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Abstract

Variable emission is a ubiquitous property of active galactic nuclei (AGN). It can be
observed or inferred at essentially all timescales, from hours to billions of years, and
across the entire electromagnetic spectrum. Since most of the AGN luminosity originates
from the accretion of matter into the central supermassive black hole (SMBH), the study
of AGN variability can provide crucial information about the physics and structure of the
central engine, including at spatial scales that are beyond the resolving power of most
of the observing facilities for the majority of the AGN. In addition, the study of AGN
variability allows us to probe the close link between SMBHs and their host galaxies by
taking into account the fact that the energy injection from the AGN varies with time.
In this thesis, I investigate AGN variability on multiple timescales and its effect on the
host galaxy by combining multiwavelength observations, phenomenological models, and
simulations. With multiwavelength observations, we can investigate AGN variability on
an object-by-object basis, phenomenological models describe the general behaviour of the
AGN population, while simulations of the AGN luminosity evolution with time (AGN
light curves) are very valuable both for the planning of future time-domain surveys and
for the interpretation of the observations.

In the first part of the thesis, I show how galaxies with extended AGN photoionised gas
on the scale of the galaxy or larger (& 10 kpc) can be used to constrain AGN variabiliy
and the AGN-host galaxy interaction on super-human, & 104 yr timescales. Using new
dedicated X-ray data combined with archival observations, I confirm that the AGN in
IC 2497 – the prototypical system of this class of extended AGN photoionised systems –
significantly dropped in luminosity and, most likely, in accretion rate in the last ∼ 105yr,
although the magnitude of the drop is lower than previously thought. The analysis also
hints that the fading AGN is (or was) affecting its surroundings by injecting mechanical
energy into the hot gas around it, in a similar way as observed in X-ray binaries, the
stellar-mass analogs of AGN. These findings highlight that even when the activity of
the AGN is decreasing, the SMBH can still affect its host galaxy. Due to the spatial
extent of the photoionised gas, which allows us to trace the past luminosity, such galaxies
are unique systems to search for fading AGN and investigate them in detail. I present
a photoionisation analysis method aimed at reconstructing historical AGN light curves
using spatially resolved spectroscopy and publicly available photoionisation codes, and
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apply it to the merging galaxy Mkn 463.
The results of these pilot studies are the motivation for three new large observational
campaigns I am leading, aimed at obtaining a multiwavelength view of additional galaxies
of this unique class. Specifically, hard X-ray observations from NuSTAR are needed to
probe the current intrinsic AGN luminosity, spatially resolved spectroscopy from MUSE
allows us to reconstruct historical AGN light curves, and radio imaging from the VLA
is valuable for the investigation of the galaxies environment and the sample selection. I
provide an overview of the obtained database and possible future uses.

In the second part of the thesis, I present a simple yet powerful framework to simulate
AGN light curves based on the distribution of Eddington ratios among the galaxy pop-
ulation, therefore linking the behaviour of single AGN to the AGN population. This
framework represents a novel unifying approach to AGN variability which allows us to
simultaneously investigate the different variability features observed in specific objects, the
general behaviour of the AGN population, as well as variability at very different timescales.
The basic premise I put forward is that the variety of AGN variability features observed
in different AGN arises from the fact that every AGN is a different (unique) realisation
of the same underlying process, and that the observed periods (i.e. the observed light
curves) are much shorter than the total AGN lifetime.
Thanks to the efficient graphics processing units (GPU) implementation, our simulation
tool enables the fast production of AGN light curves reaching up to ∼ 108 points. This
allows us for example to cover over 1Myr with a roughly weekly cadence, which is similar
to the cadence of the upcoming time-domain surveys. The presented framework is there-
fore highly valuable to prepare for, and best exploit, new observational time-domain data.
As I demonstrate with some early applications, it can for example be used to investigate
whether any observed variability feature is consistent with the general behaviour of the
AGN population (i.e. if it can be reproduced with our simple general model) and to
constrain the intrinsic AGN variability from external processes and from artefacts due,
for example, to sample selection and observational cadence.

The methods and results presented in this thesis provide a first important step towards a
novel unified approach to AGN variability. This approach will be extremely valuable in
the upcoming era of time-domain astronomy, in particular by linking phenomena observed
in different galaxies and at very different timescales, that may appear unrelated.
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Riassunto

La variabilità dell’emissione è una proprietà onnipresente nei nuclei galattici attivi (AGN,
dall’inglese “active galactic nuclei”) che può essere osservata o dedotta a tutte le scale
temporali, da ore a miliardi di anni, e a tutte le lunghezze d’onda. Poiché la frazione
principale della luminosità degli AGN è prodotta dall’accrescimento di materia da parte
del buco nero supermassiccio al loro centro, lo studio della variabilità degli AGN può
fornire informazioni cruciali riguardo alla fisica e alla struttura del motore centrale,
anche su scale spaziali inferiori al potere risolutivo della maggioranza dei telescopi per la
maggior parte degli AGN. Inoltre, permette di investigare lo stretto legame tra i buchi
neri supermassicci e le galassie che li ospitano, tenendo conto del fatto che l’iniezione di
energia da parte dell’AGN varia nel tempo.
Lo scopo di questa tesi è lo studio della variabilità degli AGN a diverse scale temporali e il
suo effetto sulle galassie che li ospitano combinando osservazioni a diverse lunghezze d’onda,
modelli fenomenologici e simulazioni. Le osservazioni a diverse lunghezze d’onda permet-
tono di indagare la variabilità degli AGN oggetto per oggetto, i modelli fenomenologici
descrivono il comportamento generale della popolazione di AGN, mentre le simulazioni
dell’evoluzione temporale della loro luminosità (curve di luce) sono utili per pianificare ed
interpretare osservazioni di variabilità degli AGN.

Nella prima parte della tesi discuto come galassie associate a nubi estese di gas fo-
toionizzato da AGN, di dimensioni pari a o maggiori della galassia stessa (& 10 kpc),
possono essere utilizzate per caratterizzare la variabilità degli AGN e la loro interazione
con le galassie ospitanti su archi di tempo molto maggiori delle scale temporali umane
(& 104 anni). Combinando nuove osservazioni nei raggi X appositamente proposte per
la galassia IC 2497 – il prototipo di questa classe di galassie – con dati d’archivio con-
fermo che la luminosità, e molto probabilmente il tasso d’accrescimento, dell’AGN al suo
centro, sono diminuiti significativamente negli ultimi ∼ 105 anni, seppur meno rispetto
a quanto precedentemente ipotizzato. Inoltre, l’analisi suggerisce che questo AGN, in
fase di riduzione d’attività, stia influenzando (o abbia influenzato) l’ambiente circostante
iniettando energia meccanica nel gas caldo che lo circonda, in maniera simile a quanto os-
servato per le binarie X, oggetti analoghi agli AGN ma con masse stellari. Questi risultati
evidenziano il fatto che un buoco nero supermassiccio può influenzare la galassia ospitante
anche quando l’attività dell’AGN è in diminuzione. Grazie all’estensione spaziale del gas
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fotoionizzato, che permette di tracciare la luminosità passata, queste galassie sono sistemi
unici per individuare e studiare AGN in fase di riduzione d’attività. Come parte di questa
tesi presento un metodo per ricostuire curve di luce storiche utilizzando dati spettroscopici
spazialmente risolti e codici pubblici per l’analisi dei processi di fotionizzazione, e lo
applico alla galassia in interazione Mkn 463.
I risultati di questi studi pilota sono la motivazione per tre nuove grandi campagne di
osservazione che sto conducendo, volte ad ottenere una conoscenza a più lunghezze d’onda
di altre galassie appartenenti a questa classe. Precisamente, osservazioni nei raggi X
provenienti da NuSTAR sono necessarie per misurare la luminosità intrinseca dell’AGN, la
spettroscopia spazialmente risolta ottenuta con MUSE permette di ricostruire le curve di
luce storiche, mentre immagini in banda radio ottenute con VLA sono utili per indagare
l’ambiente galattico e la selezione del campione di galassie. Fornisco una panoramica
della banca dati ottenuta finora e dei possibili usi futuri.

Nella seconda parte della tesi presento un semplice ma potente concetto di lavoro (“frame-
work” in inglese) che permette di simulare curve di luce sulla base della distribuzione del
rapporto di Eddington tra la popolazione di galassie, collegando così il comportamento dei
singoli AGN all’intera popolazione. Questo framework rappresenta un nuovo approccio
unificante alla variabilità degli AGN che permette di indagare simultaneamente le diverse
caratteristiche di variabilità osservate in oggetti specifici, il comportamento generale
della popolazione di AGN, nonché la variabilità su tempi molto diversi. L’ipotesi su cui
baso il framework è che la varietà di caratteristiche di variabilità osservate in differenti
AGN deriva dal fatto che ogni AGN rappresenta una diversa (unica) realizzazione dello
stesso processo di base, e che i periodi osservati (cioè le curve di luce ottenute tramite
osservazioni) sono molto più brevi della vita totale dell’AGN.
Grazie all’efficiente implementazione su GPU (unità di elaborazione grafica, dall’inglese
“graphics processing unit”), il nostro strumento di simulazione permette la rapida pro-
duzione di curve di luce costituite da fino a ∼ 108 punti. Ciò consente ad esempio di
coprire oltre un milione di anni con cadenza approssimativamente settimanale, simile
alla cadenza dei futuri esperimenti nel dominio temporale. Questo framework ha quindi
grande valore per pianificare nuovi esperimenti e sfruttare al meglio i dati da questi
prodotti. Ad esempio, come dimostro attraverso alcune applicazioni preliminari, può
essere utilizzato per indagare se una certa proprietà della variabilità osservata in un
singolo AGN è coerente con il comportamento generale dell’intera popolazione (cioè se
può essere riprodotto con il nostro semplice modello generale), e per discriminare tra
variabilità intrinseca all’AGN e processi esterni o artefatti dovuti ad esempio alla selezione
del campione e alla cadenza d’osservazione.

I metodi ed i risultati presentati in questa tesi costituiscono un primo importante passo
verso un nuovo approccio unificato alla variabilità degli AGN. Questo approccio sarà
estremamente prezioso nel futuro prossimo dell’astronomia nel dominio del tempo, in
particolare in quanto consente di collegare fenomeni osservati in galassie diverse e a
differenti scale temporali, che possono apparire non correlati tra loro.
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1 Introduction
Laudato si’, mi’ Signore, per sora luna e le stelle,

in celu l’ài formate clarite et pretiose et belle.1

Laudes Creaturarum, San Francesco D’Assisi (1224)

Supermassive black holes (SMBHs) with masses MBH ∼ 106 − 109 M� are hosted in the
center of most of the massive galaxies in the present day Universe, including our own
Milky Way (Kormendy and Richstone 1995; Schödel et al. 2003; Kormendy and Ho 2013).
When the SMBH is actively growing, the nuclear region of the host galaxy is referred to
as an “active galactic nucleus” (AGN), and its luminosity overcomes the emission from
the stellar component over most of the electromagnetic spectrum2.

The luminosity of an AGN is however not constant in time. Variable emission can be
observed or inferred at essentially all timescales, from hours to billions of years, and
across the entire elecromagnetic spectrum. Since the AGN luminosity originates from the
accretion of dust and gas (e.g. Hoyle and Fowler 1963; Salpeter 1964; Lynden-Bell 1978),
the study of AGN variability can provide crucial information about the SMBH physics
and central engine, including at spatial scales that are beyond the resolving power of
most of the telescopes. Furthermore, it allows us to probe the close link between SMBHs
and their hosts by taking into account the fact that the energy injection from the AGN
varies with time (e.g. Hickox et al. 2014). AGN variability is also often employed as an
efficient method to select AGN from large multi-epoch surveys (e.g. Trevese et al., 2008;
Villforth et al., 2010; De Cicco et al., 2015; Sánchez-Sáez et al., 2019; De Cicco et al.,
2019; Pouliasis et al., 2019).

The aim of this thesis is to investigate AGN variability and its effect on the host
galaxy by combining 1) multiwavelength observations of single AGN host galaxies, 2)
phenomenological models describing the general behaviour of the AGN population, and
3) simulations of the AGN luminosity evolution with time (AGN light curves).

1Praised be You, my Lord, through Sister Moon and the stars, in heaven you formed them clear and
precious and beautiful (Canticle of the Sun, Saint Francis of Assisi, 1224).

2For historical reasons, luminous AGN are often referred to as quasars or quasi stellar objects (QSO).
Throughout the thesis I will use these terms interchangeably.
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Chapter 1. Introduction

In this Introduction I will present an overview of the current knowledge about the structure
and accretion processes of AGN (Section 1.1), their (variable) emission (Section 1.3),
as well as the co-evolution with their host galaxies (Section 1.2). In Section 1.4 I will
summarise the main questions and the structure of the thesis.

1.1 Supermassive black holes and active galactic nuclei

1.1.1 Supermassive black holes

A black hole (BH) is a region of the spacetime exhibiting such a strong gravitational field
that nothing, even light, can escape. Mathematically defined as a singularity, BHs are
predicted by the theory of general relativity (Einstein 1915; Schwarzschild 1916).

In astronomy, we define supermassive as black holes (SMBHs) the BHs which are lying
in the center of galaxies and have masses MBH ∼ 106 − 109 M�. Smaller BHs, called
stellar mass black holes (∼ 10− 100 M�) or intermediate mass black holes (∼ 102 − 106

M�) can be found at different locations within the galaxy (e.g. Fender and Belloni 2012;
Mezcua 2017). In this thesis we will concentrate on SMBHs, but some analogies with
stellar mass black holes will also be discussed.

SMBHs, as well as smaller BHs, can be fully characterised by three parameters, which
are critical to determine the observational features of the AGN: the mass MBH, the mass
accretion rate ṁ, and the spin a. A characteristic size related to BHs is the gravitational
radius rg:

rg =
GMBH

c2
=

1

2
rs (1.1)

where G is the gravitational constant, c the speed of light, and rs the Schwarzschild
radius, that represents the event horizon of a non rotating BH.

When the BH is accreting, part of the accreted mass is converted to energy and luminosity
is released. In the case of a steady isotropic accretion flow, accretion can only occur if
the pressure generated by the luminosity does not exceed the gravitational force from the
BH. This brings to the definition of the Eddington luminosity LEdd, that is the maximum
luminosity at which a BH can radiate without overcoming the gravitational force:

LEdd =
4πcGMBHµmp

σT
' 1.5× 1038 MBH

M�
erg s−1 (1.2)
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1.1. Supermassive black holes and active galactic nuclei

where µ is the mean molecular weight, mp the proton mass and σT the Thomson cross
section. Assuming an accretion rate ṁ = L/ηc2, where η is the efficiency of converting
gravitational potential energy to electromagnetic radiation (radiative efficiency), the
accretion rate required to produce LEdd is:

ṁEdd =
LEdd

ηc2
' 3M8

( η

0.1

)−1
M� yr−1 (1.3)

where M8 is the black hole mass in units of 108M�. Finally, the Eddington ratio λEdd

is the ratio betwen the total (bolometric) luminosity LBol of the accreting BH and the
Eddington luminosity:

λEdd ∝
LBol

LEdd
∝ ṁ

ṁEdd
∝ ṁ

MBH
(1.4)

As we will see in the following, λEdd is one of the main properties of accreting SMBHs
defining the AGN structure and behaviour.

1.1.2 AGN structure and emission

In addition to the central SMBH, AGN comprise multiple components at different spatial
scales ranging from sub-pc to Mpc (Fig. 1.1). Although by definition no electromagnetic
radiation is emitted by the SMBH itself, AGN are known to radiate across the entire
electromagnetic specrum, from radio up to gamma rays. This emission mostly arises
from the accretion process onto the SMBH (e.g. Hoyle and Fowler 1963; Salpeter 1964;
Lynden-Bell 1978), and from the interaction between the different AGN components. In
the following I summarise the main AGN components and processes responsible for the
observed AGN spectrum.

Accretion disc and optical/UV emission

When a BH is accreting, matter is transported inwards and angular momentum out-
wards, creating an accretion disc. In the case of moderately to high accreting BHs
(0.01.λEdd . 0.3), accretion discs are usually assumed to be optically thick and geometri-
cally thin (h/r � 1, h/r where is the aspect ratio), and their properties are described by
the so-called α-disc model (Shakura and Sunyaev 1973). In this model, the momentum is
transported outwards due to the kimematic viscosity ν = αcsh, where cs is the local mean
sound speed in the disc and α the viscosity parameter ranging between 0 (no viscosity)
and 1.
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Chapter 1. Introduction

Figure 1.1: Top: Schematic illustration of the typical AGN structure (not to scale,
adapted from Oh 2014). Not shown is the hot corona which is expected to be located
close to the accretion disc. Bottom: Schematic representation of the AGN spectral energy
distribution (SED). The black line represents the total emission while the coloured lines
show the different contributions discussed in Chapter 1.1.2. The radio continuum varies
between sources depending on their radio loudness (adapted from Harrison et al. 2014).
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1.1. Supermassive black holes and active galactic nuclei

The thermal emission of an optically thick, geometrically thin accretion disc is generally
treated as a superposition of black body emission from annuli at increasing radii and
different tempetarure. Following Netzer (2013), the radial dependence of the temperature
is parametrised as:

T (r) ∼ 8.6× 106ṁ1/4M
−1/2
8 f1/4(r)

(
r

rg

)−3/4

K (1.5)

where M8 and ṁ are the BH mass and accretion rate as defined in Section 1.1.1, and
f(r) a non linear function which depends on the BH spin. For typical SMBHs with
MBH ∼ 108M� (M8 ∼ 1) the maximum disc temperature is ∼ 105K, such that the disc’s
emission peaks at UV wavelengths. The total emission from the accretion disc, spanning
the optical and UV part of the spectrum, is known as Big Blue Bump and accounts for a
substantial fraction of the total AGN luminosity (e.g. Shields 1978; Malkan and Sargent
1982; Netzer and Trakhtenbrot 2014; Capellupo et al. 2015; Castelló-Mor et al. 2016;
Bertemes et al. 2016).

The structure and size of the accretion disc strongly depends on other parameters such
as spin and λEdd, but for typical AGN it is expected to extend up to ∼ 10−3pc from the
central BH. The inner radius may depend on the BH spin, with smaller radii and therefore
more emission at shorter wavelengths for rapidly rotating BHs3. In addition, there are
theoretical and observational evidences that standard discs are present only at moderate
to high Eddington ratios, while at λEdd . 0.01 the accretion process should transition to
a radiatively inefficient, advection dominated accretion flow (e.g. Narayan and Yi 1994;
Narayan et al. 1998; Vasudevan and Fabian 2009; Ho 2009; Yuan and Narayan 2014).

Hot corona and X-ray emission

X-ray emission is ubiquitous in AGN and is thought to arise from inverse Compton
scattering of accretion disc photons in a compact, hot corona (∼ 109 K) in the nuclear
region (Sunyaev and Titarchuk 1980; Haardt and Maraschi 1991; Zdziarski 1998; Jovanović
and Popović 2009). The exact geometry and location of the corona is still matter of
debate, but it is expected to be located within a few rg from the accretion disc (e.g.
Burlon et al. 2011).

The primary X-ray emission from an AGN is well modeled as a power law with photon
index Γ ∼ 1.8 − 2 (Nandra and Pounds 1994; Piconcelli et al. 2005; Ricci et al. 2011),
with an high energy cutoff at a few hundreds keV (e.g. Ricci et al. 2017). This primary
emission is absorbed and reprocessed by multiple absorbers at various spatial scales,

3This is a consecquence of the fact that the innermost stable circular orbit (ISCO), the smallest
circular orbit at which a particle can orbit a BH, is decreasing for increasing spin. In the case of a
non-spinning BH, the ISCO is located at rISCO = 3 × rs.
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Chapter 1. Introduction

mostly in the broad line regions and in the dusty torus (see Ramos Almeida and Ricci 2017
for an extensive review of the obscuration processes), producing the so-called Compton
reflection spectrum (e.g. George and Fabian 1991). The most prominent features of the
reflection spectrum are the Compton hump peaking at 20− 40 keV, which is visible only
in Compton thick sources4, and the iron (Fe) Kα line at 6.4 keV which is present in
both Compton thick and Compton thin AGN (e.g. Lightman and White 1988; Pounds
et al. 1990; Nandra and Pounds 1994; Nandra 2006; Ricci et al. 2014). In addition, a
soft excess is usually observed below 2 keV, and is thought to originate from multiple
processes including blurred relativistic reflection and comptonisation of accretion disc
photons in colder plasma (see Ricci et al. 2017 and references therein).

As mentioned above, the observed X-ray spectrum can be strongly affected by obscuration.
Photoelectric absorption is already effective at low colum densities NH ∼ 1021cm−2 and
is strongly energy dependent, affecting more the soft, low energy spectrum (. 10 keV).
However, it does not play a significant role in Compton thin AGN at energies & 10 keV.
On the other hand, Compton scattering strongly affects also the spectrum of Compton
thick AGN, but no significant dependence on energy is found below ∼ 150 keV.

X-ray emission, especially in the hard X-ray band (& 10 keV) observed by telescopes
such as the Nuclear Spectroscopic Telescope Array (NuSTAR, Harrison et al. 2013) and
the Burst Alert Telescope (BAT, Barthelmy et al. 2005; Krimm et al. 2013) on board
of Swift (Gehrels et al. 2004), provides the most complete and less biased way to select
AGN to date. Indeed, in addition to beeing (mostly) unaffected by obscuration, hard
X-ray emission is a typical signature of SMBH activity.

Broad line regions and narrow line regions

The broad line region (BLR) and narrow line region (NLR) are collections of gas clouds
photoionised by the optical/UV continuum of the AGN, producing emission lines mostly
in the UV, optical and IR part of the spectrum.

The BLR is found in a sub-pc scale (∼ 10−2− 1 pc) dust free region around the accretion
disc, and is composed by high column density gas clouds (∼ 1023cm−2) moving at typical
velocities of ∼ 3000 km s−1 (e.g. Netzer 2006). The emission spectrum is characterised
by permitted (e.g. Hα, Hβ) and semi-forbidden (e.g. C iii]λ1909, O iii]λ1663) lines at
UV and optical wavelengths. Because of high velocities and Doppler effect, the emission
lines from the BLR are broad (hence the name BLR), with full width at half maximum
FWHM ∼ 1000− 25000 km s−1 (e.g. Peterson 2006).

The NLR in contrast is composed by lower column density gas clouds (∼ 1020−1021cm−2)
moving at lower velocities (∼ 500 km s−1) and at larger distances from the center (e.g.
Netzer 2006). The physical extent of the NLR depends on the AGN luminisity and ranges

4In thes thesis we define Compton thick the sources with neutral hydrogen column density NH > 1024

atoms cm−2. Sources with lower NH are referred to as Compton thin.
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from ∼ 100 pc to ∼ 1 kpc for moderately luminous AGN (e.g. Capetti et al. 1996) or even
∼ 10 kpc for the most luminous AGN (e.g. Hainline et al. 2014). Because of the lower
column densities and velocities, NLR produce both permitted and forbidden emission
lines at UV, optical and IR wavelenghts (e.g. He iiλ4686, [O iii]λ5007, [N ii]λ6583), but
with lower FWHM . 500 km s−1 (e.g. Peterson 2006).

The presence or absence of broad emission lines is one of the main features distinguishing
Type 1 (both broad and narrow emission lines) and Type 2 (only narrow) AGN.

Dusty torus and mid-IR emission

The mid-IR emission in AGN spectra mostly arises from the reprocessing of accretion disc
photons by a toroidal dust structure around the accretion disc and BLR. Although the
geometric distribution of the dusty material (smooth or clumpy) is still matter of debate
(see Padovani et al. 2017 and references therein), it is usually referred to as torus. Since
the inner radius of the torus is expected to be set by the dust sublimation temperature,
which depends on the luminosity as r ∝ L1/2 (e.g. Barvainis 1987; Suganuma et al. 2006;
Kishimoto et al. 2011), the extent of the dusty structure can be different from source
to source. Recent sub-mm observations as well as mid-IR imaging and interferometry
revealed structures with 0.1 − 10 pc sizes (e.g. Radomski et al. 2008; Burtscher et al.
2013; García-Burillo et al. 2016).

Besides reprocessing the optical and UV emission, the torus is also collimating the same
emission, and is therefore responsible for the (bi-)conical shape of the ionisation cones
(e.g. Kishimoto et al. 2011), with increasing opening angle for increasing luminosities and
possibly Eddington ratio (Lawrence 1991; Simpson 2005; Oh et al. 2015). The presence
of a dusty torus, together with the different optical spectra observed in Type 1 and Type
2 AGN, plays a fundamental role in the classical AGN unification model (Antonucci 1993;
Urry and Padovani 1995), as will be clear in the following sections.

Radio emission and jets

Radio jets can be observed at a variety of spatial scales from close to the accretion disc
up to a few Mpc (e.g. Hada et al. 2013; Solovyov and Verkhodanov 2011; Clarke et al.
2017), but although they have played a crucial role in the discovery of quasars (Schmidt
1963) their formation mechanism still remains unclear. It is however general consensus
that the jet should be launched by processes related to the BH spin and/or the inner
accretion disc (e.g. Cai et al. 2019 and references therein), which extract energy and
angular momentum from the central AGN engine (e.g. through magnetic fields, Blandford
and Payne 1982; Lynden-Bell 2003).

The radio continuum in AGN is mostly due to synchrotron radiation and is usually
parametrised as a power law. AGN can be classified as radio loud or radio quiet depending
on the level of radio emission, its ratio with optical luminosity, and the presence or absence
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of powerful radio jets (see Padovani et al. 2017 for a review). Although the definition of
radio loudness is not unique in the literature, radio loud AGN make up ∼ 10− 30% of
the AGN population (e.g. White et al. 2000; Mushotzky 2004).

AGN unification model

As mentioned above, AGN were historically divided into Type 1 and Type 2, where Type
1 show both broad and narrow emission lines in the optical and UV part of the spectrum,
while Type 2 only narrow lines. However, spectropolarimetric observations revealed
that broad line components can be present also when they are not observed directly
in the optical spectrum (Antonucci and Miller 1985). This led to the classical AGN
Unification scheme, which states that the physical structure of every AGN is intrinsically
the same, and that the differt appearance of Type 1 and Type 2 AGN simply arises from
the orientation of the dusty obscuring torus with respect to the observer’s line of sight
(Antonucci 1993; Urry and Padovani 1995). Specifically, in Type 2 AGN the view of the
central AGN region, including the BLR, is hindered by the torus, while in Type 1 AGN
both BLR and NLR emission can be directly observed.

Although the classical Unification picture succesfully explains the different emission line
structure in Type 1 and Type 2 AGN, new studies suggest that this simple orientation
based model is too simplistic to account for the variety of observed AGN properties.
In addition to orientation, additional physical parameters may be responsible for the
AGN appearance, including Eddington ratio, torus covering fraction, jet strength and
host galaxy properties (see Treister and Urry 2012; Netzer 2015; Padovani et al. 2017
for extensive reviews on this topic). In addition, as I will discuss in detail below, there
are now multiple evidences that the AGN emission varies with time, both regarding its
overall luminosity and emission line shapes (e.g. MacLeod et al. 2010; LaMassa et al.
2015; Schawinski et al. 2015), so that AGN should be treated as dynamical objects which
can change their structure throughout their life.

Analogy between AGN and X-ray binaries and their limitations

As we saw above, the term AGN refers to the structure around SMBHs. However,
accretion discs and jets are observed also around stellar mass black holes which are
accreting material from a companion star (see Fender and Belloni 2012 for an extensive
review). These systems are called X-ray binaries as in this case most of the luminosity
due to the accretion process is emitted in the X-rays (see e.g. Eq. 1.5).

Direct observations of X-ray binaries showed that these systems can switch from a
radiatively efficient to a radiatively inefficient state5, with related changes in luminosity
over five orders of magnitude, on timescales of days to weeks (e.g. Chen et al. 1997;
Remillard and McClintock 2006). The question if AGN are simply “scaled up” version of

5These states are known as “high-luminosity/soft-spectrum state” and “low-luminosity/hard-spectrum
state” (see Ruan et al. 2019 and references therein).
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X-ray binaries, i.e. if the phyical processes governing the accretion in X-ray binaries and
AGN are the same but at timescales and energies scaled up with respect to MBH (see
e.g. equations in Section 1.3.1), is still matter of debate (e.g. McHardy et al. 2006; Ruan
et al. 2019). We will address this point in Chapter 2 and Chapter 3.

1.2 Co-evolution between black holes and host galaxies

Although the mass of a typical SMBH is only a few percent of the mass of its host galaxy,
the energy released during the accretion phase can be tens or hundreds of times higher
than the binding energy of the galaxy bulge. If only a small part of the radiated energy
couples with the surrounding gas, then the gas can be kept hot or blown away, therefore
preventing the formations of new stars (e.g. Silk and Rees 1998; Ostriker and Ciotti
2005). On the other hand, a lack of gas supply in the central region of the galaxy can
reduce the activity of the AGN which, as we saw above, is primarily powered by accretion
onto the SMBH6 (e.g. Silk and Rees 1998; King 2003). SMBHs and their hosts could
therefore be expected to co-evolve by regulating each other growth. This phenomenon is
generally referred to as “AGN feedback”, and represents one of the main current areas of
research in the AGN field (see e.g. Kormendy and Ho 2013; Fabian 2012; Heckman and
Best 2014 for extensive reviews).

The main line of observations supporting a possible evolutionary link between SMBHs
and host galaxies is the presence of tight correlations between the SMBH mass and
different physical properties of the host. Indeed, MBH is found to correlate, among others,
with the stellar velocity dispersions σ of the galaxy bulge (this is the well known M− σ
relation, Gebhardt et al. 2000; Ferrarese and Merritt 2000; Kormendy and Ho 2013; see
also Zubovas and King 2019 for a recent review and Sexton et al. 2019 for a recent study
of the possible redshift evolution and sources of scatter), the bulge mass (Magorrian et al.
1998; Kormendy and Ho 2013) and the bulge luminosity (Kormendy 1993; Magorrian
et al. 1998; Marconi and Hunt 2003). Furthermore, the black hole accretion rate density
(BHARD) and the star formation rate density (SFRD) of the Universe show similar
redshift evolutions, with a peak at z ∼ 1− 2 and a decrease towards z ∼ 0 (e.g. Madau
and Dickinson 2014 and references therein).

