points and
more than 300 days separation between the first and last observations. Light curves with
lower quality tend to perform poorly and often produce results which are of little value
due to the large inferred errors on the estimates. Imposing these conditions reduces our
sample ten-fold to ∼2,200 quasars.
We performed extensive simulations to see how well we are able to infer the parameters
of the light curves with this particular method in this particular data-set. In order to do so
we simulate light curves with the same cadence and observational errors as in the real dataset. We use the algorithm from Timmer & Koenig (1995) to generate light curves with
the PSDs which are described with single power-law slope of α = 1.75, 2, 2.25, 2.5, 2.75, 3
(no connection with low mass slope of the Schechter mass function, α, defined in Equation
(1.8)). We then try to recover the slope by fitting a power law to the PSD estimated
with the CARMA procedure. In order to eliminate red-noise leak effects (see e.g., Emmanoulopoulos et al., 2010) we generate ten times longer light curves than needed and
then select a random segment having the desired length. To match the observed ensemble
behaviour of our sample (see Section 5.4) we normalize the variability by increasing or
decreasing the simulated variability so that the SF2 for the whole sample of simulated
AGN at 100 days is equal to 0.01 mag2 .

When fitting the PSD we only fit the values which are above the estimated level of
measurement noise in the data. Following Kelly et al. (2014) and Simm et al. (2016), the
measurement noise is set to 2 med(δt) · med(σ 2 ) where med (δt) is the median cadence
and med(σ 2 ) is the median of the measured noise variance. We tested also the results
when using the means of the cadence and variance instead of the medians, but find that
choosing medians reproduces better the input values in the simulation.

We show the results of these simulations in Figure 5.7. The error bars represent the
25 and 75 percentiles of the distribution of the recovered parameters from the population
and not the inferred errors for a single object. Although the spread is large the basic
trend is recovered. The large spread highlights the fact that the estimated parameters
for a single light curve are quite uncertain and that conclusions can be only made by
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using a statistically significant number of objects. We also note that the slopes are better
recovered for slopes around two (corresponding to random walk), than for steeper slopes.
This reflects the fact that for intermediate values of the slope (∼2.5), the algorithm tends
to sometimes run away and converge to extremal values of either 2 or 4 (see also Figure
B.1. from Simm et al., 2016). In Figure 5.8, we show an alternative way of representing the
results, which partially alleviates these effects. Here we represent the fraction of sources
that are inferred to have a power law slope steeper than α > 2.5. In the ideal case we
would want to see a clear step function, with a step at the input value of α = 2.5 (as
represented with a dashed line in the Figure). In practice, we do recover the basic trends,
but do not reproduce the step function exactly. The error bars in the Figure are derived
by bootstraping the sample and as such represent the statistical uncertainty in the number
of quasars with PSD slopes larger than 2.5, given the number of quasars in the sample,
which is set to be representative of the actual data.
We remark that we tried fitting the PSDs from both the data and the simulated light

Figure 5.7: Result of the simulations in which we attempt to recover the slope of the
PSD of a set of quasars whose mock photometry was generated using a power-law PSD
of known slope, as described in the text. The mock observations are constructed to have
the same errors and cadence etc. as the actual data. While the PSD analysis recovers the
mean slope well, there is significant dispersion in the output for a given input slope. The
error bars represent the 25 and 75 percentile of the distribution of the resulting output
slopes.

curves with a broken power-law fit, but found the results to be unreliable. Specifically,
when running our simulations, which as input had pure power-law PSDs , we found that
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the inferred (rest-frame) time scale of the break was perfectly correlated with the redshift
i.e., effectively with the (rest-frame) duration of the observations. This is due to the fact
that the algorithm is modelling the PSD as a weighted sum of Lorentzian functions (Kelly
et al., 2014) which means that the function which is used to model the PSD must have
a turnover at some point. The model is forced to locate this turnover at or near to the
minimal frequency available in the observations. We see exactly the same effect when
fitting the real data, with a clear dependence on redshift but not on mass or luminosity,
from which we conclude that this is an artificial effect. In general, we find that with the
double power-law, the algorithm tends to overestimate the steepness of the low-frequency
slopes and to give relatively unreliable estimates of the high-frequency slope. Therefore we
conclude that the details of the PSD are unreliable, and that we are only able to estimate,
at least with the (i)PTF data, the global shape of the PSD for statistical samples of
objects.

Figure 5.8: An alternative way to show the results of the simulations in Figure 5.7
is to plot the fraction of sources that are inferred to have steep slope α >2.5, where PSD
∝ f −α , including sampling errors derived from bootstrapping the mock sample (as with
the real data). Ideally, we would recover the dashed line step function, which represents
a case in which the input and the output slopes would agree perfectly. Uncertainties in
determining the slope produce a blurring of this.
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Figure 5.9: Value of the log(SF/mag) at a time scale of 100 days, in the quasar
restframe as a functions of the black hole mass and the luminosity, as observed in the four
redshift intervals (the four panels). The dots inside each bin show the mean values of mass
and luminosity for the quasars in that bin. A clear anti-correlation with luminosity can be
observed, with more luminous objects varying less. This dependence is seen in individual
redshift bins and also across the whole redshift range.

5.4
5.4.1

Results of the SF analysis
The amplitude and the timescale of variability from the SF analysis

In Figure 5.9 we show the amplitude of variability at a time-scale of 100 days (in the quasar
rest frame) for the 64 bins in redshift, luminosity and black hole mass. This timescale is
chosen as the associated level of variability is well above the noise level of the survey (see
Figure 5.4) and because it lies well within the most densely sampled parts of the survey
(significantly shorter than the total length of the survey).
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Figure 5.10: The dependence of the SF2 , measured at 100 days, as a function of
the luminosity L. The strong anti-correlation with luminosity, and the weak or absent
dependence on redshift, are obvious.

A strong anti-correlation is seen between the amplitude of variability and luminosity - more luminous sources are less variable. This effect is visible in every redshift bin
and is even more obvious when comparing different redshift panels, as the distribution
of the sample shifts in luminosity. We explicitly show this result in Figure 5.10, where
we have suppressed the mass information and show the variability amplitude at 100 days
(rest-frame) in bins defined in redshift and luminosity. We observe the clear and tight
anti-correlation of variability with luminosity, i.e., the effect that we already discussed
above. We note that the flattening on the low-luminosity side is possibly spurious - as
mentioned before, the largest residuals in our estimation of SF2 are in the lowest luminosity and lowest redshift bins. Apart from that, the trend with luminosity is well established
and continuous across redshift bins. This clear dependence with luminosity has been seen
before several times in smaller surveys (e.g., Vanden Berk et al., 2004; Bauer et al., 2009;
MacLeod et al., 2010) but is very clearly seen in the very large data set presented here.
A comparison of the panels in Figure 5.9 or examination of Figure 5.10 shows that the
variability at a given luminosity is more or less constant with redshift. Although the
dependence on luminosity is obvious, any dependence with black hole mass is much less
pronounced.