6We note that the SMBH growth is not limited by the amount of gas per se, as the accretion rate of a
powerful quasar is on the order of ∼ 1 M�yr−1, but rather by the efficiency at which the gas can reach
the central region by loosing angular momentum.
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Even though these observations show that SMBHs and host galaxies grow and evolve in
a “parallel” way, it is not clear yet if this co-evolution really arises from an interaction
between the two, or if it is simply the result of the fact that both are growing in a
similar environment. For example, Peng (2007) and Jahnke and Macciò (2011) pointed
out that some correlations between MBH and galaxy properties naturally emerge from
the hierarchical assembly of SMBH and stellar masses during multiple galaxy mergers.
This means that AGN feedback is not the only process responsible for the observed
co-evolution. Nevertheless, it is now widely accepted that AGN feedback can have an
impact on the star formation, at least in some galaxies, through two different modes:
radiative and kinetic (see e.g. Fabian 2012 and Alexander and Hickox 2012 for extensive
reviews).

In the radiative mode (also called quasar or wind mode), radiation pressure, AGN winds
and outflows push the cold gas out of the galaxy, therefore quenching star formation7.
This mode operates in typical bulge galaxies with SMBHs accreting close to the Eddington
limit, and is expected to be most effective at z ∼ 2−3, when AGN were more active (peak
of quasar activity) and the galaxies were more gas rich. Indeed, most of the extended
outflows have been found in galaxies hosting luminous AGN (Lbol & 1046 erg s−1) at such
redshifts (e.g. Cano-Díaz et al. 2012; Harrison et al. 2012; Carniani et al. 2015). On the
other hand, the role of the kinetic mode (also called jet or maintenance mode) is to keep
the galaxy empty of gas, or at least to keep the gas hot therefore preventing fragmentation
which could lead to star formation. This mode mostly occurs in galaxies hosting low-
Eddington, radiatively inefficient AGN with powerful radio jets. The mechanical power of
the jet indeed creates bubbles or cavities in the hot gas, that are commonly seen in deep
X-ray imaging of galaxy clusters with a central AGN (e.g. Bîrzan et al. 2004; Rafferty
et al. 2006; McNamara and Nulsen 2012; Vantyghem et al. 2014).

The examples above well illustrate the complexity of the AGN feedback phenomenon,
where SMBHs with different levels of activity are expected to quench the star formation
through different processes. It is also important to remember that the similarity between
BHARD and SFRD does not imply that highly accreting SMBHs are always hosted in
highly starforming galaxies (or viceversa), but only that the two populations evolve in a
similar manner. Indeed, observational studies based on different AGN and galaxy samples
found both strong (e.g. Rafferty et al. 2011; Juneau et al. 2013; Yang et al. 2019) and
weak (e.g. Rosario et al. 2012; Shao et al. 2010) correlations between SMBH accretion
and star formation. As pointed out by Hickox et al. (2014), this discrepancy may arise
from the fact that the AGN activity and luminosity varies on multiple timescales (from
hours to Myr, see Section 1.3) which are much shorter than the typical timescales involved
in star formation and galaxy evolution (& 100 Myr). As a consequence, understanding
the variability behaviour of AGN is crucial in order to be able to interpret these different
results, and therefore establish a causal link (or lack thereof) between SMBH and host

7There are however some observations and simulations claiming that, at least in some galaxies, AGN
outflows could induce star formation instead of quenching it (e.g. Cresci and Maiolino 2018).
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galaxy growth. Developing a framework aimed at modelling AGN variability on multiple
timescales is one of the main goals of this thesis.

1.3 Active galactic nuclei variability

Variable emission is one of the first discovered properties of AGN (Matthews and Sandage
1963). As mentioned above, it can be observed or inferred at essentially all timescales,
from hours to billions of years (e.g. Goyal et al. 2013; McHardy et al. 2004; Smith et al.
2018 MacLeod et al. 2012; Schawinski et al. 2015; Novak et al. 2011), and across the
entire electromagnetic spectrum (e.g. Uttley and Mchardy 2004; Paolillo et al. 2017;
Caplar et al. 2017; Assef et al. 2018).

In the following I will first discuss the physical (theoretical) timescales associated to
standard accretion discs which may be relevant for AGN variability. I will then provide
an overview of the current picture of the AGN variability phenomenon arising from
observational studies, and highlight the main caveats and open questions.

1.3.1 Physical timescales for AGN variability

Since the AGN luminosity mostly arises from the accretion process, variable emission
could originate from physical processes taking place inside the accretion disc at different
timescales. Indeed, there are several timescales associated to standard optically thick,
geometrically thin accretion discs which may be relevant for AGN variability.

The inflow timescale, also called viscous timescale, is the time needed for a parcel of
gas to drift radially from a given radius r within the accretion disc to the center. This
corresponds to the timescale at which a steady state accretion disc fed from outher
radii can vary in luminosity as a result of abrupt changes in the accretion rate. For the
radiation-pressure dominated inner region of a standard accretion disc, LaMassa et al.
(2015) parametrised this timescale as:

tinfl [yr] ∼ 20
( α

0.1

)−1
(
λEdd

0.03

)−2 ( η

0.1

)2
(

r

10rg

)7/2

M8 (1.6)

where α is the viscosity parameter and η the efficiency of converting potential energy to
ratiadion. Since the inflow timescale is inverse proportional to λ2

Edd, this timescale is
longer for AGN “switch on” compared to AGN “switch off”. For r ∼ 10rg, as commonly
assumed for the UV emitting region (LaMassa et al. 2015), the inflow timescale may
be on the order of ∼ 50 − 100 yr. The timescale is significantly longer for the optical
wavelengths, for which r ∼ 200rg (e.g. Morgan et al. 2010; Fausnaugh et al. 2016). Inflow
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timescales alone are therefore not sufficient to explain the optical and UV variability
observed at much shorter, days to decades timescales (see Section 1.3.2), what could
question the standard thin accretion disc theory, or at least require some modification.
Indeed, numerical simulations of inner accretion discs (e.g. Krolik et al. 2005) suggest
that the drift velocity may be several times higher than the value predicted by the model,
with consequently lower infall timescales. This would reduce the discrepancy between
inflow timescales and observed timescales for AGN variability. Furthermore, additional
processes such as reprocessing of UV and X-ray emission or local instabilities in the
accretion disc are expected to produce rapid variability, as I will discuss in detail in the
next Section. Relevant timescales for these processes include the light-crossing, dynamical
and thermal timescales.

The light-crossing timescale is the time needed for light to cross a region of radius r.
Following Netzer (2013), for a standard accretion disc this is given by:

tlc [yr] ∼ 0.016M8
r

rg
(1.7)

This timescale is relevant for irradiated discs.

The dynamical timescale, also called orbital timescale is the time needed from the accretion
disc to achieve hydrostatic equilibrium:

tdyn [yr] ∼ 1

Ω
= 0.005M8

(
r

rg

)3/2

(1.8)

where Ω = (GMBH/r
3)1/2 is the angular velocity (Netzer 2013). The dynamical timescale

is also the shortest timescale on which it is possible to see phyical changes in the disc.

Finally, the thermal timescale is the time needed for energy to redistribute due to
dissipative and cooling processes within the disc, and it is related to tdyn and viscosity:

ttherm =
tdyn

α
(1.9)

Potential causes of local thermal fluctuations are e.g. an increase in the X-ray produced
in the hot corona, which irradiate the inner part of the accretion disc (e.g. Shappee et al.
2013), magneto rotational instabilities (see e.g. Dexter and Agol 2011 and references
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therein). As we will see in Chapter 1.3.2, recent studies pointed out that this timescale is
the one which best matches observations (e.g. Ross et al. 2018; Stern et al. 2018; Noda
and Done 2018; Parker et al. 2019), what implies that variability may be mostly due to
rapid changes in the temperature of the accretion disc.

The timescales discussed above all relate to processes wich modify the intrinsic emission
of the accretion disc. However, the observerd variability (both in total emission and in
emission line shape) can be due to occultation events, e.g. from dust clouds outside the
BLR. Following LaMassa et al. (2015), the crossing timescale for Keplerian orbits is:

tcross [yr] ∼ 0.07

(
rorb

1lt− day

)3/2

M
−1/2
8 arcsin

(
rsrc

rorb

)
(1.10)

where rorb is the radius of the Keplerian orbit and rsrc the radius of the emitting region
affected by the occultation event.

1.3.2 The current observational pictures

In the previous Section I discussed some of the physical timescales which may be relevant
for AGN variability. However, such timescales are not always consistent with observations,
so that the causes of the observed variability is still matter of debate. Below I will outline
the main observed variability features, together with the corresponding timescales, and
discuss some of the current interpretations.

X-ray variability

Due to the compact size of the X-ray emitting region, X-ray emission is expected to
undergo the fastest variations among all the wavelengths (e.g. Ulrich et al. 1997; Uttley
et al. 2002). Indeed, X-ray light curves from facilities such as XMM -Newton, ROSAT and
ASCA show evidence of variability on timescales of minutes to months, with amplitude
anticorrelated with luminosity (e.g. Nandra et al. 1997; Almaini et al. 2000; McHardy
et al. 2004). The variability amplitude is also increasing for increasing timescales, as
found by works which combined multiple observation to reach up to 20 yr baselines (e.g.
McHardy et al. 2004; Middei et al. 2017).

The high quality and regular sampling of X-ray light curves, together with the availability
of observational campaigns covering several decades, allows us to perform power spectral
distribution (PSD8) analysis on individual AGN. The obtained PSD are generally well
described as a power law with slope α ∼ −2, consistent with a random walk, at the highest

8The PSD is a measure of how the power in a time series is distributed among different frequencies,
and is one of the main quantities used to quantify the variability in astronomical light curves.
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probed frequencies (e.g. Lawrence and Papadakis 1993; Green et al. 1993), and one or two
breaks leading to shallower low-frequency PSD (e.g. Uttley et al. 2002; McHardy et al.
2007). The break frequency appears to be correlated with BH mass and Eddington ratio
(McHardy et al. 2004; McHardy et al. 2006), but the physical reason for this correlation is
still unclear (e.g. McHardy et al. 2006; González-Martín and Vaughan 2012). Nevertheless,
a dependency of variability on BH mass and accretion rate could explain the observed
anticorrelation with luminosity (Paolillo et al. 2017). After accounting for BH mass and
Eddington ratio, the same PSD shape seems to explain both local and high-z AGN (up
to z ∼ 4), suggesting that the physical mechanism responsible for X-ray variability does
not evolve with redshift (Paolillo et al. 2017). Although the origin of this variability is
not well understood yet, possible mechanisms include instabilities in the accretion flow,
orbiting hotspots, as well as a flaring corona.

Optical and UV variability

In the past decades, different campaigns with recurrent photometry and/or spectroscopy
such as the Sloan Digital Sky Survey (SDSS) Stripe 82 (York et al. 2000; Ivezić et al. 2007;
Sesar et al. 2007), the (intermediate) Palomar Transient Factory (PTF/iPTF, Law et al.
2009; Rau et al. 2009), the Palomar Observatory Sky Survey (POSS, Minkowski and Abell
1963) and the Catalina Real-Time Transient Survey (CRTS, Drake et al. 2009; Djorgovski
et al. 2011) have provided important insights into the optical variability behaviour of the
AGN population on days to decades timescales (e.g. de Vries et al. 2003; Vanden Berk
et al. 2004; Sesar et al. 2006; MacLeod et al. 2010; MacLeod et al. 2012; Morganson et al.
2014; Caplar et al. 2017).

Based on ensemble analysis, these works showed that the amplitude of variability is
increasing with increasing timescales, with typical continuum variability of 0.2 mag
over ∼ months to years timescales (e.g. MacLeod et al. 2016 and references therein),
and investigated additional dependencies with physical AGN parameters. For a fixed
timescale, the amplitude of variability is observed to anti correlate with luminosity, rest
frame wavelength and Eddington ratio, while little or no dependency is found as a function
of redshift (e.g. Wilhite et al. 2008; Ai et al. 2010; MacLeod et al. 2010; Caplar et al.
2017; Rumbaugh et al. 2018; Sánchez-Sáez et al. 2018). The dependency on BH mass is
still unclear as different studies found either positive, negative or absent correlations (e.g.
Wilhite et al. 2008; Kelly et al. 2009; MacLeod et al. 2010; Zuo et al. 2012; Caplar et al.
2017).

Although a few examples of periodic variability have been found (Graham et al. 2015a;
Graham et al. 2015b; Charisi et al. 2016; but see also Liu et al. 2015 and Vaughan et al.
2016 for different interpretatios of the periodic behaviour), the observed variability is
usually assumed to be stochastic and described as a damped random walk9 (DRW, Kelly

9The damped random walk is also known as first-order CARMA model (CAR(1), Kelly et al. 2014),
or Ornstein–Uhlenbeck process (Uhlenbeck and Ornstein 1930).
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et al. 2009). The DRW consists on a random walk at short timescales, flattening to
white noise at higher timescales. The transition timescale may correspond to the physical
response time needed from the disc to suppress (dampen) the variability driven by a
stochastic termal process (e.g. Kelly et al. 2009; Lawrence 2016), but its exact value
(timescale) cannot be reliably measured from current data due to the limited lenght of
the available light curves (Kozłowski 2017a; Kozłowski 2017b). In any case, most studies
find break positions at scales of & 100 days (e.g. MacLeod et al. 2012; Kozłowski 2016).
Although the DRW has been successful in describing the general AGN variability in
surveys such as SDSS and POSS (e.g. Kelly et al. 2009; MacLeod et al. 2010; MacLeod
et al. 2012; but see also Kozłowski 2016), other studies based on different photometric
surveys (e.g. Zu et al. 2013; Caplar et al. 2017; Sánchez-Sáez et al. 2018) or on Kepler
light curves (Mushotzky et al. 2011; Kasliwal et al. 2015; Smith et al. 2018) revealed
steeper high-frequency PSD, suggesting that the DRW is not sufficient to fully describe
the variability at ∼ days timescales or less.

AGN variability is also observed as variations in the optical and UV emission lines.
Appearing or disappearing broad Balmer lines have been detected in the past in several
local AGN, called “changing-look AGN” (CL-AGN10, e.g. Khachikian and Weedman 1971;
Tohline and Osterbrock 1976; Penston and Perez 1984; Aretxaga et al. 1999; Bischoff and
Kollatschny 1999; Cohen et al. 1986; Denney et al. 2014). In the last years, repeated
spectroscopy and targeted searches are reavealing an increasing number of sources with
appearing or disappearing broad line features on months to decades timescales also at
higher redshift and luminosities, usually referred to as “changing-look quasars” (CL-QSO,
e.g. LaMassa et al. 2015; Runnoe et al. 2016; Ruan et al. 2016; McElroy et al. 2016;
Husemann et al. 2016 Yang et al. 2018; Mathur et al. 2018; Yang et al. 2018; Wang et al.
2018; Stern et al. 2018; Ross et al. 2018; Zetzl et al. 2018; Katebi et al. 2018; MacLeod
et al. 2019; Trakhtenbrot et al. 2019). In these sources the change in lines structure is
often accompanied by changes in the overall optical/UV luminosity by almost one order
of magnitude or more over the same timescales, much higher compared to the mean
variability observed in ensemble analysis11.

Whether CL-AGN and CL-QSO are simply the tail of a continuum distribution of
variability, or if they belong to a distinct class with significantly different variability
properties and physical mechanisms, still remains an open question (e.g. MacLeod et al.
2016). In any case, the existence of sources switching from Type 1 to Type 2 on ∼ years

10We note that the term “changing look” was first used by Matt et al. (2003) to define AGN whose
repeated X-ray spectra showed a switch from Compton thick to Compton thin, or vice versa (e.g. Matt
et al. 2003; Piconcelli et al. 2007; Marchese et al. 2012; Ricci et al. 2016a). The cause of such changes is
usually reconducible to varying column density of the nuclear obscuring material. Despite the similar
name, these “X-ray CL-AGN” are not the same class of objects as the CL-AGN discussed in the following
of the thesis.

11We note that extreme variability in the continuum has recently beed found also in AGN which do
not show a changing look behaviour, or for which no spectroscopic data are available (e.g. Graham et al.
2017, Rumbaugh et al. 2018; MacLeod et al. 2019).
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timescales challenges the classical AGN unification model (e.g. Urry and Padovani 1995),
where the presence and absence of broad emission lines is explained by different line of
sight orientations, as the angular position of the obscuring material is not expected to
vary on such short timescales. The same is true also in the case of a clumpy torus (e.g.
Nenkova et al. 2008a; Nenkova et al. 2008b; Mor et al. 2009; Hönig and Kishimoto 2010;
Elitzur 2012), as it is not clear which population of clouds could exist at sufficiently larger
radius to rapidly modify our view of the BLR (e.g. Goodrich 1995; MacLeod et al. 2016).

The rapid variability observed in the optical/UV continuum, in particular in extreme cases
such as the CL-QSO, is hard to reconcile with standard accretion disc theory. Indeed,
months to years timescales are much shorter compared to the viscous timescales, at
which variability due to overall accretion changes would appear, which is on the order of
∼ 100−1000 yr (see Lawrence 2018 for a discussion of the “viscosity crisis”). The observed
timescales are more consistent with thermal timescales, which are relevant for instabilities
or local perturbations in the accretion disc. Such instabilities and perturbations could
explain the moderate variability characteristic of the majority of the AGN, as well as
produce structural changes in the inner part of the accretion disc which could lead to the
extreme variability observed in CL-QSO (e.g. Stern et al. 2018; Ross et al. 2018; Noda and
Done 2018). The possible causes of such instabilities and perturbations are still matter
of debate, but they include magnetorotational instabilities (MRI, Balbus and Hawley
1991; Reynolds and Miller 2009), local temperature fluctuations driven e.g. by X-ray
heating (Shappee et al. 2013), instabilities in the (Σ-Teff) parameter space driven by large
changes in opacity (Stern et al. 2018 and references therein), iron opacity (Jiang et al.
2016) as well as perturbations due to stellar mass black holes, stellar remnants and stars
moving within the dense medium of the accretion disc (e.g. Syer et al. 1991; McKernan
et al. 2014; Bartos et al. 2017). Other possible explanations are that accretion discs
are magnetically elevated, what could lead to larger scale heights and shorter variability
timescales compared to what is expected for standard thin accretion discs (Dexter and
Begelman 2019), or that the behaviour of the accretion disc is dominated by non-local
physics such as magnetic fields connecting different regions on timescales shorter than
viscous timescales (Lawrence 2018). Furthermore, the simultaneous disappearance of
broad emission lines and decrease in overall luminosity observed in CL-QSO is consistent
with the evolutionary scenario proposed by Elitzur et al. (2014), who suggested that AGN
evolve from Type 1 to Type 1.2/1.5 to Type 1.8/1.9 as the accretion rate decreses.

The scenarios discussed above mostly relate to processes happening inside the AGN
accretion disc, and are therefore intrinsic of the AGN. However, there are various external
phenomena which could affect the observed luminosity, such as starburst activity in the
host galaxy (Aretxaga et al. 1997), microlensing (Hawkins 1993; Lawrence 2016) and tidal
disruption events (TDE, Eracleous et al. 1995; Merloni et al. 2015). Variable obscuration
could in principle also produce variable luminosity and line structure as observed in
CL-AGN, but it was excluded for most of the sources due to lack of color changes and,
as explained above, inconsistent timescales (e.g. Katebi et al. 2018). The obscuration
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scenario is also disfavoured by the fact that variability observed in the mid-IR is usually
echoing the optical variability with time lags expected for dust reprocessing (e.g. Sheng
et al. 2017).

With the advance of large, multiwavelength time-domain surveys such as the Large
Synoptic Survey Telescope (LSST, Ivezic et al. 2008; LSST Science Collaboration et al.
2009), the Time-Domain Spectroscopic Survey in SDSS-V (TDSS, Morganson et al. 2015;
Kollmeier et al. 2017), the Zwicky Transient Facility (ZTF, Bellm et al. 2019; Graham
et al. 2019a), the All-Sky Automated Survey for SuperNovae (ASAS-SN, Shappee et al.
2014) and the extended ROentgen Survey with an Imaging Telescope Array (eROSITA,
Merloni et al. 2012) we are entering an exciting era of time-domain astronomy which will
allow us to probe the variable Universe with an unprecedented cadence (∼ days), depth,
sky area, and time-span. These surveys will allow us to probe the variability properties
of individual AGN, of the AGN population as a whole, as well as new types of flares and
other extreme variability phenomena associated with SMBH accretion such as CL-AGN
or TDE. This will provide crucial information to quantify the variability phenomena and
to test various models for its origin.

Variability on super-human timescales

The variability discussed above only refers to galaxies hosting active SMBH (AGN and
quasars), and to timescales which can be directly probed with observations (i.e. human
timescales). However, SMBHs could alternate active and inactive phases, and variability
could be present also on timescales much larger than what probed by current studies12.
Indeed, long timescales variability has been inferred for SgrA∗, the SMBH in our own
Milky Way. Although this SMBH is currently not active, there are multiple observations
which allow us to constrain its past activity. For example, Bland-Hawthorn et al. (2013)
suggested that the Magellanic Stream was photoionised by a strong AGN burst with
λEdd ∼ 0.03− 0.3 in the Galactic center, whose luminosity decreased by 7− 8 orders of
magnitude within a time frame of ∼ 1− 5 Myr. This strong AGN-like episode may be
responsible for the Fermi Bubbles (Su et al. 2010), which may have been inflated by an
AGN jet ∼ 1− 3 Myr ago (Guo and Mathews 2012). In addition, X-ray reflections from
molecular clouds in the Galactic center suggest that SgrA∗ underwent several flares in
the last centuries (e.g. Ponti et al. 2010; Zhang et al. 2015).

A hint of variability on super human timescales is given also by indirect arguments based
on the photoionisation state of large scale gas in (and around) galaxies. Based on the
number of optically elusive AGN in the Swift/BAT BASS sample (Koss et al. 2017),
Schawinski et al. (2015) suggested that typical AGN phases (or AGN lifecycles) are on
the order of ∼ 105 yr. Since these timescales are much shorter than the total time needed

12As described above, the amplitude of variabiltiy is observed to increase with timescales. Although
this increase cannot continue indefinitely, as it would imply infinite power at very low frequencies, it is
reasonable to think that variability is present also at larger timescales than the ones probed to date.
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for a SMBH to accumulate its mass through accretion (∼ 107 − 109yr, Soltan 1982; Yu
and Tremaine 2002; Marconi et al. 2004), this suggests that AGN may “flicker” on and off
100− 1000 times during their life (Schawinski et al. 2015)13. In a theoretical follow-up
paper, King and Nixon (2015) showed that these timescales are consistent with chaotic
accretion (Sanders 1981; Moderski et al. 1998; King and Pringle 2006) from very close,
randomly oriented accretion discs (r < rsg ∼ 0.01 pc, where rsg is the self-gravitational
radius of the accretion disc). A flickering behaviour due to clumpy cold accretion arising
from instabilities in the hot gas, or to the interaction between outflowing radiation and
winds with the galactic gas, is found also in both high resolution simulations (Hopkins
and Quataert 2010; Novak et al. 2011; Bournaud et al. 2011; Gabor and Bournaud
2013; DeGraf et al. 2014; Sijacki et al. 2015; Gaspari et al. 2017) and theoretical models
(Siemiginowska and Elvis 1997; Sanders 1981; Di Matteo et al. 2005; Hopkins et al. 2005;
Springel et al. 2005; King and Pringle 2007).

A laboratory to study AGN variability on 104−105 yr timescales is provided by glaxies with
extended, ∼ 10 kpc scale, AGN photoionised gas, as it can be found in the Voorwerpjes
galaxies (see Section 1.3.3). Indeed, because of the travel time of the ionising photons,
the photoionisation state of the gas at different distances from the center may allow us to
estimate the past AGN luminosity, and therefore reconstruct historical AGN light curves
(see Chapter 1.3.3 and Chapter 4.1).

Information about variability on still longer timescales, 107 − 109 yr, can be inferred by
the study of radio jets, where multiple lobes and remnants can be indicative of recurrent
AGN activity (e.g. Parma et al. 2007; Marecki 2012a; Marecki 2012b; Shulevski et al.
2015b; Shulevski et al. 2015a).

1.3.3 The Voorwerpjes sample

The Voorwerpjes galaxies (VP) are a sample of 20 galaxies with extended AGN pho-
toionised gas on ∼ 10 kpc scale (1.2, Fig. 1.3), which were discovered by citizen scientists
as part of the Galaxy Zoo project (Lintott et al. 2008).

The first and best studied example of VP is the extended emission line region (EELR)
connected to the nearby postmerger galaxy IC 2497, now known as “Hanny’s Voorwerp”
(HV)14 (Lintott et al. 2009). The cloud spans a projected range from 15 to 35 kpc
from the galaxy nucleus, and the photoionisation state of its gas, as revealed by the
optical spectrum, strongly supports the interpretation that it is illuminated by a powerful
quasars with bolometric luminosity of at least Lbol = 1046 erg s−1 (Lintott et al. 2009).
Multiwavelength observations of the center of IC 2497 confirmed the presence of an AGN,

13We note that, according to simulations of galaxy evolution, periodic AGN activity is also required to
prevent the accumulation of cold gas in the galactic centers (see Morganti 2017 and refeerences therein).

14“Hanny’s Voorwerp” means “Hanny’s object” in dutch, from the name of the dutch citizen scientits
who serendipitoustly discovered the system.
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IC 2497

Figure 1.2: Composite image of the galaxy IC 2497 and Hanny’s Voorwerp (green cloud,
∼ 11× 16 kpc in projected extent) obtained with the HST and WIYN telescopes (dark
green: F160W H; dark red: F814W F814W I; red: redshifted Hα; green: FR505N [O iii];
blue: WIYN B). The green appearance of the cloud signifies that its emission is strongly
dominated by [O iii], as confirmed also by optical spectroscopy. Credit: NASA, ESA, W.
Keel and the Galaxy Zoo team (adapted).

but not as strong as required by photoionisation balance (Lintott et al. 2009; Schawinski
et al. 2010b; Keel et al. 2012b). This suggests that the AGN faded by 2 − 4 orders of
magnitude in the last ∼ 104 − 105 yr, which correspond to the travel time needed from
the ionising photons to reach the cloud, and that HV is an example of ionisation echo.
An analysis of the Chandra and NuSTAR X-ray spectra of IC 2497, aimed at reliably
measuring the current intrinsic luminosity (and therefore the magnitude of the luminosity
drop), as well as investigating the state of the hot gas in the nuclear region, are part of
this thesis and presented in Chapter 2 and Chapter 3.

Systems similar to IC 2497 and HV provide a great laboratory to study AGN variability,
and its effect on the host galaxy, on previously inaccessible timescales. Motivated by the
discovery of HV, the Galaxy Zoo science team started a new project aimed at finding
additional systems with similar properties, i.e. the VP galaxies (Keel et al. 2012a). First,
citizen scientists were requested to visually inspect the composite gri Sloan Digital Sky
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Survey (SDSS, Abazajian et al. 2009) images of ∼ 20000 local (z < 0.1) galaxies15 to
look for extended gas structures outside the galaxy plane. As a second step, the 50 top
ranked candidates were followed up to obtain optical longslit spectra, and the sources
were classified as AGN-photoionised based on 1) the optical [O iii]/[Hβ] and [N ii]/[Hα]
line rations and their position in the spatially resolved BPT diagram (Baldwin et al. 1981;
Kewley et al. 2001; Kewley et al. 2013); 2) the presence of prominent He ii and [Nev]
lines, as can be produced only by the hard spectrum of an AGN; and 3) modest electron
temperatures Te . 2× 104 K to exclude cases where the ionisation is produced by shocks.
This resulted in a sample of 19 sources, now known as VP galaxies. Calculations based
on energy balance suggest that 8 of them host an AGN which is fading in a similar way
as observed in IC 2497 (Keel et al. 2012a; Keel et al. 2017).

Most of the VP galaxies are bulge dominated, and are part of merging, post merging
or interacting systems (Keel et al. 2012a; Keel et al. 2015). Although the HST images
available for 8 sources show nuclear rings and loops which may be suggestive of outflow,
the large scale gas is mostly rotation-dominated and outflows seem to have only a very
localised role (Keel et al. 2015; Keel et al. 2017). These findings suggest that the observed
clouds are actually gas-rich tidal debris which are illuminated by the AGN ionisation
cone but are not displaced by outflows, and therefore make them the ideal place to study
long timescales AGN variability. However, due to the fact that most of the sources are
in interacting or merging systems, and that in contrast to most EELRs in quasars the
outflows only play a marginal role (e.g. Stockton et al. 2006), this sample is expected
to be highly biased and not representative of the whole AGN population. Chapter 4
describes our effort to compile a multiwavelength dataset for the VP sample, and provide
examples of how these data can be used to investigate long timescales variability as well
as the properties of the host galaxies and therefore the sample selection.

The VP galaxies are not the only ionisation echoes discussed in the literature. Other
examples of AGN-photoionised clouds related to nearby AGN that are currently too
faint to light them up are the merger remnant NGC7252 (Schweizer et al. 2013), the
off-nuclear photoionised region in NGC3621 (Menezes et al. 2016), the EELR associated
to NGC4151 (Penston et al. 1990) and at higher redshift and luminosities the “Green
Beans” galaxies (Lyα blobs, Schirmer et al. 2013; Davies et al. 2015; Schirmer et al. 2016;
Kawamuro et al. 2017). Altogether, the analysis of these sources will provide crucial
information about the general AGN variability behaviour on super human timescales.

15The initial AGN host galxy sample for this specific project included all the SDSS galaxies with
[O iii]/[Hβ] and [N ii]/[Hα] line ratios consistent with AGN photoionisation (Baldwin et al. 1981; Kewley
et al. 2001; Kewley et al. 2013), and all the galaxies in the Véron-Cetty and Véron 2010 catalog falling in
the SDSS DR7 area. In addition, citizen scientists were requested to look for extended gas structures in
the general Galaxy Zoo project, which also includes galaxies not known to host an AGN (as the AGN
may be faded).
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Chapter 1. Introduction

1.4 Organization and content of the thesis

The picture emerging from the previous chapters clearly supports the idea that the study
of AGN variability is crucial for our understanding of the AGN accretion mechanism, as
well as of its interaction with the host galaxy.

So far, time-domain studies mostly concentrated on characterising the amplitude of AGN
variability on days to decades timescales, and on understanding the physical processes
responsible for the variability at single timescales, whereas larger timescales are much
less investigated. In addition, a crucial step for our understanding of SMBH activity is
still missing: the link between variability features observed at very different timescales
and in different objects.

As pointed out at the begin, the main goal of this thesis is to investigate AGN variability,
and its effect on the host galaxy, on timescales ranging from days to Gyrs by combining
multiwavelength observations of single objects, phenomenological models describing
the general behaviour of the AGN population, and simulations of AGN light curves.
Specifically, we want to concentrate on the following questions, the first directly related
to observations, the second of more theoretical flavour:

1. Are the Voorwerpjes galaxies the right laboratory to study AGN variability on
super-human timescales? If yes, what do they tell us about AGN variability and its
effect on the host galaxy?

2. Is it possible to develop a (simple) framework which allows us to simultaneously
model the AGN variability features observed in different galaxies at different
timescales? If yes, how can it be used in the upcoming time-domain era?

Question 1 is addressed in Chapter 2, Chapter 3 and Chapter 4, while our framework to
address Question 2 is presented in Chapter 5 and Chapter 6.

Specifically, in Chapter 2 we use deep Chandra soft X-ray observations to study the
environment of the fading AGN in IC 2497. Thanks to the high spatial resolution of
Chandra, ∼0.5 arcsec, we found evidence of extended X-ray emission from hot gas in the
center of the galaxy, with a temperature structure suggesting the presence of a central
bubble or cavity. A possible scenario is that this bubble is inflated by the fading AGN
which, after changing accretion state, is now in a kinetic mode. Other possibilities are
that the bubble has been inflated by the past luminous quasar, or that the temperature
gradient is due to a shock front from a superwind driven by the AGN. At the end of
the Chapter, we discuss the possible scenarios and the implications for the AGN-host
galxy interaction, as well as an analogy between AGN and X-ray binaries lifecycles. We
speculate that an AGN could inject mechanical energy into the host galaxy at the end of
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every lifecycle, and thus provide a source for mechanical feedback which may affect star
formation.

In Chapter 3 we make use of new NuSTAR hard X-ray observations to reliably determine
the current intrinsic luminosity of the AGN in IC 2497, and therefore the magnitude
of the claimed drop in luminosity. The analysis of these new data, together with soft
X-ray observations from Chandra, optical longslit spectroscopy and narrowband imaging,
as well as mid-IR photometry, shows that the AGN is highly obscured (Compton thick)
and that its luminosity dropped by a factor ∼ 50 in the last ∼ 105yr. These findings
confirm the idea that IC 2497 hosts a fading AGN, although the magnitude of the drop
in luminosity is significantly lower than previously thought. Based on repeated mid-IR
and X-ray observations, and on the optical line rations observed in the galaxy, we argue
that the AGN in IC 2497 should not be classified as a CL-AGN. Rather, the measured
change in Eddington ratio supports the idea that IC 2497 is entering a regime where it
is switching from a radiatively efficient to a radiatively inefficient accretion state, in a
similar way as observed in X-ray binaries.

The results presented in Chapter 2 and Chapter 3 confirm that at least in one VP galaxy
the AGN underwent a large change in luminosity on ∼ 105yr timescales, and that hard
X-ray observations are critical for the detemination of the current luminosity. Therefore,
VP galaxies can be used to study AGN variability on previously inaccessible timescales,
provided that high quality multiwavelength data are available. In Chapter 4 we describe
our effort to compile a large multiwavelength database for these galaxies, and outline
possible uses as well as a pilot study. Specifically, hard X-ray observations from NuSTAR
are needed to probe the current intrinic luminosity, spatially resolved spectroscopy from
MUSE allows us to reconstruct historical AGN light curves, while radio imaging from
VLA is valuable for investigating the environment of the VP galaxies and the sample
selection.

Regarding Question 2, in Chapter 5 we present our novel framework which links the
variability of AGN over a broad range of timescales and luminosities to the observed
properties of the AGN population as a whole, and particularly to the Eddington ratio
distribution function (ERDF). After outlining the framework and the model, we present
a compilation of variability measurements from the literature and from our own measure-
ments covering many orders of magnitude both in time lags and variability amplitude.
This compilation includes ensemble studies, which characterise the mean variability among
the AGN population, as well as measurements for single objects such as the CL-AGN and
the VP galaxies. We then combine the variability measurements on a structure function
plot ranging from days to Gyrs, which provides a novel and valuable overview of the AGN
variabiltiy phenomenon.

Finally, in Chapter 6 we present the implementation of our framework on graphics
processing unit (GPU) architecture. After extensive tests that characterise several intrinsic
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and numerical aspects of the simulations, we describe some applications used for current
and future time-domain surveys and for the study of extremely variable sources (e.g.
CL-AGN or flaring AGN). Specifically, we define a simulation setup which reproduces the
AGN variability observed in the PTF/iPTF survey and use it to forward model longer
light curves of the kind that may be observed within the LSST main survey. Thanks to
our efficient implementations, these simulations cover over 1 Myr with a roughly weekly
cadence. This framework will become highly valuable to prepare for, and best exploit,
data from upcoming time-domain surveys such as LSST and eROSITA.

A summary of the main results and achivements of this thesis, together with future
prospects, is given in Chapter 7.
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2 Extended X-ray emission in IC 2497 –
energy injection in the gas around a
fading AGN

Laudato si’, mi’ Signore, per frate vento
et per aere et nubilo et sereno et onne tempo,

per lo quale a le tue creature dài sustentamento.1

Laudes Creaturarum, San Francesco D’Assisi (1224)

This chapter is based on Sartori et al. (2016), “Extended X-ray emission in the IC 2497 -
Hanny’s Voorwerp system: energy injection in the gas around a fading AGN”, MNRAS,
457:3629-3636.

IC 2497 is a massive, nearby (z ∼ 0.05) spiral galaxy associated with Hanny’s Voorwerp
(HV), an extended emission line region (∼ 11× 16 kpc in projected extent) located at
∼ 20 kpc in projection from the core of the galaxy and closely matching its redshift.
HV was discovered by Hanny van Arkel2 a citizen scientist participating in the Galaxy
Zoo project (Lintott et al. 2008, 2009). The optical spectrum of HV is dominated by
[O iii]λλ4959, 5007Å emission, and the presence of emission lines from high ionisation
species such as [Nev]λλ3346, 3426Å and He iiλ4616Å suggests that the cloud is pho-
toionised by the hard continuum of an active galactic nucleus (AGN) in IC 2497 rather
than star formation (Lintott et al. 2009). Moreover, the relatively quiet kinematics (line
widths < 100 km/s) and low electron temperature (Te = 13500 ± 1300K) exlude the
possibility of ionisation from shocks (Lintott et al. 2009).

1Praised be You, my Lord, through Brother Wind, and through the air, cloudy and serene, and every
kind of weather through which You give sustenance to Your creatures (Canticle of the Sun, Saint Francis
of Assisi, 1224).

2Hanny’s Voorwerp means Hanny’s object in dutch.
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Large scale radio observations of the system revealed an extended HI structure (M =

8.5± 2.1× 1010M�) with irregular kinematics around the southern part of IC 2497, which
suggests a tidal origin (Józsa et al. 2009). These observations also show a kpc-scale
structure which may be a jet coming from the AGN. HV lies where the jet meets the HI
reservoir and corresponds to a local decrement of HI column density which may be due
to photoionisation. At smaller scales, Rampadarath et al. (2010) found a radio AGN in
the core of IC 2497, and a second nuclear source which may be a jet hotspot in the large
scale jet reported by Józsa et al. (2009).

In order to produce sufficient ionising photons to power the observed [O iii] emission in HV,
the quasar in IC 2497 has to have a bolometric luminosity of at least Lbol = 1046 erg s−1.
However, the optical nuclear spectrum shows only very weak emission lines, so that the
ionising source is classified as LINER or low-luminosity Seyfert galaxy (Lintott et al. 2009;
Keel et al. 2012b). The two possible explanations to reconcile observed and expected
emission are:

1. The quasar is obscured only along our line of sight but not in the direction of HV
(Józsa et al. 2009; Rampadarath et al. 2010).

2. IC 2497 hosts a faded AGN (Lintott et al. 2009; Schawinski et al. 2010a; Keel et al.
2012b).

This second option would mean that the quasar dropped in luminosity within the last
∼ 200 kyr, the travel time needed from the photons to reach the cloud (Keel et al. 2012b),
but HV still remains lit up because of this travel time. Support for the fading scenario
was given by Schawinski et al. (2010a) who analysed the IR data from IRAS and X-ray
data from XMM and Suzaku obtained for IC 2497. First, as already reported in Lintott
et al. (2009) the IR data show no evidence of the reprocessed luminosity expected from an
obscured strong quasar. In addition, the XMM spectrum is best fitted with an unobscured
power-law with photon index Γ = 2.5± 0.7, as expected from an unobscured AGN, and a
component for the hot gas in the galaxy. The quality of the fit is not improved if additional
absorption and obscuration are taken into account. This model implies a bolometric
luminosity of the AGN Lbol = 4.2× 1042erg s−1, which is ∼ 4 orders of magnitude lower
than what expected from HV. In addition, Suzaku observations show only a marginal
detection with the 15-30 keV PIN camera (hard X-ray detector). If these counts are real,
this would mean that the AGN is strongly obscured and we are observing the reemission
instead of the AGN power-law, but the obtained luminosity would still be ∼ 2 orders
of magnitude below what expected from HV. Also the HST observations presented by
Keel et al. (2012b) argue against the hypothesis of a luminous, strongly obscured AGN.
WFC3 images show a complex dust structure near the nucleus of the galaxy, but the view
of the nucleus is not hindered by absorbing features, so that obscuration cannot be the
explanation of the lack of strong AGN features. Moreover, there is no high-ionisaion gas
near the nucleus, suggesting that the current radiative output from the AGN is low.
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The observations described above suggest that the quasar in IC 2497 dropped in luminosity
by at least 2 orders of magnitude in the last ∼ 105 years. The system composed by HV
and its galaxy is therefore a great laboratory to study AGN variability on previously
inaccesible timescales. The analysis of the galaxy allows us to study the present state of
the AGN and the AGN-host galaxy interaction in this “post quasar" phase, while HV
provides information about the past state of the AGN. Finally, the distance between the
two provides information about timescales.

In this Chapter we present the analysis of new, deep Chandra X-ray observations of
IC 2497. The Chapter is organised as follows. In Section 5.2 we describe the X-ray
observations and the data reduction. In Section 2.2 we describe the performed imaging
and spectroscopic analysis. Because of the good spatial resolution reached by Chandra,
this analysis allows us not only to measure the overall X-ray flux from the galaxy, but
also to (partially) resolve its emission. In Section 2.3 we discuss the results and possible
consequences for the AGN-host galaxy interaction as well as the analogy bewteen AGN
and X-ray binaries.

2.1 Observations

We observed IC 2497 with the Chandra Advanced CCD Imaging Spectrometer (ACIS) on
2012 January 8 (ObsID 13966, 59.35 ks) and 2012 January 11 (ObsID 14381, 53.4 ks; PI
Kevin Schawinski, Cycle 13). We took the data with the S-array (ACIS-S) in very faint
(VFAINT) time-exposure (TE) mode. We performed a standard data reduction starting
from the level 1 event files using the CIAO 4.7 software (Fruscione et al., 2006) provided
by the Chandra X-ray Center (CXC). We ran the script chandra_repro with the
latest CALDB 4.6.8 set of calibration files, applied subpixel position using the Energy
Dependent Subpixel Event Repositioning algorithm (pix_adj=EDSER; Tsunemi et al.
2001; Li et al. 2003, 2004), and flagged the background events most likely associated with
cosmic rays by running the task acis_process_events (check_vf_pha=yes in
chandra_repro). We analysed the background light curves with the CIAO routine
lc_sigma_clip() and found no interval of unusually strong background flaring. Because
of the low count rate the observations show no evidence of pileup.

In order to correct for the offset in the relative astrometry of the two observations, we first
rebinned the reprocessed event files to 1/4 pixel resolution (0.125 arcsec) using the CIAO
dmcopy routine with binning factor 0.25. We then ran the CIAO dmstat routine on
the rebinned images to get the centroid of the emission from IC 2497. In the following we
will consider the centroid as the center of the emission in the respective observation.

We extracted the spectra and generated the response files using the CIAO tool specex-
tract (see Chapter 2.2 for more details about the extraction regions). For the background
estimation we considered three source-free circular regions with a 5 arcsec radius ∼ 20
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arcsec away from the source. We then grouped each spectrum with a minimum of 3
counts per bin using the Heasoft tool grppha.

We simulated the PSF images needed for the analysis using MARX 5.1 (Davis et al.,
2012). First, we created a model of the emission using Xspec and Sherpa (see Chapter
2.2 for details about the assumed models). We then used MARX3 to run the raytrace
simulation and project the ray-tracings onto the ACIS-S detector. Since we are interested
on the sub-pixel regime we ran the simulations with pixadj=EDSER and Aspect-
Blur=0.19 arcsec (telescope pointing uncertainty). We also included the telescope
dithering (DitherModel=INTERNAL, DitherAmp_Ra=8, DitherAmp_Dec=8)
and corrected for SIM drift and offset.

2.2 Analysis

2.2.1 Radial profile and source extension

We compute the 0.5 - 6.0 keV background-subtracted surface brightness profiles of the two
observations starting from the reprocessed event files. We use the CIAO tool dmextract
to extract the counts in four concentric annuli centered on the centroid of each exposure,
and with outer radius 0.5, 1.0, 1.5 and 4.0 arcsec (Fig. 2.1, first panel). For the background
we consider a source-free annulus with internal radius 4 arcsec and external radius 7
arcsec. The obtained radial profiles, normalized to the total number of counts in a 4
arcsec aperture, are shown in Fig. 2.2. The error bars correspond to the 1σ confidence
interval (68.23%). For the annuli with more than 25 counts (N > 25) we compute the 1σ
error of the total counts (not background subtracted) using Gaussian statistic, σ =

√
N .

For N ≤ 25 we use the Gehrels approximation σ = 1 +
√
N + 0.75 (Gehrels 1986; this

actually corresponds to the 84.13% upper limit for a Poisson distribution). The profiles
of the two observations are consistent within 1σ (2σ in the last annulus), showing no
evidence of variability.

The emission from an AGN is expected to be point-like. However, the radial profile
suggests that the emission in IC 2497 is extended. Moreover, the spectrum extracted from
a 4 arcsec aperture is best-fit with a combination of two models: a power-law model for
the AGN emission, and a collisionally ionised diffuse gas model (APEC) representing
the hot gas in the galaxy, which can be expected to be extended (Fig. 2.3, Table 2.1).
This is true both performing a simultaneous fit of the two observations, or considering
them separately (the best-fit parameters are always consistent within the 90% confidence
level, see more details about spectral fit in Chapter 2.2.2). In order to understand if
the observed extension is physical, and not only due to the PSF, we compare the radial
profile of the observations with the expected PSF profile. We simulate the PSF image as

3For details on simulating a PSF image using MARX see http://cxc.harvard.edu/chart/threads/
marx_sim/
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2.2. Analysis

Figure 2.1: Left: Chandra X-ray images for ObsID 14381 (53.4 ks), ObsID 13966 (59.35
ks), and simulated 105 ks PSF. The green annuli show the regions from which we extract
the spectra and compute the brightness profile. The spatial scale is the same for each
image. The colour scale is linear (0-5 counts for the observations, 0-1800 counts for the
105 ks PSF). Right: Chandra X-ray contours overplotted on the Hubble [O iii] narrow
band image of IC 2497 (top) and Hanny’s Voorwerp (bottom; from Keel et al. 2012b).
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Figure 2.2: Normalized surface brightness profiles of the Chandra images and of the
simulated PSF. ObsID 13966 and 14381 are shown in purple and green, respectively,
while the blue line shows the mean between the two observations. The profiles of the two
observations are consistent within 1σ (2σ in the last annulus). The gray line shows the
profile of the simulated point spread function (PSF). The PSF profile is steeper toward
the center than the source’s profile. This confirms that the source is extended.
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Figure 2.3: Chandra 0.5 - 6.0 keV X-ray spectrum of IC 2497 (total emission, r = 4
arcsec) for ObsID 14381 (black) and ObsID 13966 (gray). The spectra are binned so
that each bin contains at least 3 counts. The lines correspond to the best fit model
phabs×(zpow+APEC), where zpow corresponds to the AGN emission and APEC to
the emission from a hot diffuse gas (see text). The absorption is fixed to the Galactic
value. The residuals of the fit are shown in the bottom panel. The dotted and dashed
lines correspond to the phabs×zpow and phabs×APEC models, respectively, both
normalised by a factor 10 for illustrative purposes.

described in Chapter 5.2, starting from the fit to the total emission. We first create a
model of the total emission using Xspec and Sherpa, and the spectral model described
above, where we also consider Galactic absorption (phabs×(zpow+APEC)), and then
use MARX to run the ray trace simulation and project the ray-tracings onto the ACIS-S
detector. In order to get a good sampling of the PSF, and thus understand its analytic
shape, we increase the exposure time to 105 ks. We compute the PSF brightness profile
in the same way as described for the real observations. Since the PSF profile should
in principle depend on the input spectrum and on the source position on the ACIS-S
detector we repeat the simulations for both observations separately. However, due to
the similarity of model spectra and positions (both observations are nearly on-axis) the
normalized PSF brightness profiles are the same.

Fig. 2.2 shows the comparison between the normalized brightness profile of the source
(two observations and mean value) and of the PSF. The PSF profile is steeper toward the
center than the source’s profiles. This confirms that the source is extended.
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2.2.2 Spectral fit and temperaure profile

For both observations we use specextract to extract the spectrum of the total X-ray
emission in IC 2497 from an aperture with r = 4 arcsec centered on the centroid. We fit
the spectra in the 0.5− 6.0 keV energy range with Xspec using Cash statistic (Gehrels,
1986) as fit statistic, and Chi-Square statistic as test statistic. Since there is no variability
in the observations and between the observations at the 90% level we fit the spectra from
the two data sets simultaneously. The source is best fitted as a sum of two components:
a power-law model representing the AGN emission (zpow model, Γ = 2.33+0.15

−0.16), and a
model for the hot gas emission at the redshift of the host galaxy, with abundance fixed at
solar value (APEC model, kT = 0.953+0.048

−0.054 keV)4. The absorption component (phabs)
is fixed at the Galactic value (NH = 1.31× 1020 cm−2, as given by the Colden Calculator
with the NRAO dataset5). All the best fit parameters are listed in Table 2.1. The power-
law component is consistent with a low luminosity AGN with L2−10keV = 5.8×1040 erg s−1.

In order to understand the properties of the extended emission we attempt a spatially
resolved spectral analysis. For each observation we use specextract to extract the
spectrum from a circular aperture of radius 0.5 arcsec centered on the centroid, and 3
annuli with outer radius 1.0, 1.5 and 4.0 arcsec. Since we will account for the PSF during
the fit, as described in details in the following, we set correctpsf=no. We then fit the
spectra in the same way as described for the total emission. The best fit parameters are
listed in Table 2.1, while the spectra and fits are shown in Fig. 2.4.

The AGN emission is expected to be point-like and the zpow component should in
principle be present in the nuclear spectrum only. However, because of the PSF some
AGN contribution is present also in the external annuli. We therefore perform the
following analysis, where we fix the AGN component in the fit such that the normalization
and the power-law slope are PSF-dependent, and let only the APEC model free to vary.
First, we simulate a PSF in the same way as described in Section 5.2 and Section 2.2 but
for a zpow model only, extract the spectra from the annuli considered for the analysis,
and fit them using the response files (RMF and ARF files) obtained for the real spectra6.
Since the number of counts in the simulated spectra is high, we group them with a
minimum of 25 counts per bin and use Gaussian statistic. In each annulus the spectrum
is consistent with a power-law at the redshift of the galaxy (zpow). However, since the
PSF also depends on the energy, the power-law slope (PhoIndex) varies with radius, as

4Since IC 2497 is a massive galaxy, the assumption of solar abundance should be appropriate. However,
we also performed the fits considering metallicities of 0.2 and 0.5 solar, and the differences in the measured
temperatures are only at the < 10% level. This is true both for the total emission and for the annuli
described in the next paragraphs

5http://cxc.harvard.edu/toolkit/colden.jsp
6By assuming the same RMF and ARF files as the observations we treat the simulated spectra as

similar as possible to the real spectra. We repeated the analysis also using simulated RMF and ARF
files, but the fit parameters do not differ significantly.
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2.2. Analysis

Figure 2.4: Chandra X-ray spectra extracted from the nuclear region and from the three
annuli, for ObsID 14381 (black) and ObsID 13966 (gray). The spectra are binned so
that each bin contains at least 3 counts. The lines correspond to the best fit model
phabs×(zpow+APEC), where zpow corresponds to the AGN emission and APEC to
the emission from a hot diffuse gas (see text). The absorption is fixed to the Galactic
value. The residuals of the fit are shown in the bottom panel.

33



Chapter 2. Extended X-ray emission in IC 2497 –
energy injection in the gas around a fading AGN

described in Table 2.1. We therefore fit the real spectra with the phabs×(zpow+APEC)
model described above, where for each annulus we fix the power-law slope at the value
obtained from the PSF simulation. In order to fix the power-law normalisation, we first fit
the total emission (0.0− 4.0 arcsec), and assume that in each annulus the normalisation
scales in the same way as seen in the PSF simulation:

norm_pli =
norm_PSFi

norm_PSFtot
× norm_pltot (2.1)

where norm_pli and norm_pltot are the normalisation of the power-law component
in the real spectra extracted from the i-te annulus and from the total aperture (0.0-4.0
arcsec), while norm_PSFi and norm_PSFtot are the same but for the PSF simulation.

In Fig. 2.5 we show the projected temperature profile (from the APEC parameter kT).
We find a hint of increasing temperature from the center toward the first and second
annuli with a statistical significance above 1σ. We discuss possible implications of the
found temperature gradient in Chapter 2.3. In order to understand if this gradient is due
to systematics in the fits we perform a Monte Carlo simulation: first we use the Xspec
function fakeit to simulate spectra similar to the observed ones (similar power-law
slope and normalisation) with a given temperature profile. We then fit the simulated
spectra using the same procedure as for the real data. Our simulations show that we can
recover the input profile within 1σ, and thus the gradient is not due to systematics. We
also investigate the possibility that the gradient is artificially introduced by our fitting
procedure. We repeat the fit of the real data without fixing the power-law slope and
normalisation. Also in this case we find a temperature gradient consistent at the 90%

confidence level with the one showed in Fig. 2.5. Finally, we investigate the possibility
that the temperature gradient is due to a PSF effect. We simulate a PSF with the same
model as the total emission (phabs×(zpow+APEC)) and measure the temperature in
the same annuli as used for the real source. As we can see in Fig. 2.5 (gray shadow),
the measured temperature does not show the gradient seen in the real data, what again
confirms that the gradient is not due to the PSF.

The temperature increase showed in Fig. 2.5 could be symmetric, or due to a feature in
a preferred direction. In order to investigate these possibilities we repeat the analysis
dividing the first annulus (0.5− 1.0 arcsec) into 4 semi annuli of 90 deg each. The results
are listed in Table 2.1. Because of the lower number of counts in each region, these fits are
less reliable than the one to the total annulus. However, the temperature gradient seems
to be present in each direction, although it is more important in the southern part. This
seems to rule out the possibility of a single feature with significantly higher temperature.

It is important to note though that the low number of counts in our spectra do not
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Figure 2.5: Projected temperature profile from the spatially resolved spectral analysis.
Each bin corresponds to one annulus defined in Fig. 2.1. The purple points correspond
to the real data. There is a hint of a temperature gradient from the center to the first
two annuli with a statistical significance above 1σ, which could indicate the presence
of a bubble powered by the central AGN. The gray shaded area corresponds to the
temperature profile measured in the simulated PSF (see Chapter 2.2.2 for more details).
This temperature does not show the gradient seen in the real data, which confirms that
the gradient is not due to the PSF.

allow us to deproject the emission from the different shells, so that the reported gas
temperatures and normalisations are projected values along the line of sight. A deeper
∼ 1 Ms Chandra exposure will allow us to obtain a minimum of 200 counts in all region
of interest, and thus properly deproject the emission and carefully measure the intrinsic
gas parameters.
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2.3 Discussion

We detect extended soft X-ray emission in the nucleus of IC 2497, in addition to the
point-like power-law emission expected from an AGN. We associate this emission with
a hot, diffuse gas. The projected temperature profile (Fig. 2.5) shows a resolved cold
center. The temperature gradient may be interpreted as a bubble or cavity in the hot gas
which is kinematically inflated by the AGN. Alternatively, the temperature gradient could
indicate a shock front, e.g. from an AGN-driven superwind. The different hypothesis,
and the consequences for the AGN-host galaxy interaction, are described in the following
subsections.

The current analysis also supports the idea that IC 2497 hosts a fading AGN, as suggested
by Lintott et al. (2009), Schawinski et al. (2010a) and Keel et al. (2012b). In fact, by
scaling the quasar spectral energy distribution (SED) templates from Elvis et al. (1994)
to match the measured X-ray luminosity, L2−10keV = 5.8 × 1040 erg s−1, we obtain a
bolometric luminosity Lbol ∼ 1042 erg s−1, which is ∼ 4 orders of magnitude below what
is needed in order to power Hanny’s Voorwerp (Lintott et al. 2009; Schawinski et al.
2010a). This result is consistent with what reported by Schawinski et al. (2010a). As
reported by Schawinski et al. (2010a), if the AGN is Compton thick, this would mean
that it is strongly obscured and we are observing the reemission instead of the AGN
power-law, and the bolometric luminosity would be Lbol ∼ 1044 erg s−1 (see Introduction
of the Chapter). This is still ∼ 2 orders of magnitude below what is needed in order to
power Hanny’s Voorwerp. Hard X-ray observation from NuSTAR are now crucial in order
to understand if the AGN is obscured and measure the real magnitude of the shutdown,
as we will show in Chapter 3.

2.3.1 Hot gas in IC 2497

The projected temperature observed in the gas in IC 2497 is in the range kT ∼ 0.7−1.1 keV
(T ∼ 0.8− 1.2× 107K). This relatively high themperature may indicate that the emission
from the hot gas is not due to photoionisation, as seen in other Seyfert galaxies (e.g.
Bianchi et al. 2006, Greene et al. 2014). On the other hand, the projected temperature
measured in the center and in the external annulus are consistent with what found
in ultraluminous infrared galaxies (ULIRGs, Grimes et al. 2005). The high projected
temperature, especially in the two central annuli, may be an indication that we are
observing a shock front, e.g. from an AGN-driven superwind. Models of AGN-driven
superwinds suggest a temperature of T ∼ 1010 − 1011K for the inner reverse shock and
T ∼ 107K for the forward shock, and the expanding medium can persist also after the
AGN has switched off (Zubovas and King 2012). The observed temperatures are consistent
with the forward shock, but too low for the inner shock. Is the AGN in IC 2497 too faint
to produce such a high temperature? Or is the observed shock front a residual of a wind
driven by the AGN during the past quasar phase? Deeper X-ray observations (leading
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to X-ray spectra with more counts) will allow us to deproject the emission and carefully
constrain the intrinsic temperature, density and X-ray luminosity of the gas in each shell
around the AGN. This will allow us to estimate the velocity of the shock and the ratio
between X-ray and mechanical luminosity (e.g. Chu and Mac Low 1990), and therefore
probe the superwind hypothesis and constrain between the two scenarios.

Another possible interpretation of the observed projected temperature gradient is that
the AGN is, or was, blowing away the hot gas around it by injecting kinetic energy,
therefore creating a bubble or cavity. If the hypothesis of a bubble inflated by a fading
AGN is confirmed, this would give us new insights into the AGN-host galaxy interaction
in the “post-quasar" phase, as described below. As mentioned above though that the
low number of counts in our spectra do not allow us to deproject the emission from the
different shells, so that the reported gas temperatures and normalisations are projected
values along the line of sight. Again, a deeper ∼ 1 Ms Chandra exposure will allow us to
obtain a minimum of 200 counts in all region of interest, and thus properly deproject the
emission and carefully measure the gas parameters. In this way we will be able to further
test the bubble hypothesis.

2.3.2 Energy in the bubble

In order to understand the effect of the AGN on the surrounding medium we need to
estimate the energy in the bubble, i.e. the energy required to create it. The uncertainties
in this calculation are quite high due to the uncertainties in the spectral fitting and the
unknown shape of the bubble and hot gas. Therefore, the obtained energy should be seen
as an order of magnitude estimation. One possible way to approach the problem is to
consider an analogy with the cavities observed in galaxy clusters (e.g. Bîrzan et al. 2004,
Rafferty et al. 2006, McNamara and Nulsen 2012, Vantyghem et al. 2014). In this case
the energy needed to create the bubble can be expressed as:

Ebub =
γ

γ − 1
pVbub (2.2)

where p is the pressure of the gas surrounding the bubble, Vbub is the bubble’s volume,
and γ is the heat capacity ratio of the gas inside the bubble (γ = 4/3 for a relativistic
gas, γ = 5/3 for a non-relativistic, monoatomic gas). For our estimation we consider a
spherical bubble with radius r = 1 arcsec, corresponding to r = 987 pc at the redshift of
the source. The pressure p can be expressed as:

p = n(kT) (2.3)

where n and kT are the number density and temperature of the gas outside the bubble,
as derived from the spectral fit to the third annulus (1.5− 4.0 arcsec). For a fully ionised
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gas with 10% He we can assume ne ∼ nH and n ∼ 2ne, so that n can be derived from the
APEC normalisation:

norm =
10−14

4πDA
2(1 + z)2

∫
nenH dV (2.4)

where we consider the normalisation obtained in the third annulus, while the volume
corresponds to a napkin ring for a sphere with r = 4 arcsec and a cylinder with r = 1.5

arcsec (i.e. the volume of the external shell which is projected into the third annulus). In
this way we obtain n ∼ 0.02cm−3 and p ∼ 2.5× 10−11erg cm−3, so that the energy in the
bubble is Ebub ∼ 1054 − 1055 erg.