In Figures 5.9 and 5.10 we followed the conventional practice of considering the amplitude of variability at a given (rest-frame) timescale. A more or less equivalent diagram
results from what we might suspect is a possibly more physically intuitive representation,
which is to consider the timescale τ at which the variability reaches some given amplitude
(note that τ is different that the one used in Chapter 3). This is shown in Figure 5.11. We
set this amplitude to be 0.071 mag, equivalent to the SF2 reaching 0.005 mag2 . This value
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Figure 5.11: The logarithm of the rest-frame time-scale, in days, at which the ensemble structure function reaches 0.071 mag. The dots inside the bins show the mean value of
mass and luminosity for the objects in the bin. This figure contains similar information to
that in the Figure 5.9 but offers a different interpretation of the variability properties. The
clear dependence with luminosity can be observed, with more luminous objects needing
more time to achieve the same level of variability. This dependence is seen in individual
redshift bins and also across the whole redshift range.

is similarly chosen as it is far above the noise level of the survey and because this level of
variability is reached between 50 to 250 days, ensuring that our estimates are again within
very densely sampled parts of the survey. It is to be also noted that this timescale is of
the order of the typical dynamical time-scales expected for the AGN in our sample (e.g.,
Netzer, 2013).

Formally, for each of our AGN samples we search for τ that is the solution to the simple
equation
SF2 (τC ) = C mag2 .
(5.5)
where C=0.005. We note that for short enough times, where SF2 is fully described with
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Tab. 5.2 — Fit to the time-scale of variability, Equation (5.7)
a0

a1

a2

a3

1.46 ± 0.02
1.46 ± 0.02

0.02 ± 0.16
≡0

0.41 ± 0.04
0.41 ± 0.04

-0.09±0.03
-0.09±0.03

χ2 /d.o.f
2.93
2.89

a single power law (see Equation (5.4)) this connection can be expressed as


τC =

C
φ1

g1
.

(5.6)

Not surprisingly, the two Figures 5.9 and 5.11 are similar. Again, we see a clear positive correlation between luminosity and τC , and little variation with black hole mass or
redshift (recall that the analysis is performed in the rest-frame). The statement that more
luminous sources vary on longer timescales is largely equivalent to the previous statement
that they are less variable at a given timescale.

To investigate the dependence of τC on quasar parameters we fit the data3 with a
function of the form:
log τC = a0 + a1 log(1 + z) + a2 (log L − 45) + a3 (log M − 8).

(5.7)

The results of these fits are shown in Table 5.2. Noticing that the returned dependence
on redshift is negligible, we also fit the same functional form with the redshift term forced
to be zero, and find no significant change to the other two terms. These fits confirm that
the main dependence of variability is with luminosity, with a much weaker dependence on
black hole mass. We also note here that although the details of the fit will change with the
choice of amplitude of variability, C, the exact choice of C is inconsequential for our main
conclusions (the clear dependence with L, little to no dependence with mass or redshift).

The lack of redshift evolution in the link between variability (whether in terms of amplitude or timescale) with luminosity is interesting. The quasar luminosity function can be
represented by a double power-law with a characteristic break luminosity L∗ . This break
luminosity increases with redshift roughly as L∗ ∝ (1+z)3−4 up to z ≈ 2 and then plateaus
or even decreases at higher redshifts (e.g., Hopkins et al., 2007, Ueda et al., 2014). In a
simple phenomenological model presented earlier, we suggested that this L∗ arose from
the combination of a characteristic Eddington ratio, λ∗ , the characteristic Schechter mass
3
Here we treat masses and luminosities as independent quantities, although in practice both are based,
to some extent, on the observed monochromatic luminosities.

113

CHAPTER 5. Optical variability

of the host galaxies, M ∗ , and the mbh /mstar ratio. It was suggested that the (1 + z)4
evolution in L∗ was produced by a roughly equal (1 + z)2 evolution in λ∗ and mbh /m∗ . In
the model, the luminosity of an AGN relative to the L∗ of the population (for L > L∗ )
emerges as a useful diagnostic of luminous AGN. The above fits make clear however that
quasar variability seems to be linked to L and not to L/L∗ . This is illustrated graphically
in Figure 5.12. We see that if the amplitude of variability is plotted against L/L∗ , there is
no agreement across different redshifts bins, as expected as we do not see any significant
redshift evolution in the SF (see Table 5.2), while L∗ is known to strongly evolve with
redshift (as noted above).

It is intriguing that the timescale of variability is most strongly correlated with luminosity, with the scaling τ ∝ L0.4 , rather than black hole mass. This can be compared with
the inferred time-scale of variability in the thin-disk accretion model. For an accretion
disk around a black hole with a mass mbh and a given luminosity L the temperature of
the disk is given by (Netzer (2013), see also Equation (1.1))
T ∝L

1/4

−1/2
mbh



r
rg

−3/4
,

(5.8)

where the rg is the gravitational radius of the black hole, rg ∝ mbh . This expression
ignores the spin term.
From this we can follow MacLeod et al. (2010) to derive a characteristic location within
the accretion disk that is connected with a certain temperature, and thus with a corresponding emission wavelength:
1/3

4/3

rλ ∝ mbh L1/3 λRF .

(5.9)

From Kepler’s law we have that
−1/2

tdyn ∝ r3/2 mbh

.

(5.10)

Combining these two expressions and identifying tdyn as the time-scale of variability, we
could expect that the timescale of variability at a single wavelength should depend on
luminosity alone as
τ ∝ L1/2 .
(5.11)

This is not dissimilar to the fitted τ ∝ L0.4 m−0.1
behaviour we find in (i)PTF data (see
bh
Table 5.2). Obviously this is the simplest possible model. In reality, the observed flux
at given wavelength is produced from a wide range of radii and therefore mixing various
time-scales. Such kind of “mixing” could significantly weaken any underlying luminosity
dependencies, making them harder to identify in our data.
We note that this line of argument was already explored in MacLeod et al. (2010), who
however noted that the de-correlation timescales in their damped random walk model did
not appear to correlate with luminosity in this simple way. As noted above, we prefer
not to ascribe a physical significance to the (possible) breaks in the SF, because of the
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observational artefacts that can easily produce them. Rather, we instead point out that
the simple luminosity-only dependence is observed, with approximately the correct index,
if we interpret the relevant “timescale” to be the time taken to reach a given level of
variability. One caveat is that while the luminosities of the quasars used in the above
analysis are nominally bolometric luminosities, they are in fact ultimately derived from,
and are proportional to, the monochromatic luminosities Lλ at 5100, 3000 or 1350 Å.
Consideration of Lλ in the context of a thin accretion disk would modify the expected
relation and introduce a mass dependence of the form

3/4

−1/2

τ ∝ Lλ mbh

.