Now we will carry out comparisons to test what these numbers can tell us about the
bubble itself and the effect of the AGN on the host galaxy. The energy in the bubble is
∼ 3− 4 orders of magnitude higher than what expected from a supernova explosion, so
that the bubble cannot be inflated by supernovae. Keel et al. (2012b) found a ring of
ionised gas on the northern part of the nucleus of IC 2497. The ring has a radius r ∼ 250

pc which can be seen in both HST Hα and [O iii] continuum images, and with a kinematic
age < 7× 105 yr (see Figure 5 in Keel et al. 2012b). The kinetic energy in this ring is
∼ 3×1051 erg, ∼ 3−4 orders of magnitude lower than what found in our bubble, and also
the spatial extent is different. This is an indication that additional components need to
be considered, probably happening at the same time, near the nucleus of IC 2497. Finally,
the binding energy of IC 2497 is Ebind ∼ 1060 erg, which means that the present-day
AGN is not able to blow away the whole ISM. However, Schawinski et al. (2015) recently
suggested that AGN “flicker" on and off 100 − 1000 times alternating high-Eddington
bursts and lower-Eddington troughs points, with a typical AGN phase lasting ∼ 105 yrs.
If what we observe in IC 2497 is typical to each burst, i.e. the AGN injects ∼ 1055 erg in
each cycle, the sum of the energy injected in each cycle could start having some effect on
the gas reservoire (although alone it would probably be insufficient to totally unbind it).
Finally, if we asume that the bubble is inflated by the fading AGN after the quasar drop
in luminosity (i.e. in the last ∼ 2× 105 yr), the AGN should inject at least ∼ 1042 erg/s
in kinetic form, and the bubble should expand with a velocity vexp ∼ 5000 km/s.
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2.3.3 Accretion state changes, AGN feedback and analogy with X-ray
binaries

As explained above, one possible interpretation of the bubble is that it is inflated by the
fading AGN after the quasar dropped in luminosity, and we are witnessing a state change
in the accretion mode of the quasar. After dropping in accretion rate, the low-Eddington
AGN moved from a radiative mode to a kinetic mode, and now puts out part of its energy
in kinetic form. In this way, it can do a feedback on the galaxy, e.g. by inflating a bubble
in the surrounding gas or launching the radio jets. The hypothesis of a state change in
IC 2497 is consistent with the analysis done by Keel et al. (2012b). In fact, the HST STIS
spectra and images indicate the presence of an outflow from the nucleus which suggests
that some of the energy output from the AGN switched from radiative to kinetic form.

The idea of a bubble inflated by an AGN undergoing a state change fits naturally into
the general picture of unifying BH accretion physics from X-ray binaries (XRB) to AGN.
Rapid state transitions, on timescales of days to weeks, are often observed in XRB,
and are connected to a change in radiative output (e.g. Fender et al. 2003, Coriat
et al. 2011, Eckersall et al. 2015). The luminous soft state is radiatively efficient and
the accretion can be described by an optically thick, geometrically thin accretion disc
(Shakura and Sunyaev 1973). On the other hand, the hard state is radiatively inefficient
and the accretion is due to an advection dominated (ADAF; Narayan and Yi 1995) or jet
dominated acretion flow (JDAF; Falcke et al. 2004), so that most of the energy output
from the accreting BH is in kinetic form. The hypothesis of a state switch connected
to the drop in luminosity is consistent also with Done et al. (2007) which show that,
as the Eddington ratio decreases, the radiative power of an XRB decreases while the
mechanical/kinetic power increases. Alexander and Hickox (2012) suggested that this is
true also for AGN. In this framework, low-luminosity AGN correspond to the hard XRB
state, while the quasars correspond to the soft state. Different studies showed that the
AGN accretion discs can indeed change their state from a classical radiatively-efficient
quasar state to a radiatively inefficient accretion flow in a similar way as observed in X-ray
binaries. However, since the dynamical and viscous timescales involved in the accretion
state changes increase with BH mass, the timescales expected for AGN are significantly
longer (e.g. Narayan and Yi 1995, Maccarone et al. 2003, McHardy et al. 2006, Körding
et al. 2006, Schawinski et al. 2010a). As an example, the analogous of a state transition
lasting several days in an X-ray binary with a ∼ 10M� BH will last ∼ 104 yr in an AGN
with a ∼ 107M� SMBH. These timescales are consistent with what is seen in IC 2497.
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2.4 Summary

In this Chapter we have presented new, deep Chandra X-ray observations of IC 2497.
This galaxy is associated with the extended emission line cloud called Hanny’s Voorpwerp
and hosts a fading AGN. The X-ray data show extended hot gas around the very low-
luminosity unobscured AGN (L2−10keV∼ 1040 erg s−1). Moreover, the data suggest a
temperature gradient in the hot gas which may be interpreted as an expanding bubble
(rbub ∼ 1 kpc, Ebub ∼ 1054 − 1055 erg). One hypothesis is that this bubble is inflated
by the AGN that, after changing accretion state and dropping in luminosity, is now in
a kinetic mode. As a consequence, the right place to search for and study mechanical
AGN feedback could be galaxies hosting fading AGN (i.e. the Voorwerpjes, Keel et al.
2012a, Keel et al. 2014). The idea of an AGN doing mechanical work at the end of its
radiatively efficient phase also fits into the general picture of unifying black hole accretion
physics from X-ray binaries to AGN. Follow-up deeper Chandra observations will allow
us to confirm the presence of the bubble and better constrain its properties and its effect
on the host galaxy.

41





3 Joint NuSTAR and Chandra analysis of
the obscured quasar in IC 2497

Laudato si’, mi’ Signore, per frate focu,
per lo quale ennallumini la nocte, et ello è bello

et iocundo et robustoso et forte.1

Laudes Creaturarum, San Francesco D’Assisi (1224)

This chapter is based on Sartori et al. (2018a), “Joint NuSTAR and Chandra analysis of
the obscured quasar in IC 2497 - Hanny’s Voorwerp system”, MNRAS, 474:2444–2451.

The discovery of Hanny’s Voorwerp (HV) by a citizen scientist taking part in the Galaxy
Zoo project (Lintott et al. 2008, 2009) opened the field for studying AGN variability on
104 − 105 yr timescales, as already discussed in the previous chapters. However, despite
intensive efforts, previous works were not able to reliably measure the intrinsic current
luminosity of the AGN in IC 2497 and therefore the magnitude of the claimed drop in
luminosity (see Section 2.3).

In this Chapter we present new dedicated hard X-ray observations (P.I. Lia Sartori)
obtained with the Nuclear Spectroscopic Telescope Array (NuSTAR, Harrison et al.
2013). Due to the high sensitivity and the hard X-ray coverage of NuSTAR (3 − 79

keV) we are able, for the first time, to put strong constraints on the current intrinsic
AGN luminosity and to test directly the fading and obscuration scenarios discussed at
the begin of Chapter 2. Indeed, hard X-ray observations are the only true probe of the
AGN luminosity also in the case of high obscuration, which would hinder our view of the
central source at other wavelengths.

1Praised be You, my Lord, through Brother Fire, through whom you light the night and he is beautiful
and playful and robust and strong (Canticle of the Sun, Saint Francis of Assisi, 1224).
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Obs. # Observatory Observation date Observation ID Net exposure

1 Chandra 2012 Jan 8 13966 59.35 ks
2 Chandra 2012 Jan 11 14381 53.4 ks
3 NuSTAR 2016 Sep 29 60201017002 31.4 ks

Table 3.1: X-ray observations log for the data analysed in this Chapter. The archival
Chandra observations cover the soft part of the X-ray spectrum (0.5− 8.0 keV) while the
newly obtained NuSTAR observations probe the hard part of the spectrum (3− 24 keV).

The Chapter is organised as follows. In Section 3.1 we present the data and data reduction.
In Section 3.2 we describe the performed analysis and how we estimate the past and
current AGN bolometric luminosity. The results are discussed in Section 3.3.

3.1 Observations

We present the analysis of new NuSTAR observations of IC 2497 (3− 24 keV, see Section
3.1.2), together with previously obtained Chandra X-ray observations of the galaxy
(0.5− 8.0 keV), and optical longslit spectroscopy and narrowband imaging of both the
galaxy and HV. Details about the Chandra and NuSTAR observations are listed in
Table 3.1.

3.1.1 Chandra

Chandra (Weisskopf et al., 2000) observations of IC 2497 were obtained with the Advanced
CCD Imaging Spectrometer S-array (ACIS-S; Garmire et al. 2003) in very faint (VFAINT)
time-exposure (TE) mode on 2012 January 8 (ObsID 13966, 60 ks) and 2012 January
11 (ObsID 14381, 55 ks; PI K. Schawinski, Cycle 13). We performed standard data
reduction starting from the level 1 event files using the CIAO 4.7 software (Fruscione
et al., 2006) provided by the Chandra X-ray Center (CXC). For both exposures we
extracted the spectra and generated the response curves from a circular aperture with 4
arcsec radius around the centroid of the emission using the CIAO task specextract.
For the background we considered three source-free apertures ∼ 20 arcsec away from
the target. We grouped the spectra with a minimum of 3 photons per bin using the
HEAsoft task grppha. Details about the Chandra data, data reduction and spectral
extraction are provided in Chapter 2.

3.1.2 NuSTAR

NuSTAR observations of IC 2497 were obtained on 2016 September 29 (ID 60201017002,
39 ks; program 02041, PI L. Sartori, GO cycle-2). We processed the raw event files
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FPMA FPMB FPMA + FPMB

Source net counts 59.9+12.4
−11.4 84.6+13.2

−12.2 144.5+17.7
−16.7

Background counts 63.1+16.6
−15.9 58.4+17.8

−17.1 121.5+24.1
−23.3

Table 3.2: Source net counts and background counts in the 8 − 24 keV band, for each
NuSTAR focal plane.

using the NuSTAR Data Analysis Software package (NuSTARDAS version 1.6.02) and
the calibration files from CALDB version 20160922. Because of the slightly elevated
background event rates around the SAA we processed the data with the parameters
SAAMODE=strict and TENTACLE=yes as recommended by the NuSTAR Science
Operations Center. We extracted the source and background spectra using the nuprod-
ucts task included in the NuSTARDAS package with the appropriate response and
ancillary files. For each focal plane module we extracted the source spectra using a
circular aperture with 45 arcsec radius. We checked that no additional bright sources are
detected by Chandra within this region. For the background we considered two source-free
apertures with 60 arcsec radius on the same detector chip as the source. Similar to the
Chandra spectra, we grouped the NuSTAR spectra with a minimum of 3 photons per
bin using the HEAsoft task grppha. The obtained net counts and background counts
are listed in Table 3.2. For the analysis we limited the NuSTAR spectrum to 3-24 keV
instead of 3-79 keV because of the drop in sensitivity and the heightened background
above 24 keV (e.g. Wik et al. 2014).

3.1.3 Optical data

Optical longslit spectra passing through both the nucleus of IC 2497 and HV were obtained
with the double-spectrograph system at the 4.2m William Herschel Telescope (WHT) on
La Palma and with the 3m Shane telescope at the Lick Observatory. All the spectra were
obtained with a 2 arcsec slit width and nearly identical position on the sky. Details about
observations and data reduction are given in Lintott et al. (2009).

Narrowband Hα images obtained with the HST using the tunable ramp filters on the
Advanced Camera for Surveys (ACS). Both data and data processing are described in
Keel et al. (2012b) and Keel et al. (2017).

2http://heasarc.gsfc.nasa.gov/docs/nustar/analysis/nustar_swguide.pdf
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3.2 Analysis

The goal of this analysis is to measure the level of obscuration and the current intrinsic
bolometric luminosity of the AGN in IC 2497. A comparison of the obtained current
luminosity with the past luminosity inferred from the photoionisation state of HV will
allow us to probe if the quasar really dropped in luminosity within the last ∼ 105yr as
suggested by previous studies, and the magnitude of the drop.

3.2.1 X-ray emission

We fit the obtained spectra using Xspec (Arnaud, 1996) with Cash statistics (Gehrels,
1986), and estimate best fit parameters and errors using the MCMC routine implemented
in Xspec. Because of the low signal to noise of the NuSTAR observations, we first
examine the Chandra observations alone. We then perform combined fits considering
different models for the hard X-ray part of the spectrum, which is expected depend on
the amount and structure of the obscuring material around the AGN. We verified that no
significant variability is present between the observations but allow a 10% offset to account
for different responses of the Chandra and NuSTAR detectors and uncertainties in the
cross-calibrations. Errors for the best fit parameters are quoted at the 90% confidence
level. All the fit results are summarised in Table 3.3.

Chandra observations

The 0.5−8.0 keV Chandra spectrum is best fit (C-stat/dof = 181.9/132) by an unabsorbed
power-law (Γ = 2.14+0.27

−0.28), as expected for an unobscured AGN or for the Thomson-
scattered emission of an obscured AGN, plus an APEC component representing the hot gas
in the galaxy (kT = 0.93+0.07

−0.11 keV). We notice that the power-law component may also be
partially attributed to emission from star formation and X-ray binaries, as discussed below.
The total absorption component is fixed to the Galactic value (NH = 1.31× 1020 cm−2,
as given by the Colden Calculator with the NRAO dataset3). A similar value for the
photon index (Γ = 2.23+0.57

−0.38) is obtained also when exluding the counts below 1.5 keV
in order to avoid contamination by the hot gas. By fitting the 3.0− 8.0 keV spectrum
with a simple power-law we obtain a photon index Γ = −0.76+1.45

−0.05. This low value is an
indication that the source is heavily obscured and that the power-law observed in the soft
X-ray spectrum corresponds to the scattered component. However, due to the narrow
energy interval considered, adding an obscured component to our fiducial model for the
Chandra data does not improve the quality of the fit significantly, so that a combined fit
with NuSTAR is needed to determine the real amount of obscuration.

3http://cxc.harvard.edu/toolkit/colden.jsp
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Figure 3.1: Broadband X-ray spectrum from Chandra (green) and NuSTAR (blue). The
crosses correspond to the data while the lines show the models. For plotting clarity we
rebinned the spectrum with a minimum of 9 counts per bin. Left: The fit corresponds to
the best fit to the Chandra data only, that is an unabsorbed power-law with an APEC
component, with extrapolation to higher energies. This model clearly underpredicts the
hard X-ray counts observed with NuSTAR. Right: The fit corresponds to the MYTorus
model with θi = 90o. This model is a better match to the data, and indicates that the
source is obscured. The box shows a zoom-in on the iron Fe Kα line region with a
different binning (minimum of 3 counts per bin).
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Possible contribution from star formation

IC 2497 is a luminous infrared galaxy (LIRG) with far-IR (FIR) luminosity LFIR =

6.6× 1044 erg s−1. Assuming the FIR - star formation rate relation of Kennicutt (1998),
this corresponds to a star formation rate SFR ∼ 30M� yr−1. Using the relations of
Ranalli et al. (2003) or Lehmer et al. (2016), the expected 2 − 10 keV luminosity is
L2−10keV ∼ 1.5 × 1041 erg s−1, which is comparable (within the large scatter of the
correlations) to the observed 2 − 10 keV luminosity measured from the Chandra and
NuSTAR spectra (we stress that all the used relations have a large scatter, so that the
results have to be considered as an order of magnitude estimation). In addition, the low
W1 −W2 color, W1 −W2 = 0.3, suggests that the mid-IR emission is dominated by
stellar emission (see Section 3.2.2 for a discussion of the mid-IR emission). Altogether,
this points to a scenario where star formation provides an important contribution to the
soft part of the X-ray spectrum. We will consider this component in the analysis below.

Phenomenological model

Applying the unabsorbed power-law model described above to the 0.5−24.0 keV spectrum
significantly underpredicts the hard X-ray counts observed with NuSTAR, especially in
the 10.0− 20.0 keV range (see Fig. 3.1, left). This again is an indication that the source
is highly obscured (e.g. Koss et al. 2016; Ricci et al. 2016b). To infer the intrinsic column
density NH and the X-ray luminosity of the source we first fit the 0.5− 24.0 keV spectrum
with a phenomenological model which includes:

1. An absorbed power-law representing the intrinsic emission of the AGN, where we
consider both photoelectric absorption and Compton scattering.

2. A second unabsorbed power-law representing the scattered AGN component and
the contribution from star formation.

3. The unabsorbed reflected X-ray emission from neutral material above the accretion
disc (the PEXRAV model, Magdziarz and Zdziarski 1995).

4. A Gaussian representing the narrow Fe Kα line usually detected in AGN (e.g.
Nandra and Pounds 1994; Shu et al. 2010; Ricci et al. 2014), with fixed energy
E = 6.4keV and sigma σ = 10eV.

5. An APEC model for the hot gas in the galaxy.

In Xspec this model can be defined as:

phabsGAL × (zphabs × cabs × zpow + pexrav + zpow + zgauss + apec).
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The photon index of the intrinsic power-law is fixed at Γ = 1.9 as expected for average
AGN (e.g. Nandra and Pounds 1994; Piconcelli et al. 2005; Ricci et al. 2015), while the
photon index of the unabosorbed power-law is let free to vary. The best fit results in a
column density NH = 1.87+1.27

−0.21× 1024 cm−2 and an intrinsic 2-10 keV luminosity (inteded
as the luminosity of the intrinsic power law) L2−10keV = 2.3× 1043 erg s−1. We note that
the reflection parameter R is an upper limit and the best fit paremeters do not change
significantly if we fix R = −1× 10−10. This suggests that the reflection component is not
statistically significant.

In order to estimate the equivalent width (EW) of the narrow Fe Kα line we fit the
Chandra and NuSTAR data in the 3.0− 24.0 keV range simultaneously with a simplified
model: zpow + zgauss. We obtained EW 1.74+0.86

−0.72 keV, which is again consistent with
heavy obscuration (e.g. Matt et al. 1996).

BNtorus model

A more physically motivated model for highly obscured sources is the BNtorus model de-
veloped by Brightman and Nandra (2011), which considers both absorbed and reprocessed
emission of an intrinsic power-law from a torus. In order to fit the whole 0.5− 24.0 keV
spectrum simultaneously we add a scattered power-law component with same photon
index as the intrinsic one and an APEC model in a similar way as described above:

phabsGAL × (BNtorus + zpow + apec).

In order to obtain a good fit we need to fix the inclination angle of the torus to the maxi-
mum permitted value θi = 87.1o. Varying the opening angle of the torus between θoa = 40o

and θoa = 80o provides fit parameters which are consistent within the uncertainties and
statistically indistinguishable. For θoa = 60o the fit implies NH = 2.10+1.05

−0.57 × 1024 cm−2

and L2−10keV = 1.0× 1043 erg s−1.

MYtorus model

A second physically motivated model for highly obscured AGN is the MYtorus model
developed by Murphy and Yaqoob (2009), which includes three components: the intrinsic
absorbed power-law continuum (MYtorusZ), the scattered continuum (MYtorusS)
and the line emission (MYtorusL). In order to avoid artifacts present in the MYtorus
model at low energies we cut the spectrum at 0.65 keV instead of 0.5 keV. As before, we
add a scattered power-law and an APEC component so that the total model is:

phabsGAL × (MYtorusZ × zpow + MYtorusS + MYtorusL + zpow + apec).
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Figure 3.2: Top: same as Fig. 3.1, right, but for the unfolded spectrum. Bottom: unfolded
model components for the best-fit MYTorus model with θi = 90o.

As in the previous models, the photon index of the intrinsic power-law is fixed at Γ = 1.9

while the photon index of the unabosorbed power-law is let free to vary. The power-law
parameters of the MYTorus components are tied together. Due to the low signal to
noise of the spectrum, the column density and normalisations of the different MYtorus
components are considered to be the same, as the available data do not allow to constrain
a different normalisation of the scattered and line components with respect to the zeroth-
order continuum represented by MYtorusZ. In addition, we fix the inclination angle to
θi = 90o (Fig. 3.1, right, and Fig. 3.2) and θi = 75o. The fits return NH ∼ 2× 1024 cm−2

and L2−10keV ∼ 1.2 × 1043 erg s−1 (see Table 3.3 for the values corresponding to the
individual fits).
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Phenomenological model

Column density NH (1024 cm−2) 1.87+1.27
−0.21

Reflection parameter R ≤ 0.02

Plasma temperature kT (keV) 0.95+0.1
−0.08

Soft Γ 2.32+0.5
−0.14

C-stat/dof 246.8/222

intrinsic 2-10 keV luminosity L2−10keV (erg s−1) (2.3+4.4
−0.8)× 1043

bolometric luminosity Lbol (erg s−1) (4.9+14.9
−2.1 )× 1044

BNtorus model

Column density NH (1024 cm−2) 2.10+1.05
−0.57

Inclination angle θi
(1) 87.1o

Torus opening angle θoa
(1) 60o

Plasma temperature kT (keV) 1.00+0.15
−0.1

Soft Γ 2.86+0.12
−0.33

C-stat/dof 245.3/217

intrinsic 2-10 keV luminosity L2−10keV (erg s−1) (1.0+0.4
−0.4)× 1043

bolometric luminosity Lbol (erg s−1) (1.9+1.0
−0.8)× 1044

MYtorus model

θi = 90o θi = 75o

Column density NH (1024 cm−2) 1.81+0.70
−0.36 2.09+1.03

−0.49

Plasma temperature kT (keV) 0.98+0.23
−0.10 1.01+0.15

−0.14

Soft Γ 2.62+0.34
−0.32 2.90+0.09

−0.33

C-stat/dof 239.8/213 241.9/213

intrinsic 2-10 keV luminosity L2−10keV (erg s−1) (1.3+1.1
−0.5)× 1043 (1.2+0.6

−0.4)× 1043

bolometric luminosity Lbol (erg s−1) (2.4+2.8
−1.0)× 1044 (2.1+1.4

−0.8)× 1044

Table 3.3: Summary of the joint Chandra and NuSTAR X-ray spectral analysis. Details
about the different models are given in the text.
(1) Frozen parameters. The errors on the fit parameters correspond to the 90% confidence
range. The intrinsic 2-10 keV luminosities are intended as the luminosity of the intrinsic
power-law only.
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Figure 3.3: Past and current bolometric luminosity ranges as estimated from optical
(green), X-ray (purple) and mid-IR (blue) data. The past luminosity range corresponds
to the range between the minimum and maximum values obtained from optical data. The
current bolometric luminosity range from X-ray data corresponds to the range obtained
using the 68% (strong purple) and 90% (light purple) confidence intervals on the intrinsic
power-law normalisation. The mid-IR data allows to compute an upper limit for the
current bolometric luminosity. See Section 3.2.2 for more details.

3.2.2 Luminosity estimation

In this section we estimate the current bolometric luminosity from the X-ray fits and from
mid-IR data, and the past bolometric luminosity (∼ 105yr ago) using optical spectroscopy.
The results are summarised in Fig. 3.3.

Current bolometric luminosity from the X-ray spectrum

The simultaneous Chandra and NuSTAR analysis of the 0.5−24.0 keV spectrum of IC 2497
suggests that the source is highly obscured, NH = 1.8−2.1×1024 cm−2, with intrinsic 2-10
keV luminosity (luminosity of the intrinsic power-law) L2−10keV = 1− 2.3× 1043 erg s−1.
Assuming the luminosity dependent X-ray to bolometric conversion from Marconi et al.
(2004), the measured 2-10 keV luminosity corresponds to a bolometric luminosity Lbol =

1.9− 4.9× 1044 erg s−1.

Fig. 3.3 shows the range covered by the estimated bolometric luminosity considering
also the uncertainties on the intrinsic power-law. For every model we compute the
2-10 keV luminosity for the best fit normalisation and for the minimum and maximum
value allowed from the 90% and 68% confidence regions. We then infer the bolometric
luminosity as explained above. In the plot we show the mean value obtained from the
best-fit parameters, and the minimum and maximum values for the two confidence levels
measured with the different models.
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Current bolometric luminosity from mid-IR emission

The WISE observations (Wright et al., 2010) of IC 2497 allow us to compute an upper
limit to the current bolometric luminosity of the obscured quasar. First, the W1−W2

color is low, W1−W2 = 0.34, which suggests that the mid-IR flux is dominated by stellar
emission (e.g. Stern et al. 2005; Jarrett et al. 2011; Stern et al. 2012). Moreover, the
emission detected with W3 and W4 (12 and 22 µm, respectively) appears effectively not
to be absorbed e.g. by dust also in the case of highly obscured quasars (e.g. Gandhi et al.
2009; Asmus et al. 2015), so that the observed luminosity corresponds to the intrinsic one.
Assuming a radio quiet quasar SED template from Elvis et al. 1994 and normalising it to
the lowest non absorbed WISE point, i.e. W3, we obtain an upper limit for the bolometric
luminosity Lbol = 5.0× 1044 erg s−1. This value is consistent with that obtained from
the X-ray analysis.

Past bolometric luminosity from optical emission

A detailed analysis of the optical longslit spectra, which allow the computation of the lower
and upper limits to the AGN output needed to photoionise HV, is presented in Lintott et al.
(2009). Here we provide a brief summary of their findings. A lower limit for the required
AGN output is obtained from simple recombination balance, i.e. by assuming that the
number of ionisations is equal to the number of recombinations, and that the number of
ionising photons is high enough to power the observed recombination lines. The integrated
Hβ luminosity of HV is LHβ = 1.4× 1041 erg s−1. Assuming typical nebular conditions
and a flat ionising continuum (Fν ∝ ν−1) this corresponds to a lower limit for the ionising
luminosity Lion > 1× 1045 erg s−1. On the other hand, the ionisation parameter obtained
from the [Oii]λ3727/[Oiii]λ5007 ratio of HV is log(U)=−2.2 while the [Sii]λ6717/6731

doublet ratio provides an upper limit for the electron density ne < 50 cm−3. This provides
an upper limit for the ionising photon density nphot < 0.32 cm−3. Assuming a flat ionising
continuum and the mean projected separation between IC 2497 and HV, d = 20 kpc,
the obtained photon density corresponds to an upper limit for the ionising luminosity
Lion < 3.2× 1045 erg s−1.

A similar analysis was performed also in Keel et al. (2017). Based on HST narrow-band
Hα images and photoionisation balance, they infer a lower limit (because of possible
dust obscuration and/or clumpy gas structure) for the isotropic emission rate of ionising
photons Qion ∼ 3 × 1055 photons s−1 for almost the whole time range probed by the
photoionised cloud, which again corresponds to a lower limit for the ionising luminosity
Lion > 1.1× 1045 erg s−1.

Altogether, these observations point to a past ionising luminosity in the range Lion =

1 − 3.2 × 1045 erg s−1. By scaling a radio quasar template from Elvis et al. 1994 to

4We checked that no variability is present between WISE and NEOWISE (Mainzer et al. 2011).
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match the estimated ionising luminosity between 1 and 4 Ryd, we infer a past bolometric
luminosity Lbol = 0.6− 2.1× 1046 erg s−1.

3.3 Discussion

We used new hard X-ray NuSTAR observations of IC 2497, together with archival Chandra
observations and WISE fluxes, to investigate the current state of its quasar. The data
rule out the possibility that the quasar is currently radiating at a rate Lbol ∼ 1046 erg s−1

as required by the photoionisation state of Hanny’s Voorwerp, and suggest a drop in
luminosity by a factor ∼ 50 in the last ∼ 105 yr. In addition, the newly obtained
observations suggest that the source is Compton thick with NH ∼ 2× 1024 cm−2. However,
obscuration alone cannot explain the discrepancy between the needed and observed levels
of AGN emission; this suggests that significant AGN variability is required to explain the
properties of this system. These findings also support the idea first proposed by Lintott
et al. (2009) that Hanny’s Voorwerp is a quasar ionisation echo, although the magnitude
of the drop in luminosity is significantly lower than previously thought, i.e. a factor ∼ 50
instead of > 100, assuming the mean current and past luminosities obtained with our
analysis.

Assuming a stellar mass M∗ ∼ 1.7× 1011M� and the M∗ −MBH relation in Jahnke et al.
(2009), as well as the mean current and past luminosities obtained with our analysis,
the measured drop in bolometric luminosity corresponds to a drop in Eddington ratio
(ER) from λEdd ∼ 0.35 to λEdd ∼ 0.007. The ER found for luminous AGN is tipically
λEdd ∼ 0.01− 1 (e.g. Panessa et al. 2006; Kollmeier et al. 2006). An ER λEdd ∼ 0.007

is more consistent with the predictions for a radiative inefficient (RIAF) or advection
dominated accretion flow (ADAF, e.g. Narayan and Yi 1995; Narayan et al. 1998; Ho
2009), where most of the energy is radiated in kinetic form. The drop in ER could
therefore suggest that IC 2497 is entering a regime where we might expect a change from
a radiatively efficient to a radiatively inefficient accretion state (e.g. Done et al. 2007;
Alexander and Hickox 2012). This hypothesis is supported also by the fact that IC 2497
and its quasar show other characteristics common to ADAF sources, such as the presence
of a compact radio source or jet, and the prevalence of low-ionisation nebular conditions
(e.g. Terashima et al. 2002; Ptak et al. 2004; Ho 2009).

Accretion state changes are common in X-ray binaries. In these systems the switch from
radiatively efficient to radiatively inefficient state is often linked to changes in the jet
activity, and provides a source of mechanical feedback (e.g. Done et al. 2007; Pakull
et al. 2010). As observed by Józsa et al. (2009) and Rampadarath et al. (2010), IC 2497
shows a large scale radio jet which connects the galaxy to Hanny’s Voorwerp, and a jet
hotspot ∼ 300 pc away from the AGN which may correspond to a jet launched after the
quasar started dropping in luminosity. A hypothesis is that the nuclear jet is connected
to the current accretion state change, in analogy to what is observed in X-ray binaries,
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while the large scale radio jet was launched during a previous AGN phase. In fact, as
suggested by Schawinski et al. (2015) and discussed in Chapter 2, AGN may “flicker” on
and off 100− 1000 times, with a typical AGN phase lasting ∼ 105 yr, so that the host
galaxy may present signatures related to different AGN phases. The idea of the AGN
currently doing mechanical feedback on the galaxy is supported also by the presence of a
nuclear outflow and a nuclear ring of expanding gas observed in the optical HST images
(Keel et al. 2012b) and of a bubble expanding in the hot gas around the AGN seen in the
Chandra data (Sartori et al. 2016, see also Chapter 2). The analogy between IC 2497 and
what is observed in X-ray binaries provides further indication of a possible unification of
black hole acretion physics from stellar mass BHs to SMBHs. However, it is important to
notice that different timescales have to be taken into account since the dynamical and
viscous timescales increase with black hole mass. If we assume the underlying physics for
black hole accretion to be the same, the analogous of a state transition lasting ∼ 1h for a
∼ 10M� BH would last ∼ 104−5yr for a ∼ 109M� SMBH.

Other examples of AGN variability are given by the so-called changing-look AGN, which
present a change in the AGN type (e.g. from Type 1 to Type 1.9) due to broadening
or narrowing of the Balmer lines5 (Denney et al. 2014; LaMassa et al. 2015; Ruan et al.
2016; MacLeod et al. 2016; Runnoe et al. 2016; Husemann et al. 2016; McElroy et al.
2016; Gezari et al. 2017; Stern et al. 2018). The appearance or disappearance of broad
emission lines is often accompanied by a change in luminosity of a factor ∼ 10 over ∼ 10 yr
timescales. As described above, these timescales are much shorter compared to timescales
expected for accretion state changes (e.g. Sobolewska et al. 2011; Hickox et al. 2014), and
possible alternative explanations of the changing-look behaviour are variable absorption
due to a clumpy torus (e.g. Elitzur 2012), transient events, e.g. tidal disruption of a star
by the central black hole (e.g. Eracleous et al. 1995; Merloni et al. 2015), or major changes
in the photoionisation balance. The magnitude of the drop in luminosity measured in
IC 2497 is at least a factor ∼ 2 higher than what has been observed in changing-look
AGN. Moreover, the Chandra and NuSTAR data do not show significant variability,
and the upper limits obtained from archival WISE, NEOWISE and IRAS data seem to
exclude that the total drop in luminosity happened within the last decades. For these
reasons, we argue that the AGN in IC 2497 should not be classified as a changing-look
AGN. On the other hand, we suggest that changing-look AGN correspond to a short-time
(∼ 10− 100 yr) variability which is superimposed on the long-term (∼ 105−6 yr) AGN
phases suggested by this work and other observations (e.g. Schawinski et al. 2015), high
resolution simulations (Hopkins and Quataert 2010; Novak et al. 2011; Bournaud et al.
2011; Gabor and Bournaud 2013; DeGraf et al. 2014; Sijacki et al. 2015) and theoretical
models (Siemiginowska and Elvis 1997; Sanders 1981; Di Matteo et al. 2005; Hopkins
et al. 2005; Springel et al. 2005; King and Pringle 2007; King and Nixon 2015).

5In this chapter we refer to optical changing-look AGN, while other studies describe systems where
the X-ray changing-look behaviour, from Compton thick to Compton thin or viceversa, is due to a change
in the obscuration (e.g. Risaliti et al. 2005; Ricci et al. 2016a)
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Chapter 3. Joint NuSTAR and Chandra analysis of the obscured quasar in
IC 2497

3.4 Summary

In this Chapter we present new NuSTAR observations of IC 2497, the galaxy associated
with Hanny’s Voorwerp. The analysis of these new data, together with archival Chandra
X-ray observations, optical longslit spectroscopy and narrowband imaging, and WISE
mid-IR photometry, shows that the AGN in IC 2497 is Compton thick, and its luminosity
dropped by a factor ∼ 50 within the last ∼ 105yr. These findings support the idea that
Hanny’s Voorwerp is an ionisation echo, although the magnitude of the quasar’s drop
in luminosity is significantly lower than previously thought. On the other hand, the
observed change in Eddington ratio, from λEdd ∼ 0.06 to λEdd ∼ 0.001, suggests that the
quasar in IC 2497 is entering a regime where it is switching from a radiatively efficient to
a radiatively inefficient accretion state, in a similar way as observed in X-ray binaries.
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4 New observational data for the Voorwerp-
jes galaxies

Laudato sie, mi’ Signore, cum (...) messor lo frate sole,
lo qual è iorno, et allumini noi per lui.

Et ellu è bellu e radiante cum grande splendore.1

Laudes Creaturarum, San Francesco D’Assisi (1224)

Part of this chapter is based on different observing proposals written by L. Sartori for the
Voorwerpjes galaxies.

To date, the Voorwerpjes (VP) sample represents one of the best laboratories to date to
study AGN variability on super-human, & 104 yr timescales. Since AGN variability on
such timescales is poorly understood yet, the study of these galaxies is crucial to constrain
the total AGN variability behaviour, as it will become clear in the next chapters. In
addition, these galaxies allow us to investigate the close relation between the AGN and
its host galaxy, in particular by observing how it affects the gas in and around it.

In this Chapter I will describe the major observing programs I am leading aimed at
obtaining a multiwavelength view of the VP sample. Although the analysis of the obtained
data is not part of this Ph.D. thesis, the work performed in planning and obtaining
this data compilation is very valuable for future studies, and represents an important
achivement of the thesis. The aim of this Chapter is to provide an overview of the
available data and suggest possible uses. A summary of the galaxies observed as part of
the different programs is given in Table 4.1.

1Be praised, my Lord, through (...) my lord Brother Sun, who brings the day; and you give light
through him. And he is beautiful and radiant in all his splendour (Canticle of the Sun, Saint Francis of
Assisi, 1224).
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Chapter 4. New observational data for the Voorwerpjes galaxies

Figure 4.1: Preliminary MUSE composite images for four VP galaxies observed as part
as our program. The [O iii] emission is shown in blue, while red and green correspond to
Hα emission and stellar continuum respectively. As expected, extended photoionised gas
is detected in all the galaxies, what will allow us to reconstruct the historical AGN light
curves. The scale bar corresponds to 5 arcsec (∼ 4− 8 kpc depending on the galaxy).

4.1 MUSE: spatially resolved optical spectroscopy (IFU)

Instrument : Multi Unit Spectroscopic Explorer (MUSE)

Program: ESO program 0102.B-0107(A), ESO period 102A

Title: Probing the lifecycle of supermassive black holes on 10-100 kyr timescales
Title: using spatially resolved spectroscopy

Principal Investigator : Lia Sartori

Target galaxies: UGC 7342, Teacup, SDSS 1510+07, SDSS 1524+08, NGC 5972

Total time: 13 hours (priority A)
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4.1. MUSE: spatially resolved optical spectroscopy (IFU)

The Multi Unit Spectroscopic Explorer (MUSE, Bacon et al. 2010) is a second generation
integral field units (IFU) instrument at the ESO Very Large Telescope (VLT). Thanks to
its large field of view (∼ 1 arcmin) and the broad spectral coverage (∼ 4800− 9300Å) it
is the best suited instrument to investigate the photoionisation state of the large scale gas
in the VP galaxies. The main goal of this program is to constrain AGN variability from
. 103yr to ∼ 104−5yr timescales in five VP galaxies. The preliminary MUSE composite
images for four galaxies observed as part of the program are shown in Fig. 4.1. Specifically,
the extracted emission line maps, spanning from He iiλ4686Å to [S ii]λ6731Å, will allow
us to:

1. Obtain spatially resolved BPT diagrams (optical emission lines diagnostic from Hα,
Hβ, [O iii]λ5007Å, [N ii]λ6584Å, [O i]λ6300Å and [S ii]λ6716,6731Å; e.g. Baldwin
et al. 1981; Kewley et al. 2001; Kauffmann et al. 2003; Schawinski et al. 2007)
to define regions where the interstellar medium is photoionised by the
AGN (e.g. Belfiore et al. 2015). Although the available longslit spectra already
confirmed the AGN photoionisation nature of the VP clouds (Keel et al. 2012a), IFU
observations are needed to reliably define the spatial boundaries of these regions,
and to investigate the photoionised gas distribution throughout the galaxy. A single
slit may indeed cross some peculiar gas region which is not representative of the
gas at a given distance from the galaxy nucleus. This is crucial in order to trace
the AGN variability by decoupling changes in photoionising flux (intrinsic AGN
variability) from local variations in the gas density or nuclear obscuration, which
could also mimic a variation in the luminosity.

2. Investigate the physical conditions of the AGN-photoionised gas. Thanks
to the wavelength coverage and the high spectral resolution, the obtained line maps
will allow us to estimate the electron density ne and temperature Te at different
spatial positions (from [N ii]λ5755Å, [N ii]λ6548,6584Å and [S ii]λ6717,6731Å),
derive the dust extinction maps from the Balmer decrement Hα/Hβ (e.g. Caplan
and Deharveng 1986; Calzetti et al. 2000; Lee et al. 2009), and measure the gas
metallicities (from Hβ, [O iii]λ4959,5007Å, Hα and [N ii]λ6548,6584Å). In addition,
the Hβ/He iiλ4686Å ratio will provide information about the shape of the ionising
continuum (e.g. Kraemer et al. 1994).

3. Trace the AGN luminosity history from . 103yr to ∼ 104−5yr, by comparing
the emission line features observed at different position within the VP clouds to
photoionisation models (e.g. CLOUDY, Ferland et al. 2013). Photoionisation
models can indeed provide information about the AGN photon flux “seen” by the
gas at different distances from the galaxy nucleus (Fig. 4.2). Specifically, these
models allow us to simulationusly constrain the ionisation parameter U and the
hydrogen volume density nH which, for a fixed distance d between ionising source
and ionised gas, are linked to the number of ionising photons emitted by the AGN
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Chapter 4. New observational data for the Voorwerpjes galaxies

per unit of time Q through:

U =
Q

4πd2nHc
(4.1)

The AGN luminosity corresponding to the obtained Q can then be computed by
assuming a template AGN SED (e.g. from Elvis et al. 1994; Vanden Berk et al.
2001; Richards et al. 2006). Because of the travel time needed from the ionising
photons to reach the different positions within the gas clouds, this will allow us to
estimate the AGN luminosity at different times in the past and construct the AGN
lightcurves, as illustrated in Fig. 4.2.

Pioneering work in this direction has been performed by Gagne et al. (2014) on the
Teacup galaxy (see also Villar-Martín et al. 2018; Lansbury et al. 2018). This analysis
suggests that the source dropped in luminosity by more than 2 orders of magnitude in the
last ∼ 5× 104 yr. However, the spatial resolution, & 2 arcsec, does not allow a precise
definition of the timescales as it will be possible with MUSE, as MUSE will allow a 10

times increase in spatial resolution. Keel et al. (2017) also performed a similar analysis
based on Hα narrow band HST imaging of 8 VP galaxies. Based on this work, these
AGN underwent drops in luminosity of 1.5 − 3 orders of magnitude in the last ∼ 105

yr, but the use of a single emission line does not allow us to determine the gas density,
and therefore fully distinguish between changes in ionising flux and changes in the line
emitting region properties (i.e. changes in the local gas density).

More recently, Treister et al. (2018) presented a multiwavelength study of the VP
merger galaxy Mkn463. As part of this work, I succesfully developed and applied the
photoionisation analysis method aimed at determining the past AGN luminosity, and
therefore reconstructing the long timescales AGN light curves, described above (point
3). Specifically, as we described extensively in Treister et al. (2018), we tested both
matter-bound case (3 free parameters: ionisation parameter U , hydrogen volume density
nH, and hydrogen column density NH) and radiation-bound case (2 free parameters: U
and nH). In both cases we parametrised the ionising AGN spectrum as a power-law
Lν ∝ να, with α = −0.5 for hν < 13.6 eV, α = −1.5 for 13.6 eV < hν < 0.5 keV, and
α = −0.8 for hν > 0.5 keV (e.g. Kraemer et al. 2009). By comparing the optical line
ratios measured in the VP cloud to the obtained photoionisation models from CLOUDY
(Ferland et al. 2013) we determined that the AGN dropped in luminosity by a factor of
3− 20 over the last ∼ 4× 104 yr.

Besides being an important contribution to the published study, the analysis performed
on Mkn 463 provides a proof of concept for my AGN light curve reconstruction technique.
In addition, this pilot work shows that MUSE is the ideal instrument to perform the
proposed AGN variability analyis.
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Chapter 4. New observational data for the Voorwerpjes galaxies

4.2 NuSTAR: Hard X-ray spectroscopy

Instrument : Nuclear Spectroscopic Telescope Array (NuSTAR)

Program: NuSTAR GO cycle-3 program 03045

Title: Probing the lifecycle of supermassive black holes on 10-100 kyr timescales

Principal Investigator : Lia Sartori

Target galaxies: UGC 7342, SDSS 1510+07, NGC 5972, SDSS 2201+11

Total time: 190 ksec (priority A)

Motivated by the results obtained for IC 2497 (Chapter 3), I started an observational
campaign aimed at acquiring additional hard X-ray observations for the VP galaxies.
These new observations complement the archival soft and hard X-ray observations already
available (from Chandra, XMM, NuSTAR, and Swift-BAT), leading to an X-ray coverage
of 17 out of the 20 galaxies in the sample.

Since most of the VP galaxies are found in merger or post-merger galaxies (e.g. Keel et al.
2012a, Keel et al. 2015, Keel et al. 2017), their centers are expected to be highly obscured
(e.g. Barnes and Hernquist 1991; Bekki and Shioya 2000; Stierwalt et al. 2013). Hard
X-ray observations are therefore crucial in oder to reliably measure the current intrinsic
luminosity (as shown in Chapter 3) which, together with the past luminosities obtained
from spatially resolved spectroscopy, is needed to fully constrain the historical AGN light
curves (see Chapter 4.1).

Besides measuring the present day intrinsic AGN luminosity (both in the soft and in
the hard X-ray bands, as well as bolometric), the analysis of these data will allow us to
characterise the VP sample in terms of nuclear obscutation, Eddington ratio and spectral
shape. Comparing these results to the properties observed in the BAT AGN Spectroscopic
Survey (BASS, Koss et al. 2017; see also e.g. Ricci et al. 2017; Trakhtenbrot et al. 2017;
Lamperti et al. 2017; Oh et al. 2018), the largest unbiased sample of local AGN available
to date, will allow us to test if AGN host galaxies with extended AGN photoinised regions
differ in some way from the mean AGN population, and to investigate a possible link
between AGN variability and other AGN parameters.
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4.3. VLA: radio imaging and spectroscopy

4.3 VLA: radio imaging and spectroscopy

Instrument : Karl G. Jansky Very Large Array (VLA)
Instrument : C and D configurations, C- and L-band

Programs: VLA/15B-145, VLA/16A-023, VLA/17A-004

Title: Characterisation of Voorwerpjes with the VLA: probing the environment
Title: of fading AGN

Principal Investigators: Kevin Schawinski (15B, 16A), Lia Sartori (17A)

Target galaxies: 1510+07, SDSS 1524+08, SDSS 2201+11, NGC 5972, UGC 11185,
Target galaxies: SDSS 1005+28, Mkn 463, Mkn 1498, Mkn 883

Allocated time: 84 hours (priority C)

Observed time: 39 hours

Radio imaging and spectroscopy are very valuable to investigate the environment of AGN,
in particular by detecting the presence of large gas reservoirs and of radio jets at all
spatial scales (e.g. Józsa et al. 2009; Rampadarath et al. 2010).

Although the data has never been published, some of the VP galaxies were already
observed in the past using the Westerbork Synthesis Radio Telescope (WSRT, e.g. Muller
1969) and the (enhanced) Multi Element Remotely Linked Interferometer Network (e-
MERLIN, e.g. Muxlow 2003). The preliminary analysis of these data revealed very
interesting features. As an example, Mkn 1498 was found to be a bright radio source
with a well-defined core (visible in both C- and L-band images) and Mpc jets (visible
only in the L-band image), culminating in large and well-defined lobes with multiple
hotspots. The jets are misaligned with respect to the ionisation cone, probably because of
a recent major merger which influenced the orientation of both dust and gas streams. In
addition, the small-scale loops seen in the [O iii]λ5007 maps (Keel et al. 2017) are aligned
with the jets, what suggests that they may be excited by the jets itself. NGC 5972 also
shows misaligned radio jets, with Mpc-scale radio lobes and hotspots. In addition, the
jests are S-shaped and there is evidence of jet precession, as the position angle changes
with frequency. One interesting possible explanation of the observed features is that this
galaxy hosts two black holes, one responsible for the radio jet and one for the ionisation
cone, while the interaction between the two causes the distorted S-shape.

Radio studies of other VP galaxies can be found in the literature (e.g. Allison et al. 2014;
Harrison et al. 2014). One of the most spectacular cases is the Teacup galaxy, where the
VP is seen as a 13 kpc filamentary loop of ionised gas. VLA observations by Harrison
et al. (2014) and our own e-MERLIN data of this galaxy revealed two radio bubbles,
probably inflated by the AGN, one of which is co-spatial with the VP, a bright core and
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Chapter 4. New observational data for the Voorwerpjes galaxies

a diffuse radio emission. Although the galaxy is classified as radio quiet, there is evidence
of a radio jet or quasar wind interacting with the ISM at large scales (& 10 kpc, Harrison
et al. 2014). This highlights that radio emission can be very valuable to investigate AGN
feedback also in the case of radio quiet sources.

Motivated by these findings, I started an observational VLA campaign aimed at obtaining
C band continuum images as well as L band spectroscopic and continuum observations of
the VP galaxies. The high sensitivity and large angular size (field of view) provided by
the most compact VLA configurations (C and D) are in fact needed to detect and study
extended and faint radio structures and HI signatures. The obtained data can be used to:

1. Measure the radio spectral index for any central AGN and therefore determine
whether the VP is illuminated by a currently (radio) active AGN (e.g.
Shulevski et al. 2017 and references therein). This would be a complementary
test of the AGN light curve reconstruction technique based on optical and X-ray
observations described in Chapter 4.1 and Chapter 4.2.

2. Look for faint large-scale structures which may be signature of jets much
fainter than the ones seen in WSRT, therefore understanding if jets are a common
feature in the VP galaxies.

3. Measure the overall radio flux which will help planning higher-resolution radio
and sub-mm observations, e.g. with the Atacama Large Millimeter/submillimeter
Array (ALMA), the Very Long Baseline Interferometry (VLBI) and other VLA
configurations.

4. Detect, or get strong limits on, the HI streams diretcly associated with the extended
emission line regions, and therefore quantify the presence of an hydrogen
reservoire at large scales.

Alltogether, these radio data will allow us to better investigate the environment of the
VP galaxies, and therefore possible biases in the sample selection (e.g. driven by the
presence of large scale gas, see Chapter 1.3.3). The preliminary L- and C-band maps for
three of the observed galaxies are shown in Fig. 4.3.
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4.3. VLA: radio imaging and spectroscopy

Figure 4.3: Preliminary L-band maps for Mkn 1498 and SDSS 2201+11 and C-band map
for NGC 5972 (from the program 15B-145). The beam size is indicated on the bottom
left. All the three galaxies are well detected. Mkn 1498 and NGC 5972 also present large
structures on Mpc scale, as already observed with WSRT.
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5 A model for AGN variability on multiple
timescales

Laudato si’, mi’ Signore, per sora nostra matre terra,
la quale ne sustenta et governa,

et produce diversi fructi con coloriti flori et herba.1

Laudes Creaturarum, San Francesco D’Assisi (1224)

This chapter is based on Sartori et al. (2018b), “A model for AGN variability on multiple
timescales”, MNRAS, 476:L34–L38.

The previous chapters well illustrate that AGN variability can be observed or inferred
at all timescales, from days to >104 yr. It is likely to be driven by physical processes
originating at different spatial scales, from the nuclear region up to the size of the galaxy
or larger.

As discussed in details in Chapter 1.3, variability on days to decades timescales likely
arises from accretion disc instabilities, mostly observed in the optical and UV bands.
The AGN behaviour on these timescales has been studied through ensemble analysis (e.g.
Sesar et al. 2006; MacLeod et al. 2010; Caplar et al. 2017). Years to decades timescales
are observed also for the so-called “changing look AGN” or “changing look quasars”2,
where a change in AGN type is often accompanied by a change in luminosity (CL-AGN,
e.g. LaMassa et al. 2015; Ruan et al. 2016; MacLeod et al. 2016; Runnoe et al. 2016;
McElroy et al. 2016; Gezari et al. 2017). Possible explanations for this phenomenon
include changes in accretion rate (e.g. Marin 2017). On longer timescales, >104 yr, AGN
variability is probed through extended AGN photoionised emission line regions (EELR)

1Praised be You, my Lord, through Sister Mother Earth, who sustains us and governs us and who
produces varied fruits with coloured flowers and herbs (Canticle of the Sun, Saint Francis of Assisi, 1224).

2We note that the terms “changing look AGN” and “changing look quasars” are used inconsistently
throughout the literature, and can refer to changes both in emission line width or obscuration, as well as
in luminosity.
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Chapter 5. A model for AGN variability on multiple timescales

such as the Voorwerpjes (VP, e.g. Lintott et al. 2009; Gagne et al. 2011; Keel et al.
2012a; Keel et al. 2017; Sartori et al. 2016; Sartori et al. 2018a) or ionisation and radio
structures in our own Milky Way (e.g. Su et al. 2010; Bland-Hawthorn et al. 2013). Such
timescales may be linked to dramatic changes in the AGN accretion state, as suggested
by the viscous radial inflow timescales in standard thin accretion discs (e.g. Shakura
and Sunyaev 1973; LaMassa et al. 2015), which might happen in an analogous way to
X-ray binaries (e.g. Sobolewska et al. 2011). The variability features observed at different
timescales, corresponding to modulation of AGN luminosity during the active phase of
supermassive black holes (SMBH) growth, may then be superimposed to longer AGN
phases. Schawinski et al. (2015) suggested that SMBHs can switch on and off 100− 1000

times with typical AGN phases lasting ∼105 yr, as supported also by some models and
statistical arguments (e.g. Martini and Schneider 2003; Novak et al. 2011; Gabor and
Bournaud 2013; King and Nixon 2015).

The variability features described above span many orders of magnitude both in amplitude
and timescales. In this Chapter we concentrate on the optical-UV emission from AGN
accretion discs, which also illuminates gas far from the nucleus. Variability may therefore
be mostly attributed to non-uniform SMBH fuelling, which can arise from physical
mechanisms in place at different spatial scales. First, major galaxy mergers can trigger
the fuelling of a gas reservoir through the central region (e.g. Barnes and Hernquist
1991). Internal galaxy dynamics and gas temperature can then affect how and when this
gas enters the accretion disc (e.g. Hopkins and Hernquist 2006). Finally, the conversion
of gravitational potential to luminosity depends on physical properties of the disc (e.g.
structure and viscosity), as well as the system’s reaction to perturbations (e.g. Shakura
and Sunyaev 1973).

In this Chapter we propose a simple phenomenological model to link and describe the
variability features of actively accreting SMBHs observed at different timescales. We
assume that the observed variability is mostly driven by changes in SMBH fuelling, which
near the nucleus can lead to changes in accretion rate and Eddington ratio (L/LEdd). The
link is motivated by general galaxy population properties, such as the L/LEdd distribution
function (ERDF) and the power spectral density (PSD) of the L/LEdd evolution with
time. This framework allows us to test if and how variability in individual AGN can be
linked to and explained by the distribution of L/LEdd among the galaxy population.

We note that the aim of this Chapter is to illustrate the general idea of our new framework,
while an extensive description of the implementation and testing, as well as some early
applications, is given in Chapter 6.

68



5.1. Framework and model

5.1 Framework and model

AGN variability is generally considered to be a stochastic process (e.g. Kelly et al.
2011). Therefore, every light curve can be interpreted as a realisation of an underlying
set of statistical properties. In this context, Emmanoulopoulos et al. (2013) proposed
an algorithm to generate light curves based on a probability density function (PDF)
describing the distribution of fluxes, and a power spectral density (PSD) describing the
distribution of time frequencies.

Motivated by these ideas, we propose that AGN variability due to changes in SMBH
fuelling can be modeled starting from the PDF and the PSD of the L/LEdd evolution with
time. In the following, we will refer to the time series representing the L/LEdd evolution
with time as “L/LEdd time series”. A summary of the proposed approach is illustrated in
Fig. 5.1. By assuming that over long enough time periods every AGN should span the
same L/LEdd range as a static snapshot of the whole AGN population, the PDF shape
may be inspired by the ERDF. On the other hand, the PSD of the L/LEdd time series is
likely to have a broken power-law shape, similar to what is observed for the light curves
on timescales of hours to years (although we note that such light curves are expressed in
magnitude). The bending may also be expected since variability power cannot increase
indefinitely, as accretion is bounded by physical processes. Following the algorithm in
Emmanoulopoulos et al. (2013), the input PSD and PDF are used to generate L/LEdd

time series which, assuming a radiative efficiency and a description for the BH mass
growth, are converted into light curves. Following a forward modelling approach, the light
curves can then be used to compute observables (e.g. SF points or magnitude differences)
to be compared to real observations.

In this Chapter we provide a simplified proof of concept, motivated by and compared
to some data available in the literature (Section 5.2). We will present an elaborate
investigation of this model, including numerical and other tests, as well as extensive
comparison with data, in Chapter 6. Our hypothesis is that a single ERDF+PSD set, or a
limited number of them, should be able to reproduce observed light curves (in a statistical
sense), that are consistent with the variability features observed both at short (∼days) and
long (>104 yr) timescales. This simple model effectively links the variability of individual
AGN to the underlying, and more accessible, properties of the entire population.
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ERDF (PDF) 

Eddington ratio points

PSD 

Eddington ratio points order

Primary output

Eddington ratio time series

Secondary output (example)

Structure Function
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T
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Figure 5.1: Schematic summary of the L/LEdd time series simulations. The input
quantities, ERDF and PSD, provide information about the L/LEdd values allowed in the
L/LEdd time series (ERDF) and how these points are ordered (PSD). The output L/LEdd

time series (primary output; grey and black lines correspond to two different realisations)
is then converted into a light curve and used to produce observables to be compared to
observations (secondary output, e.g. structure function). Plots are for illustrative purpose
only.
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5.2 Proof of concept

To show how our model can be used to link and describe AGN variability on different
timescales, we compile a set of variability measurements in terms of magnitude differences
(∆m) at a given time lag, motivated by the definition of the structure function (SF). In
this work, the SF2 of the light curve m(ti) at a time lag τ is defined as:

SF2(τ) =
1

P

∑
i,j>i

[m(ti)−m(tj)]
2 = 〈[m(t)−m(t+ τ)]2〉 (5.1)

where P is the number of magnitude pairs {m(ti),m(tj)} with tj − ti = τ , and the units
are [mag2]. The SF can be computed directly from a single AGN light curve, or using an
ensemble approach (e.g. MacLeod et al. 2010). From Eq. 6.14, (∆m)2 measurements for
single objects at given timescales can be directly compared to SF2 values. This formalism
therefore allows us to compare, on a single plot, the general AGN variability behaviour at
different timescales, as well as with specific variability features (e.g. CL-AGN).

In the following we describe how we compiled the rest-frame SF and ∆m measurements
shown in Fig. 5.2. We stress that all the measurements refer to galaxies currently hosting
actively accreting SMBH (although EELR may in principle allow us to find galaxies
hosting currently inactive SMBHs), and that the reported time lags correspond to the
time probed by the observations, as opposed to model predictions or timescales inferred
from observed occurrence rates. Since sources generally exhibit chromatic variability
properties (e.g. Vanden Berk et al. 2004), it would be preferable to compare SF and
∆m in the same band. However, since the goal of the present work is to compile a wide
range of observations covering different timescales we are forced to consider measurements
obtained for various spectral regimes, although we mainly concentrate on optical and UV
data, which are linked to accretion disc physics and SMBH fuelling. This will not affect
our main findings, as the differences among optical and UV bands are generally lower
than the level of precision required for our current analysis.

5.2.1 Data compilation

Ensemble quasar variability

Ensemble SFs for time lags between days and multiple decades are often described as a
damped random walk, an exponential or a broken power law (e.g. MacLeod et al. 2012;
Caplar et al. 2017). In Fig. 5.2 we show the r-band SF points from the PTF/iPTF survey
(Caplar et al. 2017) and the g-band SF points from POSS (Sesar et al. 2006). We also
overplot example fits to the PTF/iPTF SF points (Caplar et al. 2017) and to SDSS and
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POSS (MacLeod et al. 2012) with extrapolation to longer timescales. When needed we
converted SF measurements and fits to agree with the formulation in Eq. 6.14.

Changing look AGN

We obtained ∆m values for single CL-AGN from the literature, starting from the reported
changes in magnitude or accretion rate (LaMassa et al. 2015; Ruan et al. 2016; Runnoe
et al. 2016; McElroy et al. 2016). In addition we computed a mean (∆m)2 value for the
SDSS CL-AGN in MacLeod et al. 2016. For the time lags we considered the shortest
reported time difference between observations that bracket the AGN class change (as
defined in the correspondent literature), converted into rest-frame. We note that some of
these timescales may be upper limits.

Extended emission line regions - Voorwerpjes

We computed the ∆m values for the VP galaxies in two different ways. For 8 galaxies
with available narrow-band HST imaging (Keel et al. 2015) we considered the difference
between the observed nuclear emission and that required to account for the AGN-like
emission in the most distant, AGN-photoionised region (assuming a constant spectral
energy distribution shape; see Keel et al. 2017 for the ionisation history reconstruction).
For 7 galaxies we estimated the present day AGN luminosities from the fit to the XMM -
Newton and NuSTAR X-ray spectra and a conversion factor to bolometric luminosity
(Marconi et al. 2004), and compared them to the past luminosities inferred from the
ionising luminosity reported in Keel et al. (2012a) (see also Chapter 2 for a similar
analysis on IC 2497). The timescales therefore correspond to the difference between
the times probed by the observations. We note that since the measured distances are
projected distances, the reported time lags are lower limits. Because of the complexity of
photoionisation physics and bolometric corrections, and the uncertainties in the travel
time estimation, we caution that the obtained ∆m values and time lags have to be treated
as order of magnitude estimates. We also stress that, because of the sample selection, the
VP sample is biased towards AGN exhibiting large luminosity drops..

Hydrodynamic simulations

Most simulations that trace SMBH growth provide a history of BH accretion rates, which
in turn can be converted into (bolometric) light curves. By assuming that the bolometric
luminosity varies in the same way as the optical luminosity, the simulated light curves
can be used to compute SFs to be compared with observations. In Fig. 5.2 we show
the SFs obtained from the simulations in Novak et al. (2011) and from F. Bournaud
(private communication). We note that simulations are currently the only possible way
to investigate AGN variability on timescales longer than 105 yr.
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5.2.2 Example model

To illustrate a possible application of our model we simulate L/LEdd time series with
three different input PSD and PDF, and compute their SF in magnitude space. The
obtained SF can then be compared to the values in Fig. 5.2 to test if the input PSD and
PDF can explain the observed variability.

We chose a lognormal PDF with the same parameters as the ERDF proposed in Weigel
et al. (2017). For the PSD we considered three different broken power-laws with different
slopes and break frequency (BPL 1: αlow = 0, αhigh = −2, νbreak = 10−8Hz ∼3yr; BPL
2: αlow = −1, αhigh = −2, νbreak = 10−8Hz ∼3yr; BPL 3: αlow = −1, αhigh = −2,
νbreak = 2× 10−10Hz ∼160yr). We then assumed a linear conversion between L/LEdd and
luminosity (MBH is not expected to increase significantly during the considered timescales)
and computed the SF in magnitude space with Eq. 6.14. The resulting SF, arbitrarily
renormalised to be consistent with the PTF/iPTF SF, are shown in Fig. 5.2. The origin
of the normalisation mismatch will be addressed in the next Chapter.