(5.12)

Figure 5.12: The dependence of the SF2 , measured at 100 days in the rest-frame,
as a function of the luminosity relative to the knee of the quasar luminosity function at
that redshift, L/L∗ . While the anti-correlation with luminosity at a given redshift is still
obvious, there is no longer the independence with redshift in this L/L∗ plot compared
with that for simply L as in Figure 5.10.

5.5

Results of the PSD analysis

In this section we will investigate the slopes of the PSD of objects, which may contain
information on the process driving the variability. We model the PSD with a simple powerlaw PSD∝ f −α . Different values of α will correspond to different correlation properties of
the driving process. For instance, α = 0 corresponds to the white noise of a completely
random process without memory, while α = 2 is indicative of a random walk process.
Since the PSD and SF are closely connected quantities, we would expect the effects visible
in a PSD analysis to also be seen in the SF analysis described above, although possibly
modified due to the different types of systematics affecting each type of analysis. One
difference is that the PSD analysis is more readily carried out on an object by object basis
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whereas the SF is ideally suited to combining observations of objects within a sample. In
general, for a PSD described with a power law P SD(f ) = κf −α and 1 < α < 3 the SF2
will have the following analytical form (e.g., Emmanoulopoulos et al., 2010):
 απ 
∆tα−1 .
(5.13)
SF2 (∆t) = −2α κπ α−1 Γ(1 − α) sin
2
where ∆t = f −1 . From this we can see that a PSD with slope of α should correspond to
a SF2 with slope of α − 1.

5.5.1

Slope of PSDs in the (i)PTF sample

Fitting the PSDs of the 2,200 available objects for which the PSD can be constructed (see
Section 5.3.4 above) yields a range of slopes between 1.5 < α < 4. In Figure 5.13 we show
the fraction of quasars with slopes steeper than α = 2.5, choosing this threshold to be
significantly above the random walk value of α = 2.0. The whole sample was first split in
4 redshift bins with the same procedure as described in Section 5.3.1, so that each redshift
bin contains the same number of objects. We show results for two ways in which we further
split the sample. In the case shown on the left hand side of Figure 5.13, we have further
divided each redshift subsample into 4 luminosity bins. Alternatively, in the right hand
side of Fig. 5.13 we have instead divided each redshift subsample into 4 mass bins. We
find this binning approach to be preferable, at this stage, to creating the larger number of
64 bins in mass-luminosity space, as we did in the structure function analysis, simply due
to our desire to maintain statistical robustness given the much smaller number of objects
for which the PSD can be determined. We will explicitly discuss the mass/luminosity
dependence below. We have also discarded objects whose PSD appear to be inconsistent
with the single power law description, i.e., which show strong bending. Specifically, we
discard any object for which the best fit single power-law fit deviates beyond the 95% confidence regions of the PSD analysis. This removes 20% of the quasars. We also show in the
lower two panels of Figure 5.13 the results that would be obtained from the observational
uncertainties if all sources were in reality described by the α = 2.0 PSD of a pure random
walk. These simulations were prepared as described in Section 5.3.4. After the simulated
data was created, exactly the same analysis procedure was applied to it as to the real data.

There is a clear trend in Figure 5.13 for quasars with higher luminosity and/or black
hole mass to have, on average, steeper PSD. The simulations with uniform α = 2 do not
show this steeping effect, and the fraction of (apparently) steep PSDs among simulated
light curves stays at roughly 10% independent of luminosity or mass. While the lowest luminosity/mass systems are consistent with this fraction, i.e., with all sources having α = 2
in reality (given the observational uncertainties), the quasars at higher luminosity/mass
have systematically “redder” PSDs. The effect can be seen across redshifts, but it is also
visible in individual redshift bins, making clear that it is not a bias caused by the shifting
time-dilated observing window. This is further verified as the effect is still visible when
we construct samples that have exactly the same span of rest-frame time.
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Figure 5.13: The dependence of the PSD slope, α, with mass (left) and luminosity
(right). In each panel, the colours denote different redshift bins. We show the fraction of
sources for which the CARMA modelling gives a slope α > 2.5. In the upper panels we
show the results from the (i)PTF data, while in the lower panels we show the results from
the simulation in which artificial sources with a fixed input slope of α = 2 where observed
with the cadence and photometric uncertainties of the actual data. Whereas the real data
shows a systematic increase with luminosity and/or black hole mass, the artificial data
shows no such effect, suggesting that we are observing a real effect of steepening of the
PSD slope with luminosity and mass in the quasars.

This effect should be visible in the larger ensemble SF analysis described above. In
Figure 5.15 we show the slope g1 of the SF, i.e., the slope of the short timescale variability
(see Equation (5.4)), using the same binning and symbols as for the PSD analysis in Figure
5.13. The grey dashed lines show the SF2 slope that would be expected from the PSD
analysis using Equation (5.13). When doing this we have for simplicity assumed that all of
the quasars in a single bin have exactly the same PSD dependence, defined by the median
α in that bin. This is the simplest assumption one can make and is used here to check
the consistency of the results and should not be interpreted as a precise physical statement.

We see that the results are quite consistent. The same dependence of slope on luminosity and mass is seen in the SF2 , with the more luminous/massive systems having
steeper slopes on average. The results from the SF2 analysis alone are however not conclusive, and the dashed line offers only a 25% improvement when measuring χ2 /d.o.f.
compared to the best horizontal of constant slope, (χ2 /d.o.f. (constant) = 3.72, against
χ2 /d.o.f. (dashed line) = 2.82). However, we find it encouraging that both types of analy-
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Figure 5.14: This plot is the same as the upper panels of Figure 5.13, but with the
analysis done for the SDSS Stripe 82 data. The same effect, with more massive and more
luminous quasars displaying steeper slopes of their PSD, is observed.

sis show consistent results. We again emphasize that the dashed line in Figure 5.15 is not
the fit to the data - it is an expectation derived from the PSD analysis.

As an additional check on the reality of this result, we perform the same PSD analysis
with the r band observations in the sample of SDSS Stripe 82 quasars. We perform exactly
the same procedure as for our (i)PTF sample, selecting only well sampled light curves and
splitting into the four redshift and then four mass or luminosity bins. The results are
shown in Figure 5.14. We see that we recover exactly the same trends as in our (i)PTF
analysis, showing the strong dependence and the steeping of the slopes with luminosity
and mass. We conclude that this is likely to be a real effect.

To investigate further the connection between the steepness of the slope and mass and
luminosity, we fit the dependence of the slope with a functional form
g1 = b0 + b1 (log L − 45) + b2 (log mbh − 8).