We caution that because of computational limits and uncertainties due e.g. to the
conversion from L/LEdd to luminosity3, these example simulations have illustrative
purposes only. The details of the simulation approach, as well as the comparison with the
data, will be addressed in detail in Chapter 6. The aim of the current proof of concept is
not to fit the data, but rather to qualitatively illustrate what different PSDs lead to.

3The conversion from L/LEdd to either bolometric or monochromatic luminosities is not fully un-
derstood yet, especially at low L/LEdd regimes (ER � 0.01) where we expect a change from radiative
efficient to radiative inefficient accretion (e.g. Ho 2009).
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5.3 Discussion

5.3.1 Insights and results from the structure function plot

The SF2 and (∆m)2 plot in Fig. 5.2 summarises all the observed variability measurements
described in Section 5.2. The SF corresponding to the short timescales probed by
ensemble analysis implies an increase in variability with increasing time lags, and hints at
a flattening at τ∼101− 102 yr. Extrapolating the fits to these SF measurements to longer
timescales leads to disagreement. They are therefore not sufficient to predict variability
at longer, >104 yr, timescales.

The position of the VP galaxies on the plot provides further support for a flattening of
the SF at time lags exceeding the regime probed by ensemble analysis. We stress that
some of the VP galaxies were preselected to show large luminosity drops. Since VP are
rare among general AGN population, the ensemble SF at these timescales may be much
lower. The observed flattening of the SF is also a natural consequence of the fact that, at
long time lags, a single power law SF would predict ∆m that are too large to be observed
due to sensitivity limits and AGN selection criteria. Indeed, AGN with very low L/LEdd

(∼10−4 or lower) are almost undetectable with current facilities, unless they are found
in nearby galaxies with high quality data. Such selection biases can be included in our
modelling approach. We will therefore be able to test if a single ERDF+PSD set, or a
limited number of them, can reproduce the observed flattening and variability features.

The (∆m)2 values observed in some CL-AGN are at least one order of magnitude higher
than the mean values given by the SF measured using the ensemble approach, in agreement
with the results reported in many of the aforementioned CL-AGN studies. Similar to
what is observed for the VP, CL-AGN are likely rare based on large searches (Ruan et al.
2016; MacLeod et al. 2016) and possibly related to other processes with higher variability.
modelling the AGN light curves and the (∆m)2 distributions may help understand if
these objects are the extreme tail of the AGN phenomena, or if they represent a separate
process (see Rumbaugh et al. 2018, Graham et al. 2017 for a discussion about extreme
variability in QSO).

The variability properties predicted by hydrodynamic simulations are strongly dependent
on their spatial resolution and on the applied accretion and feedback recipes. This is
consistent with the fact that the BH fueling, and thus variability in emission, is ultimately
dominated by circumnuclear processes, on scales that are seldom addressed by simulations.
Current hydrodynamic simulations are therefore not suited to investigate AGN variability.
Fig. 5.2 illustrates the challenges that simulations are facing (e.g. Negri and Volonteri
2017), and provides an additional way to test how closely future simulations will reflect
observations.
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5.3.2 Insights from modelling

In Section 5.2.2 we outlined an example application of our method. We considered three
different ERDF+PSD sets. The first results suggest that a broken power-law shaped
PSD may be able to explain the gross variability features observed. However, further
investigation — e.g. of the input definition and conversion from L/LEdd time series to
observables — is needed to get more constraining results. This will be addressed in detail
in Chapter 6.

We hypothesize that a single ERDF+PSD set, or a limited number of them, should be able
to produce L/LEdd time series, and therefore accretion rate and light curves, which are
consistent with the observed variability features both at short (∼yr) and long (>104 yr)
timescales. This assumption may be justified by the fact that the ERDF appears to be
universal (Weigel et al. 2017), and by the BH accretion physics (e.g. Shakura and Sunyaev
1973). Since there is no obvious reason that accretion disc physics should evolve with time
(the same physics is expected in local galaxies and in z∼ 7 quasars), the short timescale
variations connected to the accretion disc ought to be redshift independent. On the other
hand, the long-timescale variability linked to cosmology may evolve with redshift (e.g.
redshift-dependent gas accretion or merger rate, Lotz et al. 2011). In any case, since the
observations in Fig. 5.2 are mostly for luminous quasars in low to intermediate redshift
galaxies, we cannot probe the evolution with redshift with the current data. We also note
that, as suggested by some ensemble studies (e.g. Caplar et al. 2017; Rumbaugh et al.
2018), short timescale variability could depend on L/LEdd, luminosity and black hole
mass MBH. However, the data analysed here do not seem to require a model dependent
on these quantities.

If our hypothesis is correct, the underlying PSD would be the temporal analogue in AGN
physics to the matter power spectrum in cosmology: similarly to how a single matter
power spectrum is responsible for multiple matter assemblages (e.g. Frenk and White
2012), from large cosmic structures down to dwarf galaxies, the AGN power spectrum
may be responsible for AGN variability over many orders of magnitude in time. If this is
true, our model will allow us to link and describe AGN variability at different timescales.
Our framework will allow us to test this hypothesis and to constrain the shape of the
underlying PSD, providing novel insights into the AGN variability phenomenon.
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6 A forward modelling approach to AGN
variability – method description and early
applications

Laudato si’, mi’ Signore, per sor’aqua,
la quale è multo utile et humile et pretiosa et casta.1

Laudes Creaturarum, San Francesco D’Assisi (1224)

This chapter is based on Sartori et al. (submitted), “A forward modelling approach to
AGN variability – method description and early applications”, submitted to ApJ.

As discussed in the Introduction, variability is one of the first discoved properties of AGN,
and has been extensively studied in the past. However, well sampled light curves are
available only for a limited number of objects, and the majority of the studies relies on
sparse measurements and/or ensemble approaches, what complicates our understanding
of the variability phenomenon.

In the near future, new large, multiwavelength time-domain surveys such as LSST (Ivezic
et al. 2008; LSST Science Collaboration et al. 2009), TDSS (Morganson et al. 2015),
SDSS-V (Kollmeier et al., 2017), ZTF (Bellm et al. 2019; Graham et al. 2019a), ASAS-
SN (Shappee et al., 2014) and eROSITA (Merloni et al. 2012) will allow us to probe
the variable Universe with unprecedented cadence (∼ days), depth, sky area, and time
coverage. These surveys will allow us to probe the variability properties of millions of
AGN individually, as well as of the AGN population as a whole. In addition, it will be
possible to better characterise and understand new types of flares and other extreme

1Praised be You, my Lord, through Sister Water, which is very useful and humble and precious and
chaste (Canticle of the Sun, Saint Francis of Assisi, 1224).
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variability phenomena associated with SMBH accretion such as changing-look AGN
(CL-AGN; e.g. LaMassa et al. 2015; Ruan et al. 2016; MacLeod et al. 2016; Runnoe et al.
2016; McElroy et al. 2016; Gezari et al. 2017), tidal disruption events (TDE; e.g., Rees
1988; van Velzen et al. 2011; Gezari et al. 2012; Arcavi et al. 2014; Chornock et al. 2014;
Hung et al. 2017; Auchettl et al. 2017) and extreme variable quasars (e.g. Lawrence et al.
2016; Graham et al. 2017; Rumbaugh et al. 2018).

The data obtained in this new exciting time-domain era will provide crucial information
to quantify the variability phenomena and to test various models for its origin. However,
challenges for modelling and characterisation of the observed light curves will be important.
These are due to the finite time resolution and length of the obtained light curves (e.g.
Uttley et al. 2002; Emmanoulopoulos et al. 2010), as well as sample selection and
observational biases inherent to each survey. A careful study of AGN variability therefore
requires sophisticated statistical analysis methods as well as computationally expensive
modelling and simulations.

In Chapter 5 we proposed that the AGN variability observed at optical/UV wavelengths
may be modelled based on the distribution of the Eddington ratio (L/LEdd ) among the
(observed) AGN population. In fact, the emission at such wavelengths mainly arises from
the accretion process (Shakura and Sunyaev 1973) and can therefore be modulated by
changes in L/LEdd , although other processes such as reprocessing of high energy photons
from the hot corona may as well affect the observed luminosity at short timescales (e.g.
Uttley et al. 2003). Specifically, we suggest that AGN light curves can be fully simulated
starting from two statistical functions: the Eddington ratio distribution function (ERDF,
representing the L/LEdd probability density function PDF, see Section 6.1.1) defining the
possible L/LEdd values in the simulation, and a power spectral density (PSD, see Section
6.1.1) describing the variability and therefore the time ordering of the L/LEdd points.
The obtained L/LEdd time-series can then be converted to (optical/UV) light curves in
the observed band in question following commonly-used conversion factors (i.e. reciprocal
bolometric corrections). In this framework, every AGN light curve is therefore one
realisation of the underlying variability process described by the assumed ERDF+PSD
set, and represents the entire AGN population (following the ergodic hypothesis). A
forward modelling approach allows us to compare the predictions of our models to
observations to test if and how the observed variability features can be reproduced with
this simple model and, if this is the case, constrain the underlying ERDF and PSD. In
addition, given a model, it is possible to produce light curves that would be observed by
specific facilities. We also stress that what proposed in Chapter 5 allows us to link and
discuss, in the same framework, AGN variability observed at very different timescales.

In this Chapter we present a new simulations setup aimed at producing AGN light curves
following the framework proposed in Chapter 5, based on the algorithm presented in
Emmanoulopoulos et al. (2013) (E13 hereafter), and discuss possible applications. The
Chapter is structured as follows. In Section 6.1 we describe the model and method. An
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extensive description of the simulations code and of the tests to characterise both intrinsic
and numerical behaviours of the simulations is given in Section 6.2. Finally, in Section
6.3 we discuss some early application of our framework based on the observed variability
in the PTF/iPTF survey and aimed at interpreting extremely variable SMBHs in the
LSST era.

6.1 Model and method

The goal of our framework is to statistically model the (observed) AGN variability due
to changes in accretion (thus, variability in Eddington ratio, L/LEdd ), by simulating
L/LEdd time series based on the distribution of L/LEdd among the (active) galaxy popu-
lation. Specifically, we simulate L/LEdd time series whose PDF is inspired by the ERDF,
and with variability behaviour described by a chosen input PSD. The next sections outline
the methods used to simulate the L/LEdd time series and to convert them to (observed)
AGN light curves, while details about the code are given in Section 6.2. We note that,
although the framework presented here and the algorithm are optimised for AGN and
L/LEdd time series, they can be adapted to investigate other variable processes such as,
e.g. stellar variability (e.g. Catelan and Smith 2015 and references therein; Labadie-Bartz
et al. 2017) or star formation histories (Caplar and Tacchella 2019).

6.1.1 Simulations of Eddington ratio time series

To simulate L/LEdd time series we start from the time series generating algorithm proposed
by E13. This algorithm, which is based on previous algorithms presented in Timmer
and Koenig (1995) (TK95 hereafter) and Schreiber and Schmitz (1996) (S96 hereafter),
produces time series whose PDF and PSD are consistent with the desired (input) ones.
These input PDF and PSD can be taken from real observations (e.g. to reproduce multiple
observations with the same variability behaviour as an observed light curve), or from
models which have to be tested against the data. The first step consists of creating a
time series of the desired length (e.g., in years) and time resolution, whose periodogram
scatters around the underlying input PSD (TK95 algorithm), therefore determining the
variability in the data. A second time series with the desired number of steps and PDF
corresponding to the input one is then obtained through a random draw. Finally, the two
time series are combined following the iterative amplitude adjusted Fourier transform
algorithm described S96 to produce a time series with both PDF and PSD consistent
with the input ones (see Fig. 1 in E13). We stress that although this algorithm can
be used to generate the time evolution of any given quantity (e.g., count rates, fluxes,
or magnitudes), in our framework it is only employed to directly simulate L/LEdd time
series, while the conversion from L/LEdd to other observed quantities is performed in post
processing.
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In our framework, we assume that the PDF of the L/LEdd time series corresponds to the
ERDF of the AGN population (as discussed in Section 6.1.1). We therefore implemented
the algorithm in such a way that it allows us to choose between different ERDF shapes
proposed in the literature, such as a broken power-law or log-normal distributions (see,
e.g., Caplar et al. 2015; Weigel et al. 2017; Caplar et al. 2018). We note that our
fundamental assumption that the PDF corresponds to the ERDF is physically acceptable
only if the simulation is long enough for the AGN to span the whole ERDF. Although the
current knowledge about AGN variability does not allow us to constrain this timescale
yet, we assume that it should be on the order of ∼ 106 yr (see Section 6.3.1). On the
other hand, in order to compare the predictions to observations, the simulations require a
time resolution of years, and preferably even shorter timescales. As a consequence, we
need to simulate light curves with > 107 steps. This makes the simulations extremely
challenging from a computational point of view. In order to maximise the performance
and the length of the simulated light curves we thus implemented our entire algorithm to
run on an architecture of graphical processing units (GPUs; Section 6.2.1).

The Eddington ratio distribution function as the variability PDF

As mentioned above, we propose to use the Eddington ratio distribution function (ERDF)
as the PDF of the AGN (population) variability. By construction, the ERDF describes
the distribution of L/LEdd among the galaxy population, i.e. the fraction of galaxies in a
given L/LEdd range, for a given sample of galaxies at a given redshift range2. Assuming
that the ERDF shape does not vary significantly during the considered time span, and
that all the galaxies in the considered sample have the same variability properties, the
ERDF can also be interpreted as the distribution of L/LEdd that a galaxy can have during
this time span (up to a normalisation factor): a galaxy moves across the ERDF, spending
more time at L/LEdd states corresponding to higher ERDF values3.

Many studies attempted to infer the ERDF directly from observations (e.g. Kollmeier
et al. 2006; Kauffmann and Heckman 2009; Schulze and Wisotzki 2010; Aird et al. 2012;
Kelly and Shen 2013; Schulze et al. 2015; Jones et al. 2016). However, directly measuring
the ERDF is challenging mainly due to selection effects and difficulties in measuring black
hole masses MBH for statistically significant samples (e.g. Trakhtenbrot and Netzer 2012;
Shen 2013; Peterson 2014; Mejía-Restrepo et al. 2016). Caplar et al. (2015) and Weigel
et al. (2017) (W17 hereafter) proposed a different approach, where they assume a simple
ERDF shape and apply forward modelling to deduce the parametrisation of the ERDF by
deconvolving the AGN luminosity function. Specifically, W17 determined the the ERDF
for local AGN, while Caplar et al. (2018) showed that the typical L/LEdd of the (broken

2We note that in many empirical studies the ERDF is determined for the AGN population instead of
the total galaxy population.

3In a monotonically declining ERDF, this translates to spending more time at lower L/LEdd values
than at higher ones.
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power-law) ERDF increases with redshift following λ∗(z) ∝ (1 + z)2.5 (at least to z ∼ 2).

Different parametrisations have been proposed in the literature to describe the observed
ERDF. The most common are the broken power-law (e.g. Caplar et al. 2015; Bongiorno
et al. 2016; W17; Caplar et al. 2018) and the log-normal distributions (Kollmeier et al.
2006; Conroy and White 2013; Kauffmann and Heckman 2009). Since the aim of our study
is to reproduce the observed AGN variability, and therefore the behaviour of (mainly)
radiatively efficient AGN, we consider as local (z ∼ 0) PDF the (normalised) ERDF
inferred by W174 (see below). In later stages of the present work, we will use the analysis
of Caplar et al. (2018) to evolve the ERDF to higher redshift. We stress again that these
assumptions can be made only if the length of the simulated light curve is comparable to
the time needed for the AGN to span the whole ERDF, and if the ERDF is not expected
to vary significantly on these timescales.

Following W17, the broken power-law ERDF for local AGN is parameterised as:

ξ(λ) =
dN

d log λ
= ξ∗ ×

[(
λ

λ∗

)δ1
+

(
λ

λ∗

)δ2]−1

(6.1)

with parameter values logλ∗ = −1.84, δ1 = 0.47, δ2 = 2.53 and logξ∗ = −1.65. On the
other hand, the log-normal parameterisation is:

ξ(λ) =
dN

d log λ
=

ξ∗

σ̃
√

2π
× exp

(
−(log λ− logλ∗)2

2σ̃2

)
(6.2)

where logλ∗ = −3.25, σ̃ = 0.64, logξ∗ = −0.77.

It is important to note that the two parameterisations are almost equivalent for the
L/LEdd range probed in W17, i.e. log(λ) ≈ (−4)− (+1). However, the currently available
data do not allow us to constrain the ERDF shapes at lower ER values where the two
parameterisations differ significantly, with the log normal distribution leading to fewer
low L/LEdd AGN (Fig. 6.1). A drop at low L/LEdd is however expected since the ERDF
cannot increase indefinitely at the lower end. We also note that in our simulations we will
sample the PDF uniformly in linear space (as opposed to logarithmic space). Therefore,
we will consider dN/dλ instead of dN/d log λ (see 6.2.1 for more details).

4In the present work we are considering the values for radiatively efficient AGN.
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Figure 6.1: Eddington ratio distribution functions for local AGN, from W17, described
either as a lognormal (blue) or broken power-law (green) distribution. The two descriptions
are essentially indistinguishable for the L/LEdd (λ) range probed in that work, i.e. log(λ) ≈
−4− 1 (lightly shaded region). We note that while here we present ξ(λ) = dN/d log λ
(i.e., space density per logarithmic unit in L/LEdd ), as parameterised in Eqs. 6.1 and 6.2,
our implementation uses a linear scaling, i.e. dN/dλ.

Power Spectral Density

The second statistical function needed from our simulations is the PSD that describes
the time variability of L/LEdd . The total PSD can be interpreted as a superposition of
different physical processes driving the variability at different timescales, and therefore at
different frequencies, and its overall shape is not yet fully understood. Multiple studies
have performed detailed investigations of the PSD on hours to decades timescales derived
from light curves in the X-rays (in counts units, e.g. Markowitz et al. 2003; McHardy
et al. 2004; González-Martín and Vaughan 2012; Paolillo et al. 2017) or optical/UV (in
magnitude units, e.g. C17; Smith et al. 2018). Specifically, in the case of X-rays, the PSD
is generally well described as a power law with slope approximately α = 2, consistent with
a random walk, at the highest probed frequencies (e.g. Lawrence and Papadakis 1993;
Green et al. 1993), and one or two breaks leading to shallower low-frequency PSD (e.g.
Uttley et al. 2002; McHardy et al. 2007). The break frequency appears to be correlated
with BH mass and L/LEdd (McHardy et al. 2004; McHardy et al. 2006), but the physical
reason of this correlation is still unclear (e.g. McHardy et al. 2006; González-Martín and
Vaughan 2012). On the other hand, studies based on different optical/UV photometric
surveys (e.g. Zu et al. 2013; Caplar et al. 2017) or on Kepler light curves (Mushotzky
et al. 2011; Kasliwal et al. 2015; Smith et al. 2018) revealed steeper high-frequency PSD,
strongly varying between different AGN.
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The studies mentioned above all refer to PSDs in counts or magnitude units, while to
the best of our knowledge no measurement or prediction for the PSD in L/LEdd units
is present in the literature. However, for the sake of simplicity, and inspired by the
results above, we assume that also the PSD of L/LEdd has a broken power-law shape.
In this scenario, the bending may be associated to some specific physical process which
suppresses the variability on progressively short frequencies, e.g. the response of the
accretion disc to instabilities (e.g. Suberlak et al. 2017 and references therein).

Through the Chapter, we adopt the following parameterisation of a broken power-law:

PSD(f) = A×
[(

f

fbr

)αlow

+

(
f

fbr

)αhigh
]−1

(6.3)

where fbr is the break frequency, and αlow and αhigh are the slopes at lower and higher
frequencies, respectively (longer and shorter timescales, respectively). This parameteri-
sation can however be modified to add additional breaks if needed. In addition, we do
not consider any evolution of the variability behaviour, and therefore of the PSD, with
redshift, as supported by some observations (e.g. C17; Paolillo et al. 2017). We stress that
throughout the Chapter we will often refer to the periodogram, which is the statistical
estimator of the PSD. The periodogram can be directly computed from a time series, and
scatters around the underlying PSD (see Appendix 6.A).

6.1.2 Converting Eddington ratio time series to observables: light
curves and structure function

As discussed in the Introduction and at the beginning of this section, the primary output
of our simulations are time series in units of L/LEdd . In order to compare the simulations
to observations, or to make predictions for future surveys, the simulated L/LEdd time
series have therefore to be converted to observables. First, the simulated L/LEdd time
series can be converted to light curves in luminosity or magnitude units at the same
wavelength range as the observations we want to compare to. The forward modelling
approach allows us to test different conversion recipes, e.g. by considering constant or
luminosity dependent bolometric corrections (e.g. Marconi et al. 2004 and references
therein), as well as introducing flux limits or other observational biases proper of every
observation. The obtained light curves can then be treated as real observations and used
to compute other quantities characterising the AGN variability behaviour. Specifically, in
this work we concentrate on the (ensemble) structure function (SF), which quantifies the
characteristic amount of variability for light curve (or in general time series) measurements
separated by a given time interval τ . A detailed definition and discussion of the SF is
given in Appendix 6.A (see in particular Eq. 6.14).
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6.2 Simulations

6.2.1 Code Implementation

We implemented the algorithm proposed by E13 to be executed on GPUs. Specifically,
we wrote our implementation in C++ within the CUDA programming framework5, with the
libraries cuFFT6, cuRAND7 and Thrust8. This platform choice allows us to maximise the
length (in steps) of the simulations, and is therefore more suited to our science goal than
other available implementations based on, e.g., MATLAB (E13) or Python (Connolly
2015). This is particularly due to the fact that the algorithm requires multiple (inverse)
discrete Fourier transform (DFT) and sorting operations9, which are time consuming
especially on arrays of the lengths considered in our work (up to ∼ 108 points), and are
being optimised on this platform.

We note that the current implementation is optimised for broken power-law and log-normal
PDFs, and for single- or broken power-law PSDs. Specifically, for the random draw step
we apply slice sampling (Neal 2003) from a normalised ERDF that is parameterised as
in Eqs. 6.1 and 6.2. This choice of PDF and PSD shape is motivated by the observed
ERDF and PSD, as discussed in Section 6.1.1. However, additional functional forms can
be added if needed. As mentioned in Section 6.1.1, we are sampling the PDF uniformly
in linear space.

6.2.2 Testing and characterisation of the simulations code

We tested and optimised our code for the TITAN X (Pascal) NVIDIA GPU. In the
following we describe a series of tests that we performed to characterise both numerical
effects and intrinsic behaviour of the simulations.

Distortions in the Timmer & König algorithm

The first step of the E13 algorithm consists in running the TK95 algorithm to create
a time series of the desired length with a periodogram consistent with the input PSD.
The PDF of the output time series should asymptotically approach a normal distribution
for increasing number of steps (e.g., E13). However, we found that this is not true for
power-law PSDs with steep slopes, α & 1.5 (PSD ∝ ν−α). We illustrate these distortions
for several choices of α in Fig. 6.2. We conducted a number of simple tests in an attempt
to understand the origin of these distortions. We found that the deviation from a normal

5Version 9.0, https://developer.nvidia.com/cuda-downloads
6https://docs.nvidia.com/cuda/cufft/index.html
7https://docs.nvidia.com/cuda/curand/index.html
8https://docs.nvidia.com/cuda/thrust/index.html
9As an example, 1 simulation with Nsteps iterations requires O(N) DFT, O(N) IDFT and O(N)

sorting operations. See also Section 6.2.2)
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Figure 6.2: Example output PDFs of simulated time series based on the TK95 algorithm
and on single power-law PSDs with various slopes (as indicated in each panel). In each
panel, the black lines show normal distributions which match the output PDFs in mean
values and in standard deviations. For steep PSDs, the resulting PDF deviates from a
normal distribution. We note that, differently from the text, for this image we assume
PSD ∝ να instead of PSD ∝ ν−α.

PDF does not depend on the number of steps, and is therefore not a consequence of the
finite simulation length. We also found that the same behaviour is present in simulations
performed with other open codes (e.g., astroML, Ivezić et al. 2014; Vanderplas et al. 2012;
DELCgen, Connolly 2015) and is therefore not an artefact of our specific implementation.
Since our simulations only rely on the PSD of the TK95 output, and not on its PDF, this
discrepancy between claimed and observed PDF does not affect our results. However, the
TK95 algorithm is extensively used in the literature, and this aspect should be further
investigated. We therefore decided to report it here for future reference.

Iterations and convergence

The algorithm that produces the time series is iterative in nature (E13), and so has to
converge in order to be robust. Here, convergence means that the output time series
does not change (significantly) after a given iterative step, that is the ordering of the
time series values stays essentially fixed. The exact number of iterations needed for the
algorithm to converge to the final time series depends on the total number of steps, the
assumed PDF and PSD, as well as the seed used for the random draw process. E13
proposed a convergence test where, at each step, the periodogram of the resulting time
series is fitted with the same functional form as the input PSD, and the convergence
of the fit parameters with respect to the input ones is considered. However, due to the
significantly larger number of steps used in our simulations – more than 3 orders of
magnitude larger than what considered in previous applications of the algorithm – this
convergence test would be too time consuming to implement in our case. We therefore
decided to base our convergence criterion on the ratio between the time series obtained
from two consecutive iterations. Specifically, at every iteration i we consider the following
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distance measurement δi between time the series xi(t) and xi−1(t):

δi = rms

[
log

(
xi(tn)

xi−1(tn)

)]
, n = 1, ..., num. steps (6.4)

The use of logarithm is motivated by the large dynamical range of the values in time series
that are simulated using our observationally-motivated ERDF as PSD. The threshold
corresponding to convergence strongly depends on the input PSD and PDF, and should
therefore be chosen by the user depending on the performed simulations.

Performance

The maximum number of steps per simulation allowed in the current implementation is
227 (∼ 108), which is set by memory limitations10. In the astrophysical context of the
present study, this may correspond to, e.g., a ∼13 Gyr long simulation with ∼100 yr
resolution, or a ∼ 106 yr long simulation with ∼ day resolution.

The running time is currently limited by the random draw and sorting steps of the
algorithm (steps ii and iv in Fig. 1 of E13, respectively). On the other hand, using cuFFT
ensures that the (inverse) Fourier transform steps are performed in the most efficient
way. Since the running time is mostly determined by the random draw step, it can vary
depending on the assumed PDF shape. However, typical running times for 1 simulation
with 200 iterations on TITAN X (Pascal) NVIDIA GPU machines do not exceed a few /
several minutes.

Dependencies on input parameters, combining and dividing light curves

In this subsection we discuss how the final L/LEdd time series, PDF, periodogram and
SF shapes depend on the following input quantities:

• tbin: time separation between consecutive steps

• Nsteps: number of steps

• T : simulation length in the same units of time as tbin. This quantity combines tbin

and Nsteps, i.e. T = tbin × Nsteps.

• µ: the mean of the simulated L/LEdd time series. For large Nsteps this corresponds
to the mean of the input PDF.

10The number of steps is defined in powers of 2 to maximise the simulation speed, in particular with
regard to the discrete Fourier and inverse discrete Fourier transforms. All the arrays involved in the
simulations are allocated in shared memory for the CPU and GPU using cudaMallocManaged.
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• σ: the standard deviation of the simulated L/LEdd time series. For Nsteps that is
large enough this corresponds to the standard deviation of the input PDF.

In addition, we look at the effect of combining or dividing light curves obtained from
different simulations. Indeed, given the challenge to run long simulations (see previous
section), a naive approach would have been to consider “stitching" together separate
shorter simulations. On the other hand, understanding the behaviour of subsamples is
critical for the interpretation of observed light curves, which actually span only a short
time window of the hole AGN life (or, in the case of these simulations, of the time needed
for the AGN to span the whole ERDF). We note that in this sub-Section we refer to
quantities computed in L/LEdd units, while a discussion of the actual observables, i.e.
magnitudes, is given later in this chapter.

For these tests we considered multiple simulations with broken power-law PDFs inspired
by the ERDF from W17 (see Eq. 6.1) and a broken power-law PSD as in Chapter 5
(BPL3), but different choices of tbin and Nsteps. A summary of the input parameters for
the different simulations is given in Table 6.1. Specifically, we consider L/LEdd time series
simulated assuming different combinations of tbin, Nsteps and T (ER_sim_1 - ER_sim_6 in
Table 6.1, we will refer to these simulations as “direct simulations”), as well as L/LEdd time
series obtained by dividing (ER_sim_2_cut) or stitching together (ER_sim_1_comp) direct
simulations. We note that although some of the observed features depend on the specific
adopted PSD and PDF, the main conclusions from these tests are valid also for different
simulation setups.

Shape of the L/LEdd time series

For the considered PSD and PDF set, the shape (global behaviour) of the L/LEdd time
series obtained from direct simulations (ER_sim_1 - ER_sim_6 in Table 6.1) is similar
and does not depend on tbin, Nsteps and T . Specifically, in this particular case all the
simulations show one main prolonged period of elavated L/LEdd (a “burst” or “switch
on”), and a few additional, shorter “spikes”. This is a direct consequence of the fact that
each of the simulations spans the entirety of the same PDF, and of the (bent) power-law
shape of the periodogram, which gives more power to the lowest frequencies (longer time
separations).

The composite simulation (ER_sim_1_comp) shows more bursts, and therefore a higher
level of variability on short timescales, compared to a direct simulation of same length
(ER_sim_2, see Fig. 6.3). In fact, in the composite simulation every subsample has
similar characteristic features (e.g. burst and spikes) as the direct simulation, although
at different timescales. This means that stitching together shorter L/LEdd time series
will not conserve the variability behaviour proper of the input PSD (see also discussion
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Figure 6.3: Testing the prospects of simulating increasingly long time-series. Top:
L/LEdd time series from a single simulation spanning the entire PDF (i.e., the entire
ERDF; ER_sim_2). Bottom: composite L/LEdd time series obtained by “stitching” together
multiple shorter simulations (different colours), each of them also spanning the entire PDF
(ER_sim_2_comp). Evidently, although both example data-sets span the same physical
length (in yr) and L/LEdd range, the direct (top) and composite (bottom) simulations
present different features. Specifically, the composite simulations show multiple peaks
(periods of elevated L/LEdd), approximately one per short simulation, while the single
simulation only has one such peak (around 0.75 × 107 yr). This can be naturally
understood given that each of the short simulations is forced to cover the entire ERDF.
As a consequence, stitching together light curves is not a feasible solution to obtain a
realistically long L/LEdd time series (with a given computational setup), since it will not
preserve the L/LEdd time series shape

below). As a consequence, simulating and stitching together shorter light curves, although
computationally cheaper, is not a feasible way to obtain longer L/LEdd time series with
both L/LEdd values and variability properties consistent with the assumed PDF and PSD.