(5.14)

Given the weak effects of redshift in Figures 5.13, 5.14 and 5.15, we do not include redshift
as one of the parameters in order to reduce the degeneracy in our fits. In Table 5.3 we
show our results for different binning and analysis techniques. We have first fitted the
dependence of the SF2 slopes, as derived in Section 5.3.1, using the full sample split in
redshift, luminosity and mass. Second, we have suppressed the information about the
redshift and created new bins which were split only in luminosity and mass and for which
we fitted the SF2 with the same procedure. Third, we fit the results from the PSD analysis using 64 bins of redshift, luminosity and mass. We report the inferred values for the
SF2 slope by using the Equation (5.13), i.e., by assuming that PSD slopes and the SF2
slopes differ by one. This is represented in the table with the (+1) symbol at the relevant
position. Finally, case (4) shows our fit to the results from our PSD analysis of the SDSS
Stripe 82 sample using the same 64-bin approach.
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Figure 5.15: The short time-scale slopes of the structure function SF2 , i.e., g1 , as a
function of luminosity and mass. The dashed line we show the expected dependence from
the PSD results. We see that the SF2 results are consistent, albeit with greater noise,
supporting the reality of this effect.

All of these results point towards a stronger dependence on the mass of the black hole
than on the quasar luminosity. The fact that all these different types of analysis lead
to similar conclusions is reassuring given the uncertainties and the different systematics
affecting each method.

The existence of the strong degeneracy between the mass and luminosity in quasar samples means that, even though the dependence appears preferentially to be with mass, there
will inevitably be an apparent secondary correlation with luminosity (and thus Eddington
ratio). The uncertainties are large enough that a primary dependency on luminosity is
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Tab. 5.3 — Dependence of the SF2 slope, fit with Equation (5.14)
case1
1
2
3
4

b0
0.82
0.93
0.88
0.87

± 0.05
± 0.05
(+1) ± 0.05
(+1) ± 0.06

b1
0.05 ± 0.06
-0.02 ± 0.06
0.04 ± 0.06
0.0 ± 0.08

χ2 /d.o.f

b2
0.13
0.20
0.19
0.33

±
±
±
±

0.07
0.06
0.06
0.09

2.72
3.10
1.71
1.50

1 Procedure

of how each sample was prepared and which methods were used is
described in the text

only excluded at the ∼2 σ level, depending on the type of analysis used. We also note that
if the data taken from two lowest luminosity bins are removed the confidence contours enlarge enough that even pure luminosity dependence is allowed within 1 σ level when using
the SF data shown in Figure 5.15 (described as Case 1 in the text above).

The variation of the PSD and SF slopes has previously been hinted at in the recent
Pan-Starrs study of Simm et al. (2016). In that study PSDs were constructed for a sample
of X-ray selected AGN in the COSMOS field. That work showed differences in the high
frequency slopes of the PSD as a function of mass, although the small number of objects in
the sample and the uncertainties associated with the measurement and the PSD method
prohibited any strong conclusions. The PSDs were modelled as a broken power law, with
two slopes. As discussed above, we prefer to fit a single power-law to the PSD. Clearly
the much larger number of sources and greater time sampling of the (i)PTF observations
relative to the Pan-Starrs coverage of COSMOS makes this effect much clearer.

Less directly, Kozlowski (2016) recently conducted a re-analysis of the SDSS Stripe
82 data using the SF approach. When using the full sample without any cuts (in redshift, mass or luminosity), this study tentatively found a somewhat steeper slope of the
SF (g1 = 1.1 ± 0.16) than would be expected from the pure random walk. This is also
consistent with our results since only in the lowest luminosity/mass bins are the sources
consistent with all having random walk PSDs (see Figures 5.13, 5.14 and 5.15). More
interestingly, that study also reported a weak correlation of the SF slope and the luminosity of the AGN, ranging from g1 ≈ 0.9 for the lowest luminosity and lowest redshift
objects (log(L/erg s−1 ) ∼ 45), reaching g1 ≈ 1.3 − 1.4 for the high luminosity objects in
the sample (log(L/erg s−1 ) ∼ 47.5). We also note in passing that the effect can in fact be
seen, although it was not extensively discussed, in the early analysis of the SDSS Stripe
82 data by Voevodkin (2011), as a difference in the SFs of high and low mass quasars in
his Figure 8.
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The fact that this effect is clearly seen using two different analysis techniques in our
very large (i)PTF data set, and is also present at lower significance in other data sets
using both the PSD and SF approaches (i.e., the PSD method in PanStarrs (Simm et al.,
2016), the SF method in SDSS - Stripe 82 (Kozlowski, 2016)) makes us confident that this
subtle effect is nevertheless real.

5.6

Discussion

In the preceding section we have pointed out several interesting results linking quasar
variability with their physical properties, using both the SF and PSD formalisms to describe the variability. Using the SF formalism we were able to show that the amplitude of
variability, defined as the value of SF2 at a particular rest-frame timescale (100 days), or,
largely equivalently, the timescale to reach a certain value (0.005 mag2 ), is most strongly
correlated with the luminosity of the quasar, with little or no dependence with with we
black hole mass or redshift. When using the PSD approach, we find clear evidence for variations of the PSD slope, with quasars powered by the higher mass black holes exhibiting
steeper PSDs. We also find that the slopes from the SF analysis are also consistent with
this steepening trend. The effect is seen when splitting the sample in either luminosity
or mass bins, but a combined analysis tentatively suggests that mass is the driver of the
effect, although luminosity (or Eddington ratio) can not be conclusively excluded.

This work, as well as several others (Mushotzky et al., 2011, Edelson et al., 2014,
Kozlowski, 2016) have highlighted observational shortcomings in the damped random walk
model of quasar variability, in which a random walk at short timescales flattens at longer
timescales in the damped part. In particular, there is now rather good evidence that a
non-negligible fraction of quasars exhibit variability which have significantly redder PDSs
at low frequencies than expected from the random walk, with this fraction depending on
the black hole mass.

Could this behaviour reflect a situation in which quasars display damped random walk
behaviour at medium and long time scales and a steeper spectrum at short time scales?
The time scale at which the model switches from the ”steep” to the random walk behaviour would need to be connected with the mass of the black hole, in order to reproduce
the mass dependence of the slope that we see in the data. This time scale would need
to be at quite short time-scales, below our detection threshold (∼0.1-10 days) for the low
mass AGN where we do not observe any steepening, and much longer (∼10-1000 days)
for massive systems where we observe steeper slopes. For instance, in low mass (107 M )
AGN, Zw 229-15, which was monitored by Kepler, the time-scale of switching from steep
slope to the random walk slope is at ∼ 5 days and as such the steep part of the PSD would
not be observed in our data (Edelson et al., 2014). We show this schematically in Figure
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5.16.

In this scenario it might be thought that the shift in timescale to achieve the steepening
was associated with the shift in timescale that we have argued is equivalent to the change
in variability amplitude. It is not easy to make such a model work in practice, the change
in slope being effectively too large. This suggests that two separate processes may be
involved in the change in amplitude/timescale, and the spectra steepening, as also implied
by the apparently different dependences on luminosity and mass.

Figure 5.16: Schematic representation of the simple model which could explain the
observed steepening of PSD slopes with mass in the observations. In the top we show a
general PSD which is steep at higher frequencies and gets flatter towards lower frequencies.
With blue shaded region we show the range of frequencies which is covered in a typical
time-domain survey and the dashed line show the limiting variability that one could expect
from a ground based observatory. In bottom we show two panels, in which we denote where
the steep part of PSD spectrum (PSD ∝ f −3 ) breaks and continues as random walk with a
big black point. The positions of this break is dependent on the mass. For massive AGN,
large parts of the steep PSD are observable, while for the low mass AGN this is not the
case. Breaks on short-time scales in the low mass AGN, observed by Kepler, are beyond
the capabilities of ground surveys which are limited by noise and cadence.
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5.7

Summary and conclusions

The main aim of this chapter has been to characterise the AGN properties through the
optical variability of a very large number of quasars in the Palomar Transient Factory
(PTF) and intermediate Palomar Transient Factory (iPTF) surveys. We have analysed
light curves from 28,096 AGN with the total of 2.4 million photometric data-points. All
of these light curves were re-calibrated specifically for this work. The quality of the
(re-)calibration is very high with the vast majority of the AGN sample not showing any
excess variability at the shortest scales. We have used both the structure function (SF) and
power spectral density (PSD) formalism to characterize the variability of the quasars and
to search for connections of the variability with redshift, black hole mass and luminosity.
Our main conclusions can be summarized as follows:

• The amplitude of variability, defined in this work as the value of the SF2 at a restframe time scale of 100 days, exhibits a clear anti-correlation with luminosity and
little or no variation with mass or redshift. We find that simple epoch-independent
anti-correlation with luminosity is clearly preferred over connections of variability
with the normalised luminosity L/L∗ , where L∗ is the break in the quasar luminosity
function.
• The time scale τ at which the variability reaches a given amplitude, which in this
work we set at SF2 (τ ) = 0.005 mag2 , is closely connected to the variability amplitude described above. We again find that τ ∝ L0.4 M −0.1 , without any redshift
dependence. We note that this trend is broadly consistent with the expectation
from a simple Keplerian accretion disk model, where the orbital time scale follows
τdyn ∝ L0.5 , with no mass dependence.
• There is a clear variation of the slopes of the PSDs, with many quasars that are
steeper than what is expected from a random walk model. Quasars with high mass
and/or luminosity tend to have steeper PSD slopes. The steepening of the PSD
slopes is consistent with the observed slopes of the SF functions, and substantially
strengthens the indications of this effect in other recent variability studies. There is
some evidence in our own data that the dependence is primarily with the black hole
mass rather than the luminosity.
• The observed dependence of the PSD slope with the black hole mass or AGN luminosity could be reproduced in a model in which PSD exhibits steeper slopes below
a certain time-scale, with this time-scale being dependent on mass/luminosity, but
this would require a strong compensating effect on the amplitude.
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6

Summary and future prospects

In this final part of the thesis, we present a short summary of the main results and point
out several avenues for continuation of this research.