Cutting a long simulation into subsamples (ER_sim_2_cut) also returns L/LEdd time
series with different shapes compared to direct ones with same final length (ER_sim_3,
ER_sim_4). These are in general smoother as they are not covering the whole L/LEdd range
allowed by the PDF, but only a (consecutive) part of it.

In summary, combining or cutting simulations returns L/LEdd time series with different
shapes and variability features compared to direct simulations with same final length.
This effect is visible also in the PDF and periodogram, as discussed below.
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Figure 6.4: Comparison of input and output for a realistic choice of PDF (i.e., ERDF)
& PSD (i.e., broken power-laws). Left: the PDF of the ER_sim_2 simulation (purple)
compared with the input PDF (black line). By construction, the PDF (i.e., ERDF) of
the simulated time-series is statistically consistent with the input one. As expected, the
sampling of the PDF becomes more accurate with increasing Nsteps, as is particularly
evident at the high L/LEdd end, where the sampling probability decreases. Right: the
periodogram of the same simulation. The red line illustrates the input PSD, normalised
according to µ, σ, tbin and Nsteps of the simulation (see Eqs. 6.12 and 6.13). Here, too,
the output periodogram is statistically consistent with the input PSD.

Probability density function

By construction, the PDF of every direct simulation (ER_sim_1-ER_sim_6), and of the
composite simulation (ER_sim_1_comp), is statistically consistent with the input PDF
(e.g. Fig. 6.4, left). In addition, as expected, the sampling of the PDF is more accurate
for high values of Nsteps, especially at the increasingly high L/LEdd end, which is sampled
increasingly rarely. The lack of points with high L/LEdd for low Nsteps simulations has to
be taken into account when looking at specific features in the L/LEdd time series, which
may ultimately be interpreted as extreme variability events (e.g., changing-look AGN).

On the other hand, the different subsamples (ER_sim_2_cut) also show PDFs which are
(mostly) continuous in the L/LEdd space, but these do not overlap in any way/range with
the input PDF (Fig. 6.5, top). Specifically, most of the subsamples span a narrower
L/LEdd range. This is due to the fact that the L/LEdd time series values are not randomly
distributed (in time) but follow an order defined by the PSD. As a consequence, the PDF
of light curves corresponding to different times during the AGN life can be significantly
different.
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Chapter 6. A forward modelling approach to AGN variability – method
description and early applications

Periodogram

By construction, all the periodograms computed for the direct simulations (ER_sim_1 -
ER_sim_6) have shapes consistent with the input PSD (e.g. Fig. 6.4, right). As described
in Appendix 6.A, the normalisation of the output periodogram differs from the input
one, and depends on all the other aforementioned parameters, as well as on the covered
frequency range. We verified that the normalisations of the periodograms computed for
direct simulations are consistent with the expected value.

The periodograms computed for the subsamples (ER_sim_2_cut) show some distortions
compared to the input PSD which are more important for subsamples with larger dy-
namical range in L/LEdd (Fig. 6.5). A detailed discussions of these distortions, including
both well known spectral distortions and effects related to the simulations, is given in the
following of this chapter. On the other hand, the periodogram of the composite simulation
(ER_sim_1_comp) also shows some distortion which in this case may be explained by a
suppression of variability at long timescales (every subsample has same L/LEdd values,
therefore not allowing the formation of a single peak as observed in the direct simulation,
Fig. 6.3 top) and an increase of variability at short timescales (every subsample spans
the whole PDF, Fig. 6.3 bottom).

Structure function

We construct SFs following Eq. 6.14 and Chapter 5. All the SF computed for direct
L/LEdd time series (ER_sim_1-ER_sim_6) show a broken power-law shape, which seems
to reflect the PSD shape. Indeed, the two slopes coincide asymptotically (for τ → 0 and
τ → ∞) to the prediction of the Wiener-Khinchin theorem11 and the break is broadly
consistent with τbr ∼ 1/νbr.

In the case of composite and divided L/LEdd time series (ER_sim_1_comp, ER_sim_2_cut),
the SFs show a similar behaviour as described above for the periodogram, again confirming
a relation between the two quantities. Specifically, distortions of the PSD at high
frequencies are reflected to distortions of the SF at low τ .

The normalisation of the SF differs between our various simulations. For a fixed PSD, it
depends on the total length of the simulation (T ), as well as on the standard deviation of
the time series (σ). Specifically, for pure power-law PSD we empirically found that the

11The Wiener-Khinchin theorem states that a power-law PSD with slope −α, 1 < α < 3 should corre-
sponds to a power-law SF with slope β = (α−1)/2 (under specific assumptions; see also Emmanoulopoulos
et al. 2010).
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6.2. Simulations

normalisation has the following proportionality:

normSF ∝
σ

(tbin ×Nsteps)β
, (6.5)

where β = (α − 1)/2 is the same exponent as in the Wiener-Khinchin theorem, i.e.
the exponent expected for the SF (in an ideal case). For broken power-law PSD, the
difference between SFs obtained from different simulation setups (i.e. different T and
σ) is less well defined, as the ratio between two SFs changes as a function of τ (i.e.,
the SF have slightly different shapes). Although we were not able to find an analytical
description of the normalisation in this case, we see similar dependencies: the overall
SF is higher for increasing σ or decreasing T , although the dependency on T is more
important for steeper PSD. This can be understood as follows. By construction, the
time series obtained with our simulations span the entire PDF (i.e., the ERDF). If the
simulation length is shorter, this means that the PDF has to be covered faster, which
translates to an overall higher level of variability and thus a higher SF. Similarly, a larger
σ corresponds to a broader PDF, which, for fixed T has to be again covered faster. This
dependency of the SF normalisation on T and σ has to be considered when comparing
simulations to observations, as discussed in detail in Section 6.3.1. Specifically, the length
of the simulation has to be chosen such that the normalisation of the output SF (i.e.,
the SF of the simulated time series) matches the observed one. Moreover, we note that
the normalisation does not depend on tbin or Nsteps separately, but on the combination
of the two (i.e. simulations with different tbin and Nsteps but same T have the same
normalisation).

Mean variability behaviour from multiple realisations

Since we are working with stochastic processes, every simulated ER curve will have a
different periodogram and SF, i.e. they fluctuate around the input PSD and SF. By
construction, at every frequency the periodogram scatters around the intrinsic PSD as
defined by the Timmer & König algorithm (see Section 3 in Timmer and Koenig 1995 or
Appendix A2 in E13 for more details). On the other hand, the SF of different realisations
have similar shapes but different normalisations. Both effects are illustrated in Fig. 6.6.

In order to compare the simulated SF to observations as proposed in Chapter 5, we
need to define a representative SF and properly take into account the scatter among
the different realisations. To get a representative SF for a given input set, SF(τ)rep,
we therefore repeat the simulation Nsim times (Nsim > 50; see discussion below), and
compute the mean of the obtained SF(τ)2 (see also C17):

SFrep(τ)2 = 〈SF(τ)2 〉 =
1

Nsim

Nsim∑
i=1

SFi(τ)2 (6.6)
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Figure 6.6: Scatter and robustness in repeated realisations of a time-series simulation.
Left: periodograms for 200 realisations of the same simulation input with simple power-law
PSD ( slope α = 1.5; coloured crosses). The black line traces the input PSD (renormalised,
see Appendix 6.A for discussion about PSD nomalisation). As expected, the periodograms
measured from the simulated time-series scatter around the intrinsic (input) PSD. Right:
SF2 for the same simulations (dashed colour lines). The SF2 measurements for different
simulations have a similar shape, but differernt normalisations. The representative (mean)
SF2, defined following Eq. 6.6, is shown in black.

The standard error on SF(τ)rep at every τ can then be estimated using the scatter in the
set of calculated SFi(τ)2. Uttley et al. (2002) used a similar procedure to determine the
intrinsic PSD from multiple light curves, and claimed that > 50 realisations are needed
in order to reliably estimate the standard errors on the simulated periodograms. The
same seems to also hold for the SF, but more testing should be done for every specific
input set.

We note that in general the time span probed by observations are much shorter compared
to the simulated ones. In order to probe that the observed SF can be directly compared
to the representative one (i.e., there is no distortion or different normalisation), we first
simulated 200 time series with ∼ 106 points each and computed the representative SF (Fig.
6.6, right). From every time series we then randomly selected a (consecutive) subsample
of 1000 points, obtained the corresponding SF, and then computed the representative SF
(Fig. 6.7A). Although the shorter SFs show a larger dispersion, the representative SF for
the subsamples overlaps with the representative SF of the long simulations. This means
that the representative SF can be directly compared to SF computed taking into account
only subsamples (see also 6.2.2). We confirmed that holds by considering various input
PSD shapes, and by computing the SF in magnitude units instead of L/LEdd units.
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6.2. Simulations

A B1

B2 B3

Figure 6.7: A: Robustness of the representative structure function. The SF2 for the
random sub-samples of the simulations shown in Fig. 6.6 (gray dashed lines, see text
for more details). The representative SF2 of the sub-samples (purple crosses) overlaps
with the representative SF2 of the long simulations (black line). B : Ensemble structure
functions for sub-samples of the simulated time-series – similar to Fig. 6.6 (right) and A,
but for ensemble analysis. Here the purple crosses show the ensemble SF obtained by
considering only 0.5% , 1%, and 10% of the simulated data points in every sub-sample, (B1,
B2, and B3, respectively; randomly selected points). The ensemble SF always scatters
around the representative SF, but the scatter decreases significantly with increasing
number of considered points.
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Ensemble analysis

Since the SF is a statistical measurement, it is possible to compute it for a single source
only in the case of a well sampled light curve (e.g. Suberlak et al. 2017 and references
therein). However, for sparsely sampled light curves, the SF is usually computed in an
ensemble way (e.g. Sesar et al. 2006; MacLeod et al. 2012; C17). In this case, it is assumed
that all the sources in the considered sample have the same variability behaviour, and that
the SF at a given time lag τ is computed with Eq. 6.14, by considering simultaneously all
the pairs of data points separated by a corresponding time lag, in all the sources under
question.

In order to test if SFs computed in an ensemble way (i.e. considering subsamples of different
light curves) are consistent with SFs computed directly from individual simulations, we
performed a test similar to what is described at the end of the previous section. First,
we ran 1000 simulations with ∼ 106 points each and selected a (consecutive) subsample
of 1000 data points from each simulation. For every simulation, we then masked the
subsamples to mimic sparse measurements and computed the ensemble SF. As an example,
Fig. 6.7B shows the ensemble SF obtained by considering only 0.5%, 1% and 10% of
every subsample, respectively (randomly selected points). As expected, the ensemble
SF always scatters around the representative SF, but the scatter significantly decreases
with increasing number of considered points. This means that the mean shape and the
normalisation of the SF are conserved with ensemble analysis, but the accuracy strongly
depends on the number of measurements.

We stress that what reported in the test above is only indicative of a trend. In fact, the
scatter in the ensemble analysis strongly depends on the number of considered sources,
and on the length and sampling of the light curves measured for each source. Therefore,
in order to determine how well an ensemble SF computed for a given survey represents
the intrinsic one (i.e. if we can compare the ensemble SF with our simulations), the test
above should be repeated by assuming the same source numbers observational cadence as
in the considered survey.

Spectral distortions: red noise leak and aliasing

The periodograms computed for finite, discrete light curves are subject to spectral
distortions known as red noise leak and aliasing (see below for a definition, and Uttley
et al. 2002 for a detailed discussion). In fact, measuring a light curve l(t) with a time
sampling given by the window function w(t), where w(t) = 1 during the observations
and 0 elsewhere, corresponds to convolving the Fourier transform of the underlying light
curve F (f) with the Fourier transform of the window function W (f):

lobs(t) = l(t)× w(t) ⇒ Fobs(f) = F (f) ∗W (f) (6.7)
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6.2. Simulations

Since the periodogram is computed from Fobs(f) (see Appendix 6.A), a distortion due
to a window function is reflected as a distortion in the periodogram. Specifically, red
noise leak (e.g. Deeter and Boynton 1982; Deeter 1984) appears when the length of the
observed light curve is significantly shorter than the length of the intrinsic light curve, so
that significant power is present at frequencies shorter than the ones probed with the
observations. In this case, trends in the light curve due to frequencies below the observed
limit (timescales longer than the light curve total length) are not distinguishable from
trends at higher frequencies, and power is transported from low to high frequencies. This
effect is more pronounced for steep PSDs (see Uttley et al. 2002 and references therein).
On the other hand, aliasing (e.g. van der Klis 1997) appears when the time sampling
does not allow us to probe variability at high frequencies f , and in this case there is a
fold-back of power from fNyq + ∆f to fNyq −∆f , where fNyq is the Nyquist frequency
(see Appendix 6.A). This effect is more pronounced for shallow PSD.

Both red noise leak and aliasing cause a flattening of the measured periodogram, at a
level that dependents on the shape of the underlying PSD. Studies comparing simulated
periodograms to observed ones should therefore include such distortions in the simulations.
The standard way to do it is to simulate longer light curves (e.g 100 times longer, for red
noise leak) with higher sampling (e.g. 10% of the observed sampling, for aliasing), and
then randomly select a subsample with length and sampling as in the observations (e.g.
Uttley et al. 2002).

Distortions of the Structure Function

While the spectral distortions discussed in the previous section can significantly modify
the computed periodogram, the SF is commonly thought to be less affected by finite,
irregularly sampled light curves. However, Emmanoulopoulos et al. (2010) showed that
spurious breaks can appear in the SF of single light curves even in the case of a power-
law PSD (i.e. no intrinsic characteristic time-scales), with unpredictable behaviour at
timescales longer than the break. The position of the break increases with light curve
length and PSD steepness (see Fig. 5 in Emmanoulopoulos et al. 2010), so that the
effect is less important in long light curves with steep PSDs. In addition, he showed
that windowing of the light curve may also affect the precise SF shape (although the
general behaviour is conserved). As can be seen e.g. in Fig. 6.7A, some distortions at the
longest probed times scales are present also in our simulations, although they are not
as extreme as reported in Emmanoulopoulos et al. (2010). However, these distortions
smooth out when considering the representative or ensemble SF, so that these distortions
do not significantly affects statistical studies (see also Kozłowski 2017b; Guo et al. 2017),
as it is the case in the applications presented in Section 6.3.

Although the distortions described in Emmanoulopoulos et al. (2010) do not affect
ensemble studies, other distortions can be seen in our simulations and should be taken
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Figure 6.8: Left: Structure functions computed for TK95 simulation with PSD with a
slope α = 1.1, a fixed time step but different lengths. The grey dashed lines have slopes as
expected from the Wiener-Khinchin theorem for this PSD (arbitrarily normalised). All the
simulated SFs show a downturn at the shortest probed timescales, which is independent
of the simulation length. Right: resulting SF slopes as a function of input PSD slope
(black points). Each point was obtained by fitting a line to 100 TK95 simulations (for
every PSD slope). Here SF ∝ τβ and PSD ∝ ν−α. The results deviate from expectation
from Wiener-Khinchin theorem (purple) as the PSD slopes deviates from α = 2, with
higher (lower) mean SF slopes for decreasing (increasing) PSD slopes.

into account. According to the Wiener-Khinchin theorem, a power-law PSD with slope
−α, 1 < α < 3, should corresponds to a power-law SF with slope β = (α− 1)/2 (under
specific assumptions, see also Emmanoulopoulos et al. 2010). However, as can be seen
in Fig. 6.8, for α . 1.5 (& 2.5) the obtained SF is steeper (shallower) than expected
from the theorem. For a given time resolution, this effect is more pronounced for short
timeseries, as the difference between the predicted and observed SF slope is higher at the
lowest probed tau τ , independently on the total number of steps (see Fig. 6.8 for TK95
simulations). The main reason of this discrepancy is that the observed and simulated
light curves are not infinite and continuous in time, as required by the theorem. In
addition, for steep PSDs we often see a distortion at the highest probed τ even in the
representative SF. The main reason of these distortions is that the number of pairs for a
given τ decreases with increasing τ , and therefore the SF, which is a statistical measure,
cannot be reliably computed for large τ .

The discussed issues strongly illustrate why one should be cautious when considering the
highest τ SF measurements of any simulation, as these are essentially unreliable. The
actual threshold above which the SF becomes unreliable depends on light curve sampling
and length, as well as on the PSD shape. As a rule of thumb, in our analysis we are
considering SFs only up to 1/10 of the total light curve length (e.g. C17). We stress,
however, that for the PSD slopes expected from observations (see Section 6.3), and for
ensemble studies, we do not expect our results to be biased by these distortions.
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6.2. Simulations

PSD and SF collapse

For some choices of PSD and PDF sets, the algorithm returns time series whose peri-
odograms “collapse” towards utterly unrealistic PSD shapes. As an example, a PDF as
described in W17 with λmin = 10−5, λmax = 10 combined with a broken power-law PSD
with a low-frequency end αlow & 1.5 leads to a collapse of the final periodogram to a line
with negligible scatter and a slope close to α = 1 (pink noise). This effect is observed
for both lognormal and broken power-law PDFs, and the final shape mostly depends on
the initial random seed (and not on other parameters such e.g. the input slope). An
example of this collapse for 3 simulations with power-law PDF and 3 different slopes,
αlow = 1.6, 1.8 and 2.0, is given in Fig. 6.9. We note that a distortion of the periodogram
at high (low) frequencies is usually reflected in a distortion of the SF at short (long) τ .

The observed collapse in the periodogram, as well as the distortions in the SF, disappear
in the following circumstances (see example in Fig. 6.10):

1. The overall slope is shallower. This will very likely always be the case in most of
our analysis, since a steep low-frequency end would mean a steep long-timescale SF,
and this seem not to be allowed by the observations;

2. The dynamical range [λmin, λmax] for the PDF is narrower (e.g. 2 dex instead of 6
dex);

3. We only consider a subsample of the LC, e.g. 10%. We note that in most cases this
also corresponds to a smaller dynamical range (as the time series does not have
enough time to traverse the entire PDF);

4. We consider the SF in magnitude units instead of L/LEdd . We note that, since
∆mag ∝ ∆ logL ∝ ∆ logL/LEdd (see below), working in magnitude instead
of L/LEdd results in a reduced dynamical range (i.e., a PDF covering 4 dex in
L/LEdd would be mapped to 10 magnitudes).

These conditions suggest that the observed distortions are due to a numerical issue (that
is, the LC intrinsically have the right PSD and SF, but we are not able to compute it)
instead of being intrinsic of the LC. Specifically, since the SF is computed by looking at the
differences between two different points, it is numerically harder to compute it carefully
when the dynamical range of the time series is larger (i.e. a roundoff error). In addition, it
is possible that some choices of PSD+PDF sets are not allowed for mathematical reasons
(as an extreme, a very sharp PDF would not allow almost any variability). Although we
are not investigating this issue further, we acknowledge this effect and exclude PSD+PDF
sets which lead to collapse from our analysis, or we only consider the magnitude (i.e.,
logarithmic) version of the SF (which is indeed the version used for comparison with
observations).
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6.3. Applications

Structure function in Eddington ratio vs. structure function in magnitude

As we mentioned in Section 6.1.2, the primary output of our simulations are L/LEdd time
series which, in order to be compared to observations, have to be converted to light
curves. Specifically, most of the ensemble studies considered in this work compute SFs in
magnitude units, SFmag (e.g. de Vries et al. 2003; Sesar et al. 2006; MacLeod et al. 2010;
MacLeod et al. 2012; C17). A description of how to convert from L/LEdd to luminosity
curves is given in Section 6.1.2. However, in the simplest case where the luminosity
L(t) in the considered band is proportional to the Bolometric luminosity Lbol(t)

12, the
magnitude difference needed to compute the SFmag (eq. 6.14) can be directly derived
from the L/LEdd time series following:

m(t2)−m(t1) = −2.5 log

[
L(t2)

L(t1)

]
= −2.5 log

[
Lbol(t2)

Lbol(t1)

]
= −2.5 log

[
λEdd(t2)

λEdd(t1)

]
(6.8)

where λEdd(t) is the Eddington ratio at time t (L/LEdd throughout the text).

By inspecting multiple simulations we found that, if no distortions are present in SFL/LEdd

(see previous section), then for the same simulation the SFmag computed following
equations 6.14 and 6.8 would have a similar shape, but different normalisation, compared
to SFL/LEdd

. On the other hand, for the cases where SFL/LEdd
shows distortions due to,

e.g., a large dynamical range of the PDF (ERDF), these distortions disappear for SFmag.
The true underlying reason for this is not yet clear.

6.3 Applications

In the previous sections we presented our framework to simulate AGN light curves
starting from the distribution of L/LEdd among the galaxy population. In the following
we illustrate some early science applications for the framework, and describe how this
framework (and, hopefully, similar studies pursued by the community) will become
increasingly important to best exploit new observational data and surveys.

We note that the observational data available to date, and in particular the lack of
observational constraints on super-human timescales, do not allow us to fully apply our
framework to constrain the underlying PDF+PSD driving AGN variability (or to probe its
existence). However, new IFU observations of galaxies with extended AGN photoionised
gas (e.g. the Voorwerpjes galaxies, Lintott et al. 2009; Keel et al. 2012a; Keel et al.
2012b; Schawinski et al. 2010a; Gagne et al. 2014; Sartori et al. 2016; Keel et al. 2017;
Sartori et al. 2018a) will allow us to reconstruct hystorical AGN ligth curves (e.g. Treister
et al. 2018) and gain new information about AGN variability on > 104 yr timescales.

12We assume that the BH mass is not increasing significantly during the time probed by the simulations.
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This will be crucial to constrain our models including data at timescales which are still
poorly understood. In addition, new time-domain surveys, such as the upcoming LSST,
will provide light curves for millions of sources (LSST Science Collaboration et al. 2009)
which will allow us to better investigate the variable behaviour of single AGN, as well
as compare it to the ensemble behaviour of the general AGN population (e.g. MacLeod
et al. 2010; MacLeod et al. 2012; C17).

6.3.1 Constraining specific models with existing AGN variability data

The goal of this section is to provide an example of how existing AGN variability data,
in this case the optical SF measurements from the PTF/iPTF survey (Bellm 2014)
presented in C17, can be used to constrain the input model parameter space for the kind
of simulations enabled by our framework. Specifically, we want to find a simulation setup
such that the derived 4000 Å (R-band) SF is consistent with the observed one, presented
in C17.

As described in Section 6.2.2, the shape and normalisation of the simulated SF depend
on the input PSD and PDF, while the simulation’s length in physical units (T , e.g. yr)
also influences the overall normalisation (in particular for steep PSDs). Since different
normalisations correspond to different variability behaviours, it is crucial to choose
physically motivated assumptions for these input parameters in order to obtain realistic
SFs to use for our analysis. In addition, observational biases such as flux limits and sample
selection can influence the shape and normalisation of the observed SF, and therefore
have to be included as additional steps in the simulation process13. In the following we
outline how to use available observations to define a reference simulation setup consistent
with the PTF/iPTF SF, and which will be used for other example applications in the
next sections.

The PTF/iPTF structure function

C17 presented the ensemble 4000 Å SFs for a homogeneous sample of ∼ 28, 000 quasars
selected from SDSS-DR7 (Shen et al. 2011) divided into 64 MBH − z −Lbol bins (median
z ∼ 1.3, median log(MBH) = 9.1; see Fig. 4 in C17). In order to obtain a representative
SF for the whole PTF/iPTF sample, we divided the SF values C17 in 6 time bins and
took the mean of all SF2 measurements in that bin (see Fig. 6.12, black points). In the
following we will refer to this representative SF as the PTF/iPTF structure function,
SFPTF,C17.

13We stress that the simulations presented and discussed in the previous sections did not consider
sample selection or flux limits.
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The input PDF and PSD

Following Section 6.1.1, we defined the input PDF as a broken power-law with slopes as in
W17 (see Section 6.1.1) and λ∗ = 0.11 as expected for z ∼ 1.3 and the redshift evolution
in Caplar et al. (2018). For these simulations we fixed log(λmax) = 0.5 in order to allow
for short periods of super-Eddington accretion (and thus, super-Eddington sources). On
the other hand, we chose log(λmin) = −3.75 such that the active fraction, defined as the
fraction of time the AGN spends above λ = 0.01, is ∼ 10% (this is broadly consistent
with observations, e.g. Aird et al. 2018). We stress that different definitions of the active
fraction are present in the literature, and that its value is not fully constrained yet, as it
may depend on multiple parameters such as black hole mass, luminosity and redshift.

While the PDF can be motivated by observational constraints (e.g. ERDF, AGN fraction),
the shape of the PSD is well less defined (see discussion in 6.1.1). However, inspired by
the PSD obtained e.g. in mag or flux units we assumed a broken power-law shape with
slopes and break to be determined through forward modelling, i.e. by comparing the SFs
obtained through our suite of simulations to the observed one, SFPTF,C17.

Creating mock ensemble structure functions

For every input PDF and PSD set (see Section 6.3.1 for the assumed inputs, including
total simulation length), we ran 300 simulations (i.e. 300 realisations of the same input
set) and created a mock ensemble SF to be compared to SFPTF,C17 as follows. First, for
every simulation we looked for one subsample with similar length as the PTF survey
(assumed here to simply be 2000 days in the observed frame), and similar observational
biases and sample selection as the sample selection in C17, following the procedure below:

1. SDSS selection: select a random point in the L/LEdd time series and convert
L/LEdd to the observed SDSS i-band magnitude assuming z = 1.3 and log(MBH) =

9.1. Specifically, we convert Lbol to observed magnitude by assuming the Vanden
Berk et al. (2001) quasar composite UV-optical SED, shifted to z = 1.3, sampled at
3000 Å (rest frame) and applying a bolometric correction of Lbol/λLλ(3000 ) = 3.25

(e.g. Trakhtenbrot and Netzer 2012). Whenever the flux exceeds the SDSS main
quasar sample flux limit, i < 19.1, we proceed to step (ii); otherwise, we select
another random point and repeat the calculation. This step assures that the mock
AGN would have been selected within the main SDSS quasar sample, and therefore
part of the initial sample used in C17.

2. PTF sample: take a 2000 days long subsample starting 5 yrs after the SDSS point14.

3. PTF masking : convert L/LEdd to the observed PTF R-band magnitude (following
14We chose 5 yr as representative of the gap between SDSS and PTF observations but we tested that

varying this gap by a couple of years does not significantly affect our results.
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Figure 6.11: Identifying the PTF quasar sample in simulated light curves. This figure
illustrates the regions above the PTF limit for 100 of the 300 reference simulations (orange;
see Section 6.3.1), as well as the position of a possible PTF-observed region, selected
following the procedure outlined in Section 6.3.1 (black points). Only ∼ 1.7% of the points
in every light curve meet the PTF selection (mainly the SDSS+PTF flux limits). This
fraction may appear to be higher in this illustration due to the limited image resolution
(see, e.g., Fig. 6.14, top panel). Evidently, there is no preferential position within the
∼1.4 Myr covered by the simulation where the the points that could be associated with
the PTF quasars sample are clustered.

the same conversions as in step (i) above) and apply a mask such that 1) all the
points with R < 20 are observed, 2) all the points with R > 21 are not observed,
and 3) the points with 20 < R < 21 have a probability to be observed which is a
linear interpolation in mag between 20 and 21. This step aims at reproducing the
observational limits in the PTF sample with a simple prescription.

4. PTF selection: if the median of the masked subsample is R < 19.1, accept the
subsample as a legitimate mock PTF light curve, otherwise go back to step (i).
This magnitude cut reproduces the specific sample selection applied in C17. We
note that at the considered redshift (z = 1.3) and BH mass (log(MBH/M�) = 9.1),
the R = 19.1 magnitude cut corresponts to an L/LEdd cut of roughly log(L/LEdd )
= −1.2, which is consistent with what seen in the C17 sample. As an illustration,
Fig. 6.11 shows the regions above the PTF limit for 100 of the 300 simulations, as
well as the position of a possible PTF region.
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We then computed the ensemble observed SF, in magnitudes, from the 300 mock PTF
light curves (i.e., observed R-band magnitudes), and converted it to intrinsic 4000 Å
SF using Eq. 4 in C17. For every choice of input parameter set (i.e. every PDF and
PSD set), we repeated this procedure 500 times (i.e. we computed 500 ensemble SF,
each time using different subsamples), and computed the representative SFPTF following
Eq. 6.6. We note that this is essentially equivalent to computing the ensemble SF for
300× 500 = 150′000 AGN.

The reference simulation

In principle, what described in Section 6.3.1 should be repeated following an MCMC
approach by stepping over a grid of input parameters (i.e., PSD break and slopes, and
simulation length), in order to find the best possible model for the data. However, as
pointed out above, the current data are not sufficient to fully constrain the PSD, especially
due to the lack of measurements beyond human timescales. Therefore, for now we can only
use a forward modelling approach to test if a given set of input parameters is consistent
with the observed ensemble analysis. For the PDF described in 6.3.1, we found that a
PSD with αlow = 1, αhigh = 2, and fbr = 1 × 10−9 (∼30 yr), and a simulation length
of 1.4 Myr is consistent with the observations, as shown in Fig. 6.12. The reference
simulation setup is summarised in Table 6.2, and will be used in the next Sections.

We stress that timescales on the order of the PSD break (∼30 yr in intrinsic frame)
or longer are not directly probed by the subsamples used for the ensemble analysis,
as the iPTF/PTF data span only 5.5 yr. However, they are probed by the total light
curves from which the subsamples are selected. Therefore, they indirectly affect also the
timescales probed in the ensemble analysis. Specifically, in this case we saw that the
break position influences the SF normalisation at the timescales that are probed by the
observed data. In addition, we notice that a simulation length of ∼ 1 Myr is long enough
for the AGN to realistically span the whole ERDF, but advanced computational setup
allowing simulations with > 108 points (see Section 6.2.2) will allow us to probe even
longer timescales.