6.1

Summary

This thesis presented results from a study of evolution of AGN population and its properties. It consisted of two parts representing two different approaches that we employed to
study AGN. The first approach used known evolution of galaxies and simple observables
like galaxy mass function and QLF to determine the evolution of AGN mass function and
Eddington ratio distribution. The second approach used AGN variability to study the
interplay between AGN mass, luminosity and redshift. In both cases, we have studied
a large number of objects in a statistical manner and searched for the most important
properties that describe AGN.
In the first part of the thesis, we presented a simple phenomenological model that
connected galaxy and AGN population. We presented two scenarios: (i) a co-existence
scenario, in which AGN grew intermittently during the whole time a galaxy was forming
stars and (ii) quenching scenario, in which AGN were associated only with the final stages
of galaxy growth, just as the galaxy is about to be mass-quenched.
The co-existence scenario was based on three observationally motivated Ansätze: (i)
radiatively efficient AGN are found in star-forming galaxies, (ii) the probability distribution of the Eddington ratio does not depend on the black hole mass and (iii) the mass of
the central black hole is linearly related to the stellar mass. We show that normalization of
the QLF, φ∗QLF is a product of the normalization of the star-forming galaxy mass function,
φ∗SF , and the normalization of the Eddington ratio function, ξλ∗ . Similarly, characteristic
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luminosity of the QLF, L∗ is the product of the galaxy Schechter mass M ∗ , mass ratio
mbh /m∗ and characteristic Eddington ratio λ∗ .
Comparison with the observational data (Shen et al., 2011; Trakhtenbrot & Netzer,
2012) suggests strong evolution of L∗ ∝ (1 + z)4 up to z ∼ 2. Given that M ∗ does not
evolve, this change can be produced by either change in mbh /m∗ ratio of characteristic
Eddington ratio, but the QLF evolution is degenerate in changes of these two quantities.
To break this degeneracy we compared our predictions with the mass-luminosity plane
and found that mbh /m∗ = 10−3 (1 + z)2 provides the best match to the observed data.
We explored the physical consequences of this model. We first showed that it reproduces
the mbh /m∗ observed in quenched and star-forming galaxies in the local Universe (Kormendy & Ho, 2013; Matsuoka et al., 2014). We point out that mbh /m∗ ratio evolves slower
in quenched population as it consists of galaxies which have quenched at different redshifts
and therefore have different mbh /m∗ ratios. Ratio in quenched galaxies (mbh /m∗ ∼ 10−2.5 )
is representative of the mass ratio in star-forming galaxies at z ∼ 1 − 1.5, which is the
median redshift of quenching for galaxy population.
Because of the same reason, we have pointed out the danger in measuring the mbh /m∗
in the galaxy harbouring AGN at higher redshifts and trying to infer the evolution of this
relation by comparing it to the mbh /m∗ relation observed in the quenched galaxies locally.
Even if the mass ratio evolution had very strong redshift dependence, we would expect,
simply from the redshift evolution of the galaxy population, that the observed mbh /m∗ at
z ∼ 1 in ANG and at z ∼ 0 in quenched galaxies is identical.
We showed that, when coupled with observed size evolution of galaxies, the mass ratio
evolution automatically produces non-evolving mbh − σ relation with less scatter than in
mbh /m∗ relation. We then utilized the reasoning from the phenomenological model for
galaxy size evolution by Lilly & Carollo (2016) which identifies dense cores of galaxies as
“bulges” and performed the analysis of expected scatter in the mbh /mbulge by making a
simplifying assumption that the stellar mass in quenched galaxies at z = 1.2 would be
recognized as “bulge” today. We show that mbh /mbulge exhibits less scatter than mbh /m∗
relation, because the effect of the mbh /m∗ ratio evolution which increases the scatter in
the local observations, is virtually eliminated. We emphasized that this effect (tighter
correlation in mbh /mbulge than in mbh /m∗ ) was achieved without any direct connection
between the bulge and the black hole.
We pointed out that a similar effect can happen when observing the quenched fraction
of galaxies as a function of galaxy and black hole mass. Given that mbh /m∗ ratio was
larger at higher redshifts, when observing at given stellar mass the quenched fraction rises
with black hole mass, even thought black hole mass is not necessarily a parameter which
is crucial for quenching. Additionally, when this effect is coupled the rise of quenched
fraction with stellar mass the quenched fraction of galaxies seems to be driven completely
by the black hole mass. This analysis emphasizes the risk of determining the physical
driver of quenching by comparing properties of star-forming and quenched galaxies at a
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single redshift without considering evolutionary effects.
Our model naturally reproduces the “downsizing” of the AGN luminosity (the fact that
number density of high luminosity AGN peaks at earlier time than the number density
of lower luminosity AGN) even though the distribution of Eddington ratio was massindependent. This was a natural consequence of the higher characteristic Eddington ratio
and lower number density of AGN at higher redshifts.
We also provided explanation for the “sub-Eddington” boundary seen in the mass
luminosity plane. “Sub-Eddington” boundary describes the upper envelope of the data
seen in the mass-luminosity plane which is below Eddington limit and seems to fall towards
higher mass AGN. We have shown that this is “plotting” effect - there are many more low
mass AGN, so even thought all AGN have same Eddington ratio distribution, iso-density
contours are connecting low mass AGN with higher Eddington ratios and high mass AGN
with lower Eddington ratios.
We then expanded our analysis and used information about mass growth of galaxies and black holes to test whether these are consistent with such a change in the mass
ratio. While the observed mass growth is inconsistent with such an evolution of the
mass ratio in the co-existence scenario, we found that such a change is much more naturally produced in a quenching scenario. We showed that in this model mbh /m∗ evolution is determined by BHARD/SFRD evolution, while the normalization of the AGN
mass function is proportional to the product of normalization of the mass function of
star-forming galaxies and ratio of mass doubling times for galaxies and black holes,
φ∗AN G ∝ φ∗SF · sSF R/λ∗ . Finally, the λ∗ of the QFL is given by by BHARD/SFRD
evolution and the evolution of characteristic quantities describing galaxy mass function
and the QLF, λ∗ ∝ (SF RD/BHARD) · (L∗ /M ∗ ). These relations allow us to determine
the parameters which fully describe the AGN population from relatively easily observable
quantities.
We then determine the evolution of the AGN populations parameters using the observations from Hopkins et al. (2007), Peng et al. (2010), Ilbert et al. (2013), Madau &
Dickinson (2014), Ueda et al. (2014) and Aird et al. (2015). We find that, from redshift
z=0 to z=2, the evolution of the mass ratio is given by mbh /m∗ ∝ (1 + z)1.5 , while the
characteristic Eddington ratio evolves as λ∗ ∝ (1 + z)2.5 . We stress that, while in the first
part of the work mass ratio evolution and Eddington ratio evolution were put in the model
to satisfy QLF evolution and the observation in the mass luminosity plane, these dependencies were now derived from the observations of the SFRD and the BHARD. These
quantities are now the “output” of the model, rather than “input” like in the co-existence
scenario - yet both approaches yield similar redshift dependencies.
The fact that the characteristic Eddington ratio evolves in the same fashion as the
sSFR at z < 2 demands, in our model, that the normalizations of the QLF and the starforming galaxy mass function should follow each other; this is exactly what is seen in the
observations. Above redshift z=2, deduced characteristic Eddington ratio flattens off at
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the value close to the Eddington limit, suggesting that this is indeed the fundamental limit
above which AGN accretion is rare.
Many of the results, such as the appearance of “downsizing”, sub-Eddington boundary
and the tightness of the mbh − σ relation and the mbh /mbulge relation, are naturally
explained by the general model, irrespective of the exact scenario used (co-existence or
quenching).
Given the many similarities of the results, even though the physical origin for each
scenario is quite different, we conducted an analysis to directly differentiate between them.
The main difference between two scenarios is that in the co-existence scenario all the starforming galaxies have the same chance to host an AGN, while in the quenching scenario the
mass function of AGN host galaxies had a shape of mass-quenched galaxies, i.e., AGN are
predominately hosted in massive galaxies. We therefore compared the model prediction
with the data showing (i) galaxy properties (mean SFR) as a function of AGN luminosity
(Rosario et al., 2012; Mullaney et al., 2012a; Stanley et al., 2015), and (ii) AGN properties
(mean Lx /SFR) as a function of galaxy mass (Mullaney et al., 2012b; Rodighiero et al.,
2015; Yang et al., 2017).
The observation that the mean SFR is only weakly dependent on the AGN luminosity,
for the wide range of AGN luminosities, is suggesting that AGN of all luminosities are
predominately hosted in the galaxy of the same mass. This is what is expected from the
quenching scenario, in which galaxies at M ∗ are dominating AGN population at all black
hole masses and luminosities.
We showed that the lack of bright AGN in the fields of small size which are observed can
significantly change the expected results when studying the mean Lx /SFR as a function
of galaxy mass. When using the actual maximal luminosities of AGN observed in the
surveys, we again found that that the quenching scenario offers betters explanation of the
data. We attribute the difference in the results derived from COSMOS and smaller CDF-S
field to the fact that AGN in the samples have different maximal luminosities.
In the second part of the thesis we studied optical variability in order to study directly
the evolution of AGN parameters such as mass and luminosity. We have used data from
the PTF/(i)PTF survey. We conducted a major re-calibration effort in order to be able to
constrain variability at short time-scales where AGN show little intrinsics variability. We
showed that the quality of recalibration of light curves of ∼ 28,000 AGN is very high with
the vast majority of AGN not showing any excess variability at the shortest time-scales.
We then analysed the sample using the SF formalism. We have divided the whole
sample in the 64 bins in redshift, mass and luminosity and found that the amplitude of
variability shows clear anti-correlation with luminosity, without any or weak dependence
on mass or redshift. When studying the closely related quantity, the time-scale τ it takes
for an AGN to reach a given amplitude, in this work set at SF2 = 0.005 mag2 , we find
that τ ∝ L0.4 M −0.1 .
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Finally, we have studied AGN variability in frequency space and constructed PSD
slopes for a subset of well-sampled objects. We showed that AGN with higher mass
and/or luminosity tend to have steeper PSD slopes. We confirmed that this effects is
consistent with the results from the SF analysis and tested, with simulations, that is
not a consequence of observational biases. Additionally, we confirmed this effect in the
independent sample of AGN from Stripe 82 variability study.

6.2

Future prospects

We have seen how powerful the phenomenological modelling is in providing insights for the
evolution of the AGN population. There are several consequences and implications that
are worth further exploration. For example, although we have shown that the evolution
of the mbh /m∗ mass ratio should follow the BHARD/SFRD ratio it is not clear from the
current phenomenological model why the BHARD/SFRD ratio has the exact shape that
is has. One of the first figures in this thesis, Figure 1.4, showed this difference of shape
that is present at all redshifts. One explanation could be, at least at redshifts below
z . 2, that this is due to size-evolution of galaxies, which become larger at lower redshifts
and therefore less gas accretion is available for central processes. If BHARD is connected
with the part of SFRD originating from the parts of the galaxies close to the black hole
(e.g., within 1 kpc), BHARD would fall towards lower redshifts as smaller fraction of total
star-formation is happening within these central regions. This would also automatically
create a stronger correlation of black holes with the properties describing central regions
of galaxies than with properties connected with the whole galaxy. For an example, this
could provide an explanation for the correlations with bulge or central surface density in
quenched systems that we discussed in Section 2.5.3.
Different explanation are, of course, possible. King (2003) suggested, from modelling
the interaction of the AGN outflow and the host galaxy, that the mass at which the BH
will blow away any residual gas around itself is mbh ∝ σ 4 , independent of redshift. This is
the same conclusion as the one we arrived at, using very different arguments. Energetic
arguments i.e., studying the amount of energy needed to be produced by the black hole in
order to quench the galaxy, could also be used to infer black hole - galaxy mass evolution.
Obviously, the physical explanation for the phenomenological connections we have shown
is rather rich area for the future research.
Below we will focus on the possible extensions and prospect of studying AGN variability. Analysis in Chapter 5 showed that, while the current variability data is providing
interesting insights on its own right, the quality of the data is not yet high enough to
provide insights which would be widely useful to the AGN and astronomical community
in general. This is, however, soon to change as in the moment number of advanced surveys capable of studying variability, such as zPTF, GAIA, LSST, are either running or are
nearing to the start of scientific operations (Ivezic et al., 2008; Eyer et al., 2011; Bellm,
2014). Therefore, it is safe to say that we are entering the golden age of time domain
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astronomy with many possible projects which will provide unique insight into physics associated with supermassive black hole fuelling. Below we give a short description of just
a couple of ways to study AGN with optical variability, which are already possible today
or will be possible in the near future.

6.2.1

Influence of steep PSD slope on detection of periodic AGN light
curves

In Introduction we have indicated great amount of interest in the community for detecting periodic AGN light curves. The main issue is that stochastic variability of AGN,
coupled with realities of observational surveys with irregular cadence and large measurement uncertainties, means that non-periodic AGN can sometimes mimic periodic signal.
Therefore, of crucial importance is to estimate, in statistical manner, how likely it is that
any detected periodic light curve is indeed periodic, and not consequence of stochastic
AGN variability.
The calculation discussed above depends crucially on the correlation properties of AGN
variability, i.e., on the slopes of PSD. While uncorrelated white noise is extremely unlikely
to mimic a periodic light curve, more correlated noise with steeper slope PSD is more
likely to create quasi-period behaviour. We show this in Figure 6.1.
In our work we have argued that many AGN have PSDs with steeper slopes than
expected from the random walk model which is commonly used for these estimates. We
therefore expect that large number of period-like light curves currently reported are false
positives. As a straightforward continuation of work presented in this thesis we could
recalculate these estimates using our new insights about PSD slopes of the AGN.

6.2.2

Variability as a method to measure spin and other physical parameters

Even though the details of AGN variability are still unclear, we mentioned in Introduction
that a large number of features can be described with the basic phenomenological models,
which have proven to be very successful in the past several years (Dexter & Agol, 2011;
Cai et al., 2016). The main premise of these models is that the observed optical variability
of AGN can be explained as the superposition of the temperature variations in the parts
of the accreting disk. By measuring the total variability for the ensemble of AGN (e.g.,
by constructing structure function for which luminosity and mass are known) we can
immediately deduce the dependence of spin on the mass and the luminosity, considering
that all these parameters influence the temperature and variability of the AGN. These
estimates would be of great use for the models of the AGN population which currently
marginalize the possible influence of the spin (our model included). Influence of spin is
larger in bluer bands, so it would be beneficial to study the variability properties of AGN
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Figure 6.1: Example of the effect that PSD has on the periodicity found in surveys.
We simulate 100 realistic light curves with the PSD ∝ f −1 and PSD ∝ f −3 and show in the
panels the best “periodic” curve that has been found with Lomb-Scargle algorithm (Lomb,
1978; Scargle, 1982). In upper panels we show folded light curves and in lower panels we
show actual “data” with the periodic solution plotted in blue. The false “periodicity” is
more likely to be found in curves produced with steep PSD.

in rest-frame NUV and u- and g- wavebands. Currently the best sample for this purpose
is the sample of objects in u-band from the Stripe 82 SDSS variability survey at redshift
∼ 1.

6.2.3

Variability as AGN selection method

Our knowledge about AGN is still mostly based on samples which have been selected
largely by photometric criteria, which are designed to select intrinsically blue objects
(Richards et al., 2002). At the same time, this strategy results in only “normal” AGN
being found, given that unusual types of SEDs will be automatically excluded from any
AGN survey (e.g., Bertemes et al. 2016). Therefore, every existing survey is biased against
black holes with red SEDs caused by low temperatures of the disk (black holes with high
mass, low Eddington ratio, and low or retrograde spin), especially at higher redshifts. As
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such, we can never be certain if we have a full census of the total accreting population
of black holes. Finding or constraining the fraction of extremely massive black holes that
are still accreting would be also of importance for galaxy - black hole co-evolution studies
like the one we conducted.
Even though these rare high-mass low-spin objects can not be found using normal
AGN colour-selection techniques there is no obvious reason suggesting that variability
would be suppressed in such objects. Therefore, we can construct and investigate the
sample of variable “red” objects that can not be selected with usual photometric AGN
selection but show AGN-like variability properties. By exploring candidate objects that
show promising photometric variability properties, one would be able for the first time to
discover and unambiguously deduce the fraction of active extremely massive black holes.
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A.1

Completeness and depth of the survey

In this part of Appendix, we wish to characterize the completeness of the (i)PTF survey.
In Figure A.1 we show the completeness, i.e., the probability that an object is detected as
a function of its “reference magnitude”, as defined in the main body of the text and below,
and the atmospheric absorption (mostly due to clouds) of the observation. For simplicity,
only sources in chip 0 are shown - all of the other chips display similar behaviour. As
described in Section 5.2, we assign to each object its reference magnitude as a mean value of
the measurements from the 5 brightest observations, while the dimming of the observation
is deduced as the median difference of the observed brightness of the reference objects to
their reference values in that particular observation. As expected, the completeness stays
roughly constant along the lines of constant observed brightness, i.e., along the line defined
by subtracting the dimming of the observation from the reference magnitude. The dashed
line delineates the region from which we select our AGN sample. We select only objects
which are brighter than r = 19.1 magnitude and we only take into account observations
taken in the clear conditions, i.e., with atmospheric dimming below 0.2 magnitude. This
conservative cut is applied in order to make sure that we are only minimally biased in our
estimate of variability; if we included fainter objects in our selection we would not be able
to observe them during their fainter phases, biassing the results. We also see evidence
that, when there is significant cloud absorption, the absorption varies significantly over
the large field of view of the camera, as might be expected given the short exposure times.
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Figure A.1: The completeness of the survey, as in the single representative Chip 0,
as a function of the observed magnitude of the source and the dimming of the observation
(see text for details). Each contour denotes 5% change in the probability that a given
object is included in the SExtractor sample. The dashed lines show the region from which
we select the observations to be used in this work.

A.2

Comparison of calibration with Ofek et al. (2012)

In this part of the Appendix we will briefly compare the calibration used in this work
and the original calibration of the (i)PTF survey presented in Ofek et al. (2012). As an
example, in Figure A.2 we show the initial AGN SF2 for the sample constructed at redshift hzi = 1.05, luminosity of log(L/erg s−1 ) = 46.04 and mass hlog mbh /M i = 8.72.
Note that, for ease of comparison, this is the same sample as considered in Appendix A.3.
The residuals are large when using original calibration, while when using our improved
methods we see significant reduction. The small excess at short times that can be seen
also when using our calibration can be accounted for in statistical sense by correcting with
stellar sample, as described in Appendix A.3.

This difference can be attributed to two factors. Firstly, we find that our error estimates, which are taken from the spread of the calibrator objects around their means, are
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Figure A.2: Comparison of the results for the quasar SF2 constructed using the
standard (i)PTF calibration described in Ofek et al. (2012), the re-calibration described
in this work and the final correction using the stellar SF2 . The re-calibration is successful
in significantly reducing the systematics which can dominate the variability at short time
scales. After correction by the stellar SF2 , the final quasar SF2 is generally consistent with
zero as ∆t approaches zero, as required.

consistently around 30 % larger then pure SExtractor error estimates used in Ofek et al.
(2012), indicating that the SExtractor does not capture fully the measurements uncertainties in the survey. Additionally, we have significantly improved the stability of the survey;
data points taken with small time separation are highly consistent with each other, which
is often not the case when using the original calibration. Example of this is shown in
Figure A.3.

A.3

Colour dependence of the calibration

Given that there were no explicit color terms in the calibration (see Section 5.2) we investigate if there are significant color-dependant trends in the final calibration product used.
In order to do this we construct the SF2 for the sample of stars for which the color is
known from the SDSS. We select 28667 available reference objects (stars) from 100 randomly selected fields (for conditions to be selected see Section 5.2). We calibrated these
objects with the same procedure with which we calibrated AGN. We then split our sample
into 20 bins given their u-g color and created ensemble SF2 functions for each sub-sample,
using the method described in Section 5.4. Finally we calculate the “Mean SF2 ” as:
SF 2 =

N
1 X
SF 2 (ti )
N

(A-1)

i
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Figure A.3: Light curve for the representative (randomly chosen) quasar SDSS
J102255.21+172155.7. On the left hand side we show the light-curve using the recalibration from this work and on the right hand side we show the light-curve with the
original calibration from Ofek et al. (2012). The increased consistency of same-night observations is apparent. Notice also the smaller scatter of the group of the points at ∼1150
days. The calibration improvements have been critical in enabling us to measure the
variability at short (∼10 days) time scales.

where we averaged over all N = 20 time bins in which we estimated SF2 . Errors are
indicating the spread of the SF2 (ti ) measurements. In an ideal case, and if there was no
underlying stellar variability, all of the points would be at exactly zero, indicating that we
have perfectly captured and subtracted errors in the sample. We see that the values of
SF 2 are slightly positive indicating that there are some residuals in our SF2 estimation,
but these do not depend on colour, suggesting that stellar variability effects are small. In
general our estimated errors account for around 90% observed variance. Our procedure for
dealing with this problem when constructing AGN SF2 is further elaborated in Appendix
A.4.

A.4

Reduction of SF2 residuals using the stellar sample

As explained in Section A.3, our estimated errors on the measurements during (re-)calibration
account for around ∼ 90% of the observed variance, causing our estimated SF2 to be
slightly above zero. In order to account for this when analysing the AGN SF2 we construct an equivalent sample of stars which are matched to the AGN in terms of their
brightness. We construct the SF2 for these stars using the same procedure as for the
AGN. To take into account that some stars are also variable we do the analysis for the full
sample of stars and also for the sample of stars for which we are sure that are non-variable,
i.e., that have Stetson J index smaller than 4. The Stetson J-index is defined as (Stetson,

136

A.4. Reduction of SF2 residuals using the stellar sample

Figure A.4: The SF2 for stars (averaged over all ∆t) as a function of their colour,
as constructed using the procedure described in the text. There is no significant colordependence, suggesting (a) that instrumental effects are likely not colour-dependent and
(b) that the stellar SF2 is probably not dominated by intrinsic stellar variability but rather
by uncontrolled systematic uncertainties in the photometry that presumably would also be
present in the quasar data. It should be noted that strongly varying sources, with Stetson
variability parameter J > 4 were removed from the staple sample - see text for details.

1996, Price-Whelan et al., 2014)
J=

N
−1
X
i

r
p
sign(δi δi+1 ) |δi δi+1 |

where

δi =

N xi − µ
N − 1 σi

(A-2)

where xi are measurements values, µ mean value and σi are measurements errors. Stetson
J tends to 0 for non-variable stars and is large when there are adjacent measurements are
discrepant. We then construct the final SF2 as the mean of these two samples in each time
bin and conservatively assume largest possible errors from these two samples.

Figure A.5: Schematic representation of our procedure to create the final SF2 estimate for a quasar sample. Starting from the initial SF2 (shown on the left) we subtract
the stellar SF2 constructed from stars of similar magnitude, to reach the final, corrected
quasar SF2 shown on the right. It should be noted that strongly varying sources, with
Stetson variability parameter J > 4, are treated as described in the text.

When constructing the final AGN SF2 for the quasars we subtract the SF2 observed
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for the stars to get a final estimate of the AGN SF2 , which we then use in the analysis
described in the main body of the manuscript. The errors in the final AGN SF2 are
derived by adding in quadrature the errors from the initial AGN SF2 and from the stellar
sample SF2 . The procedure is sketched in Figure A.5 for the sample constructed at redshift
hzi = 1.05, luminosity of log(L/erg s−1 ) = 46.04 and mass hlog mbh /M i = 8.72. Using
this procedure we are able to fully capture the uncertainty in our estimates of SF2 for a
large number of AGN SF2 in a sense that our final estimates are consistent with zero on
the shortest time scales probed.
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Pérez-González, P. G., Rieke, G. H., Villar, V., et al. 2008, ApJ, 675, 234 2.2.1
Peterson, B. M. 2014, Space Sci. Rev., 183, 253 1.1.3
Peterson, B. M., Ferrarese, L., Gilbert, K. M., et al. 2004, ApJ, 613, 682 1.1.3
Pozzetti, L., Bolzonella, M., Zucca, E., et al. 2010, A&A, 523, A13 1.2.2
Press, W. H., & Schechter, P. 1974, ApJ, 187, 425 1.2, 1.2.2
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