We also note that a break position of ∼30 yr is longer compared to the breaks reported
in the literature for both ensemble SF or PSD, which are on the order of several years
(e.g. MacLeod et al. 2012; Simm et al. 2016 C17). However, as discussed in Kozłowski
(2017a), break timescales directly computed from observed SFs may be considerably
underestimated due to the finite length of the AGN light curves, which is not sufficient
to fully probe the variability behaviour at timescales longer than the claimed break (that
is, the surveys do not satisfy T � τbr). Moreover, PSD analyses almost always refer to
individual AGN and find break frequencies which vary from source to source (e.g. Simm
et al. 2016). Such short timescales breaks could therefore be “washed out" when averaged
over an ensemble of sources, and could therefore not be robustly identified in the intrinsic
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Figure 6.12: Matching the observed PTF/iPTF structure function with our reference
simulation. Left: black points denote the ensemble PTF/iPTF SF, taken from C17; the
gray lines trace 500 ensemble SF from light curves obtained with the reference simulation
setup. The indigo line traces the final, representative ensemble SF for the best model,
computed from the 500 intrinsic ones. Right : Same as left but showing also the total SF
obtained directly from the best model simulations without applying any cut or sample
selection (black line). We note that the ensemble SF obtained as discussed in Section
6.3.1 has a lower normalisation compared to the intrinsic one.

PSD of the AGN population. Finally, we stress that the observed SF and PSD always
refers to specific samples (e.g. with a magnitude limit), such that the observed variability
features do not always correspond to the intrinsic ones. As an example, Fig. 6.12 also
shows a comparison between the simulated ensemble SF and the total SF obtained from
the same simulations without applying any flux cut or sample selection (i.e., the intrinsic
SF). The ensemble SF obtained in Section 6.3.1 has a lower normalisation compared
to the intrinsic one, suggesting that the sample selected in PTF/iPTF has an overall
lower variability compared to the total sample of AGN at the same redshift and BH mass.
Since the sample selection mostly relies on the AGN luminosity, including only the most
luminous sources (see Section 6.3.1), this effect is consistent with works suggesting the
variability to be inverse proportional to luminosity and L/LEdd (e.g. MacLeod et al. 2010;
C17; Rumbaugh et al. 2018).

6.3.2 Simulating future time-domain surveys

With the advance of large, multiwavelength time-domain surveys such as the Large
Synoptic Survey Telescope (LSST, Ivezic et al. 2008; LSST Science Collaboration et al.
2009), the Time-Domain Spectroscopic Survey in SDSS-IV (TDSS, Morganson et al.
2015), the Zwicky Transient Facility (ZTF, Bellm 2014), and the extended ROentgen
Survey with an Imaging Telescope Array (eROSITA, Merloni et al. 2012), we are entering
an era of time-domain astronomy which will allow us to probe the variable Universe
with an unprecedented time resolution and time-span for very large statistical samples
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PDF Broken power-law (Eq. 6.1)
λ∗ = 0.11
δ1 = 0.47
δ2 = 2.53

log(λmin) = −3.75
log(λmax) = 0.5

PSD Broken power-law (Eq. 6.3)
αlow = 1
αhigh = 2
fbr = 10−9 (∼30 yr)

Simulation length ∼1.4× 106 yr

Eddington ratio cut log(λcut) = −1.2

Table 6.2: Summary of reference simulation setup for a sample with z ∼ 1.3, log(MBH) =
9.1, consistent with the PTF/iPTF sample in C17.

(∼millions of objects). Thanks to the high observing cadence, these surveys will allow us
to probe for the first time the variability properties of individual AGN in a large sample,
and to compare them to what was found in ensemble analyses, therefore gaining new
insights on the diversity of variability behaviours among the galaxy population.

Based on current observed light curves, which show a variety of features among different
AGN (e.g. Smith et al. 2018), one would expect the light curves from the new surveys to
be very diverse. In our framework, this diversity arises from the fact that 1) every AGN
corresponds to a different realisation of the underlying statistical process, and 2) that the
observed time-span (∼ decades) is significantly shorter than the AGN life, and therefore
only probe a small part of it. Indeed, we assume that the AGN variability behaviour
is (statistically) the same for every AGN only “integrated” over the time needed for the
AGN to span the entire ERDF, which for our reference simulation is on the order of
∼ 106yr. As a consequence, peculiar variability features lasting only for short times (i.e.
rare events) will be observed only in a few galaxies, although they may be present in all
of them.

To illustrate this point, Fig. 6.13 shows some example AGN light curves which may be
expected to arise from LSST assuming the reference simulation setup defined in Section
6.3.1. First, we simulated a ∼ 106yr long (intrinsic frame) L/LEdd time series based on
the reference PSD and PDF (from Section 6.3.1) with a 9 days resolution in observed
frame (3.9 days in intrinsic frame at z ∼ 1.3), which is comparable to the LSST resolution
(∼3 days, Ivezic et al. 2008). We then converted it to bolometric luminosity and LSST
i-band magnitude in a similar way as discussed in Section 6.3.1, and extracted 10 yr
long “snapshots” to mimic LSST light curves. As is clearly visible in Fig. 6.13, every
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short light curve, i.e. every mock observed time series, shows a different variability
behaviour. Specifically, the example shown in Fig. 6.13 well illustrates how the AGN
can experience a variety of variability features, such as “switch on”, “switch off”, and
a sharp, year-long “flare”, as well as periods of much more subtle variability (see the
different panels in Fig. 6.13. We caution that this plot is for illustrative purpose only. A
more precise analysis which takes into account the survey’s specifics as well as the other
computational effects have to be performed in order to compare the observations to the
features found in the simulations). Naturally, not all these features will be observed in
every AGN because of the limited observation length, as well as magnitude limits and
host galaxy contamination (as will be discussed below). This framework therefore allows
us to investigate the occurrence rate of specific variability features by considering both
the intrinsic AGN behaviour as well as observational limitations (e.g. the fact that we
are observing every AGN only for a short time). In addition, the framework proposed in
this Chapter will be highly valuable for constraining the true (intrinsic) AGN variability
from artefacts and distortions due to the fact that we are not continuously probing the
whole AGN light curve (see Section 6.2.2), as well as other observational biases.

One additional advantage of the new and upcoming surveys is the deeper flux limit, which
will allow us to detect and investigate the variability properties of fainter AGN. As an
example, LSST will reach a magnitude limit i = 2415, which is almost 5 magnitudes
deeper than SDSS and PTF. Given these deep flux limits, it is however important to
consider the possible effect of host galaxy contamination to the observed AGN light curves.
To illustrate this, we again simulated a ∼ 106yr long (intrinsic frame) L/LEdd time series
as described above (Fig. 6.14 top, gray light curve). We then computed the i-band
magnitude for a galaxy at z ∼ 1.3 hosting a log(MBH) = 9.1 BH (as in the PTF sample)
by assuming the Bruzual & Charlot templates at 1 Gyr and solar metallicity (Bruzual
and Charlot 2003), initial mass function (IMF) from Chabrier 2003, and the MBH-Mbulge

relation from Kormendy and Ho 2013. This gives an host galaxy magnitude i = 22.2.
The green light curve in Fig. 6.14 (top) corresponds to the the total light curves which
considers bot AGN and galaxy contributions. The magnitude change due to host galaxy
contribution is of ∼ 0.06 mag for sources at the PTF limit, and ∼ 2 mag at the LSST
limit. Adding the galaxy contribution therefore causes an increase in total flux of ∼ 6%

at the PTF limit and of a factor ∼ 6× at the LSST limit. Although the effect is almost
negligible for PTF, it should be considered when analysing faint LSST observations.

6.3.3 Extremely variable quasars and changing-look AGN

In the last years, quasars exhibiting extreme variability behaviour (i.e. large magnitude
changes over months-years timescales) have been found in increasingly high numbers,
both serendipitously (e.g., LaMassa et al. 2015; Runnoe et al. 2016; McElroy et al. 2016;
Husemann et al. 2016; Stern et al. 2018; Ross et al. 2018; Katebi et al. 2018; Trakhtenbrot

15This corresponds to the 5σ detection limit for a point source in a single visit (Kahn 2018).
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Figure 6.13: Simulating AGN variability as observed within the LSST. The top panel
shows an example AGN light curve, simulated using the reference setup (described in
Section 6.3.1), and a resolution of 9 days in the observed frame – comparable to the LSST
cadence. The horizontal lines mark the PTF and LSST flux limits (dashed lines) and
the fiducial host galaxy emission (dash-dotted line). In the panels below we show several
10 yr long “snapshots” (in the observed frame) which mimic AGN light curves that may
possibly be observed within the LSST main survey. This figure illustrates how observing
AGN at different moments during their life can show significantly different variability
features, namely: “switch on”, “switch off” and “flaring” events, in addition to much more
subtle AGN variability. We caution that this figure is for illustrative purpose only. A
more complete analysis which takes into account the specifics of the surveys as well as
other computational effects (see text) have to be performed in order to compare specific
observations to the simulated features.
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Figure 6.14: The effect of host galaxy contamination on realistic AGN light curve
simulations. Top: in grey we show the same total AGN light curve as in the top panel of
Fig. 6.13, but for a different realisation of the simulation (i.e., identical input parameters).
This light curve corresponds solely to the AGN emission. In green we show the light curve
derived when adding the contribution of the host galaxy (at i ' 22; see text for details).
Since the host is fainter than the PTF flux limit, the magnitude change due to host light
is only ∼ 0.06 mag for sources above the PTF flux limit (i.e., i . 19.1. However, it grows
to ∼ 2 mag for the LSST limit (i < 24). Bottom: the magnitude difference due to the
addition of the galaxy contribution.

et al. 2019) or through systematic searches in surveys such as the SDSS (Ruan et al.
2016; MacLeod et al. 2016; MacLeod et al. 2019; Rumbaugh et al. 2018), PanSTARRS-1
(Lawrence et al. 2016) or CRTS (Graham et al. 2017). One example of extreme variability
is observed in CL-AGN which – in addition to changes in emission line structure – show
changes in luminosity of an order of magnitude or more on years-decades timescales.
Future time-domain surveys will allow us to find and follow up in a systematic way these
extreme variable objects.

Although multiple explanations for extreme variability have been put forward (e.g.,
Graham et al. 2017; Stern et al. 2018; Ross et al. 2018; Lawrence 2018; Rumbaugh et al.
2018), it is not yet clear if these sources are driven by physical processes that are distinct
from what drives “normal” AGN variability, or if their extreme variable behaviour is
simply the tail of a continuous distribution characterising the overall AGN variability
phenomenon (see e.g. Sartori et al. 2018b; MacLeod et al. 2019). Our framework provides
an alternative way to address these questions, by comparing the observed numbers (or
rates) of variable sources with the prediction from our simulations. Indeed, our framework
allows us to quantify the probability of observing a given magnitude change given a model
for the underlying AGN variability (i.e. the input of the simulations) and specifics of the
survey (such as flux limit, cadence and length).

As an illustration, Fig. 6.15 shows the probability P of an AGN undergoing a change
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in magnitude |∆m| > ∆mref between two epochs separated by τ , within our reference
simulation (as specified in Section 6.3.1). Specifically, for a given simulated light curve,
P (|∆mobs| > ∆mref) is defined as the ratio between the number of pairs separated by τ
with |∆mobs| > ∆mref , and the total number of pairs separated by τ . As expected, the
probability of undergoing a large magnitude change drops significantly with increasing
∆mref , but increases with increasing τ16. This is a direct consequence of the assumed
general PSD shape, which gives more power to low frequencies (long τ).

Since the PDF assumed in this example spans the range log(L/LEdd) ∈ [−3.75, 0.5], the
maximum possible |∆m| that can be found in the simulated light curves is |∆m| ∼ 10.6

mag, which corresponds to a change in luminosity of more than 4 orders of magnitude
(4.24 dex). As can be clearly seen in Fig. 6.15, such extreme variability can be found
at all timescales probed by our simulations, although the probability for such changes
is extremely low. As an example, the probability for the simulated AGN to undergo a
magnitude change |∆m| > 10 mag within τ = 1 yr is P ∼ 10−8. Since such large |∆m|
over such short timescales are very unlikely to be physically explainable (see e.g. Katebi
et al. 2018 and references therein for a discussion of possible timescales linked to AGN
variability), this feature could arise from the fact that the assumed model (both for the
PSD and for the L/LEdd to magnitude conversion) is too simplistic, as the SED shape
could change drastically (Trakhtenbrot et al. 2019). However, the probability of these
features is low enough that it does not affect the main results presented in this Chapter,
and we only acknowledge this issue to be investigated in future studies.

It is important to stress that Fig. 6.15 shows the probability of a simulated AGN
to undergo a certain change in emission, which does not directly correspond to the
probability of observing or detecting such a change. In fact, given the flux limit of any
reasonable considered survey, combined with the contamination from the host galaxy, low
L/LEdd sources are (usually) not observed (or not identified as AGN), which limits the
range of |∆m| that may be observable.

To address this limitation, in Fig. 6.16 we show a similar analysis to that shown in Fig.
6.15, but now assuming different magnitude limits discussed in the previous sections: the
PTF magnitude limit r = 19.1, the LSST mangitude limit i = 24, as well as the host
galaxy contamination, at i = 22.2. Specifically, for a given survey depth (magnitude
limit) mcut, we first substitute all the points with m > mcut with an upper magnitude
limit mul = mcut, and then compute the probabilities as in the previous test, however
now considering only the pairs of data points in which at least one point is above the
detection limit. As expected, the probability of detecting large magnitude changes over a
given timescale decreases for higher flux limits (shallower surveys). As an example, for
the considered simulation the probability of detecting a magnitude change of |∆m| = 2.5

16We caution that the trend observed at the highest probed ∆mref , where the probability appears
to decrease for τ > 30 yr, may be due to the fact that the number of corresponding pairs within the
simulated light-curves is not large enough to reliably sample this low-probability regime.
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(1 dex change in luminosity) over 10 years is P ∼ 10−2 assuming the LSST depth, and
P ∼ 10−4 for the PTF. We stress that the probabilities showed in Fig. 6.15 and Fig. 6.16
are not directly comparable since they are computed using different assumptions for the
total number of considered pairs (total number of pairs versus number of pairs where at
least one point is detected), and since Fig. 6.16 also includes upper limits. We caution
that all the numbers reported above are for illustrative purpose only. A more precise
analysis which takes into account both the specifics of the considered survey as well as
other compurational effects in the simulations should be performed in order to directly
compare the observed (or expected) rates to the simulation results.

If our hypothesis of an underlying common PSD+PDF set is correct, and the reference
simulation defined in Section 6.3.1 realistically describes the AGN population, then, for
sources with comparable redshifts and BH masses as the PTF quasar sample, we would
expect to detect a level of variability in LSST consistent with the predictions from our
simulations (after accounting for sample selection biases in a similar way to what is
discussed in Section 6.3.1). Finding different values would however also be informative.
For example, detecting a lower than expected number of highly variable quasars may
indicate that the L/LEdd changes do not directly translate to luminosity changes, but the
variability is suppressed due e.g. to a luminosity dependent bolometric correction (that
is, luminosity-dependent SED shape; see, e.g., Vignali et al. 2003; Marconi et al. 2004;
Just et al. 2007), and to the fact that the AGN may become radiatively inefficient at low
L/LEdd (Narayan et al. 1998; Panessa et al. 2006; Ho 2009). On the other hand, an higher
detection rate may be expected if additional external processes, such as microlensing
(e.g. Lawrence et al. 2016), dust obscuration (e.g. Maiolino et al. 2010; Ricci et al.
2016a) or supernovae also contribute to the observed luminosity changes. Other possible
explanations of high variability proposed in the literature are stellar mass binary black
hole mergers within the dense gas of the AGN accretion disc (e.g. McKernan et al. 2014;
Bartos et al. 2017) or tidal disruption events (TDEs, e.g. Gezari et al. 2012; Arcavi et al.
2014; Hung et al. 2017; Auchettl et al. 2017). Although these events may contribute to
the instantaneous emission changes seen in the concerned galaxy, their appearence is not
expected to have the same probability in every galaxy (see e.g. Arcavi et al. 2014; French
et al. 2016; Law-Smith et al. 2017 for the host galaxy dependence of TDEs). Therefore,
such bursts of “external” origin are not expected to be present in our simulations, which
are aiming at reproducing the intrinsic stochastic AGN behaviour only.

Systematic searches for CL-AGN are require large multi-epoch spectroscopic surveys, and
of elaborate spectral fitting analysis to determine the changes in emission line structure
(e.g. MacLeod et al. 2016). Therefore, current studies aimed at systematically searching
for highly variable objects are concentrating on changes in the overall luminosity. As an
example, starting from a sample of ∼ 900, 000 quasars in CRTS, Graham et al. (2017)
found 51 sources with |∆m| > 1 (V -band) over ∼900 days, which corresponds to a fraction
of ∼ 5×10−5 = 0.005%. On the other hand, Rumbaugh et al. (2018) detected of variability
|∆m| > 1 (g-band) over a 15 yr period in ∼ 10% of sources among a quasar sample
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drawn from SDSS and DES (Flaugher et al. 2015), and further estimate that this fraction
would increase to ∼ 30− 50% accounting for selection effects. Furthermore, Lawrence
et al. (2016) performed a joint analysis of SDSS and PanSTARRS-1 and estimated the
fraction of AGN showing |∆m| > 1.5 in the g-band to lie between 10−5 − 10−3. A direct
comparison between the results of these studies is impossible, due to the different sample
selection criteria and the analysis methodology (see Rumbaugh et al. 2018 for details).
Similarly, a comparison between these observational results and the predictions from
simulations would require a whole analysis aimed at reproducing the sample selection and
observational biases in a similar way as showed in Section 6.3.1 for PTF, which is beyond
the scope of this Chapter. We stress that the proposed framework will be very valuable
for testing if the results from different studies can be reproduced starting from the same
simple model, i.e. if the observed differences are only attributable to different sample
selections and analysis methods, or if different works are finding intrinsically different
classes of objects. Indeed, this framework allows us to start from the intrinsic AGN
variability predicted by simple models, and forward model all the observational effects
which may be affecting the observed variability.

It is also important to note that, although CL-AGN usually show a change in the overall
luminosity |∆m| > 1, not all the highly variable sources also present changes in the line
structure. For example, MacLeod et al. (2019) report that only 10− 50% of the quasars
with |∆g| > 1 in the SDSS and PanSTARRS 1 surveys also show CL-AGN behaviour
in the optical spectrum. By combining upcoming photometric and spectroscopic time-
domain surveys such as LSST and SDSS-V it will be possible to better constrain this
fraction. Together with the predictions from the simulations enabled by our framework,
this will allow us to investigate the relation between changes in accretion rate and changes
in the broad line structure, and in general of the AGN structure, therefore gaining new
insights into the interplay between accretion disc and broad line regions (e.g. Marin
2017).
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Figure 6.15: Expected distributions of AGN flux variability. We show the calculated
probability of a simulated quasar, drawn from our reference simulation, to undergo
a change in magnitude |∆m| > ∆mref between two epochs separated by τ (in the
intrinsic/rest frame; see Section 6.3.1 and Section 6.3.2). The small panels below show the
analysis for the different τ separately, where the coloured lines are the different realisations
and the black lines show the mean trends. The large panel summarises the mean trends
for all the considered τ . We note that at the redshift assumed for the reference simulation,
z = 1.3, an intrinsic τint = 4.5 yr corresponds to an observed τobs ∼ 10 yr, i.e. the
foreseen length of the LSST main survey. Since in general the probability of the AGN
undergoing a given |∆m| decreases with decreasing τ , for every possible τ probed by
LSST the probability of the AGN to undergo a given |∆m| is lower than what found
for τint = 4.5 yr. We caution that this figure is for illustrative purpose only. A more
complete analysis which takes into account the specifics of the surveys as well as other
computational effects (see text) have to be performed in order to compare the observed
rates to the simulations.
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Figure 6.16: Similar to Fig. 6.15, but here τ is given in the observer frame, and taking
into account different magnitude cuts (left: PTF flux limit, right: LSST limit). The grey
dashed lines mark a change of ∆mref = 2.5 (i.e., a ×10 change in flux or luminosity).

6.4 Summary and conclusions

We presented a framework designed to model AGN variability over a broad range of
timescales and in different objects, based on the observed Eddington ratio distribution
among the AGN population. The framework was initially proposed in Chapter 5. In this
Chapter we discuss in detail the fundamental assumptions of the framework; its imple-
mentation using GPU architecture; and various simulations that test and characterise
both the intrinsic and numerical behaviour of our implementation. We then demonstrate
several possible applications of the framework, based on the observed variability in the
PTF/iPTF survey, with the aim to interpret the light curves expected to be observed
with the LSST, and the prospects of discovering extremely variable AGN in up-coming
time-domain surveys.

The central points of our framework can be summarised as follows:

• We propose that AGN light curves can be modeled starting from the distribution
of the L/LEdd among the galaxy population. Specifically, we assume that the
distribution of L/LEdd covered by an AGN during his lifetime is consistent with the
ERDF of the galaxy population, and that the variability behaviour is described by
a PSD which is similar for all the AGN.

• This implies that the variety of AGN variability features observed in different AGN
arises from the fact that every AGN is a different realisation of the same underlying
process (here described by the PSD and the ERDF), and that the observed period
is much shorter than the AGN lifetime17.

• The primary output of our simulations are L/LEdd time series, which can be con-
17This can be thought of as following the ergodic hypothesis for test particles.
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verted to light curves and other observables in post processing. This requires taking
into account both the AGN physics (e.g. different bolometric corrections) as well as
properties of the observations (e.g. flux limits and sample selection).

In order to perform the simulations we implemented the iteration algorithm from E13 to
run on a GPU architecture:

• Thanks to the CUDA environment, our GPU implementation allows us to maximise
the performance both in terms of length of the simulation (up to ∼ 108 points) and
speed (∼minutes for the longest simulations).

• The code is optimised for broken power-law or log-normal PDFs and broken power-
law PSDs, however different functional forms can be added.

• By construction, the PDF and the periodogram of the final light curves are consis-
tent with the input PDF and PSD. On the other hand, the normalisation of the
correspondent SF depends on the physical length (e.g. in yr) of the simulated light
curve.

As an example application, we looked for a model (i.e. input set) consistent with the
variability behaviour observed in the PTF/iPTF sample (C17), and used it to simulate
possible light curves, of the kind that are expected to be observed with LSST:

• After taking into account sample selection and flux limit, we found that the
PTF/iPTF ensemble SF is consistent with simulations performed assuming the
ERDF proposed in W17 and C17, and a broken power-law PSD characterised by
a ramdom walk at low freqencies and a break at ∼ 30 yr. In this case, the time
needed for the AGN to span the entire ERDF is ∼ 1.4 Myr.

• We showed that the ensemble SF computed by including only light curve points
above the PTF flux limit has a lower normalisation (and therefore a lower overall
variability) compared to the SF computed by considering the entire simulated light
curve. This is consistent with observations showing that the amplitude of variability
is anti-correlated with the AGN luminosity and/or Eddington ratio (e.g. MacLeod
et al. 2010; C17; Rumbaugh et al. 2018)

• The simulated LSST light curves show that the same AGN can experience a variety
of rather extreme variability features as “switch on", “switch off", and year-long
“flares", in addition to prolonged periods of much more subtle variability. Naturally,
since the foreseen observations span much shorter perdios that the AGN life-time,
not all these features are observed for each AGN.
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• We expect that the framework presented here would become highly valuable for
understanging whether any observed variability feature is consistent with the general
behaviour of the AGN population (i.e. if it can be reproduced with our general
model), and for constraining the intrinsic variability from artefacts due to, e.g.,
sample selections and observational cadence.

• Our framework provides a forward-modelling approach that can be used to compare
results of different time-domain surveys, for “normal” AGN variability, extreme
variability events, and, with suitable adaptations, for the variability of other astro-
physical sources.
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6.A Appendix: Definitions

In this Appendix we define some important quantities used in our analysis, and discuss
how they are related: time series, power spectral density, periodogram and structure
function.

A time series corresponds to a single realisation of an underlying power spectral density
(PSD) and probability density function (PDF). Given a time series x(tk), k = 1, 2, ..., N ,
the statistical estimator of the underlying PSD is called periodogram P (fj) and is
computed based on Fourier analysis.

Let’s assume a time series x(tk), k = 1, 2, ..., N , with Nsteps equidistant observations with
sampling period tk − tk−1 = tbin. Depending on the study, the quantity x can correspond
e.g. to luminosity, magnitude, counts rate or Eddington ratio. The discrete Fourier
transform (DFT) of x(tk) is given by:

DFT (fj) =
N∑

k=1

x(tk)e2πi(k−1)j/N (6.9)

where fj , j = 0, 1, ..., N − 1, are the Fourier frequencies which depend on the parity of
Nsteps:

Nsteps even

• f+
j = j/(Ntbin) for j = 1, ..., N/2− 1

• fN/2 = fNyq = 1/(2tbin) for j = N/2

• f−j = −(N − j)/(Ntbin) for j = N/2 + 1, ..., N − 1

Nsteps odd

• f+
j = j/(Ntbin) for j = 1, ..., (N − 1)/2

• f−j = −(N − j)/(Ntbin) for j = (N + 1)/2, ..., N − 1

The periodogram P (fj) is then computed from the DFT (up to a normalisation constant
depending on the convention used):

P (fj) =
2

N2
{Re [DFT (fj)]

2 + Im [DFT (fj)]
2} (6.10)
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where j = 0, 1, ..., N/2 for even Nsteps and j = 0, 1, ..., (N − 1)/2 for odd Nsteps.

The units of the PSD, and consequently of its estimator P (fj), are [power/Hz], so that
the integral of the PSD is proportional to the total power in the process:

total power ∝
∫ ∞

0
PSD(f)df (6.11)

For a given frequency fi, PSD(fi) is therefore proportional to the power of variations
with frequency fi.

One of the most widely used PSD normalisations is the fractional rms normalisation
defined by van der Klis (1997) (see also Miyamoto et al. 1991; Vaughan et al. 2003):

Prms(fj) =
2tbin

µ2N
{Re [DFT (fj)]

2 + Im [DFT (fj)]
2} (6.12)

where µ is the mean value of the time series. With this normalisation the integral of
the underlying PSDrms between two frequencies fi and fj, i < j corresponds to the
contribution of the frequency window [fi, fj] to the total rms squared variability σ2/µ2.
The total rms squared variability can be obtained by integrating between f1 and fmax,
where fmax = fN/2 = fNyq for even Nsteps and fmax = f(N−1)/2 for odd Nsteps:

σ2

µ2
=

∫ fmax

f1

PSDrms(f)df. (6.13)

An alternative way to characterise the variability in a given time series is to construct
the structure function (SF), which quantifies the amount of variability in the data for
a given timescale. We stress that different definitions are present in the literature (e.g.
MacLeod et al. 2012; Kozłowski 2016), so that caution has to be used when comparing
SF obtained in different studies. In this work, for a time series x(tk) as defined above
and a given time lag τ , we adopt the following SF formulation:

SF (τ)2 =
1

P

∑
i,j>i

[x(ti)− x(tj)]
2 = 〈[x(t)− x(t+ τ)]2〉 (6.14)
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where tj − ti = τ and P is the number of {x(ti), x(tj)} pairs, mostly in L/LEdd or mag
units (x(tk) are the observed or simulated L/LEdd and light curves).

In the case of a zero mean stationary time series with f varying between 0 and ∞,
a power-law PSD with slope −α, 1 < α < 3, corresponds to a power-law SF with
slope β = (α − 1)/2, where τ = 1/f (e.g. Emmanoulopoulos et al. 2010). This is a
direct consequence of the Wiener-Khinchin theorem. However, the analytical relationship
between PSD and SF for the general case is not clear yet.
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7 Conclusions
Laudato sie, mi’ Signore, cum tucte le tue creature.1

Laudes Creaturarum, San Francesco D’Assisi (1224)

7.1 Summary

The work presented in this thesis combines multiwavelength observations of single active
galactic nuclei (AGN) host galaxies, phenomenological models describing the general
behaviour of the AGN population, and simulations of AGN light curves, to investigate
AGN variability on multiple timescales.

The thesis is composed by two different but related parts, one more focussed on observa-
tional data analysis, the other aimed at developing a novel unifying framework to address
AGN variability related questions.

In the first part (Chapter 2 and Chapter 3) we concentrated on AGN variability on
very long, & 104 yr timescales. Specifically we wanted to investigate the questions: Are
the Voorwerpjes galaxies the right laboratory to study AGN variability on
super-human timescales? If yes, what do they tell us about AGN variability
and its effect on the host galaxy?

Using new dedicated hard X-ray data (P.I. L. Sartori) combined with archival observations,
we confirmed that the AGN in IC 2497, the prototypical Voorwerpjes system, significantly
dropped in luminosity and, most likely, in accretion rate, in the last ∼ 105 yr, and
is currently at the end of an accretion phase. This makes it an interesting system to
study long timescales variability (Sartori et al. 2016; Sartori et al. 2018a). Our analysis
also suggests that the fading AGN is (or was) affecting its surroundings by injecting
mechanical energy and producing a bubble or cavity in the hot gas around it, in a similar
way as observed both in X-ray binaries, the stellar-mass analogues of AGN (e.g. Pakull
et al. 2010, see Chapter 1.1.2), as well as, at much larger spatial scales, in galaxy clusters
(e.g. Bîrzan et al. 2004). These findings support the idea that AGN may behave like

1Be praised, my Lord, through all your creatures (Canticle of the Sun, Saint Francis of Assisi, 1224).
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a scaled-up version of X-ray binaries (e.g. Ruan et al. 2019), i.e. that the physics of
accreting black holes is similar over a wide range of black hole masses (from ∼ 10 M� to
∼ 109 M�), and that the difference in timescales at which X-ray binaries and AGN vary
is mostly due to the different masses that affect e.g. the viscous timescales.

Altough the mechanical energy currently associated to the bubble in IC 2497 is not
enough to overcome the galaxy’s binding energy, a repeated injection due to multiple AGN
accretion phases, as proposed in Schawinski et al. (2015), could affect the nuclear hot gas
reservoir, therefore reducing nuclear star formation and affecting the host galaxy evolution.
The study of galaxies hosting fading AGN is therefore crucial for our understanding of the
AGN-host galaxy interaction, as it is in this phase that the AGN may exert mechanical
work on his host. Voorwerpjes galaxies hosting switching off AGN, as found in IC 2497,
are therefore unique systems to study the AGN-host galaxy interaction in the interesting
“post quasar phase”, as the extended gas is the only probe of the past quasar activity (as
opposed to X-ray binaries where the cycles can be followed on human timescales).

The studies that we performed on IC 2497 confirmed that the Voorwerpjes galaxies
are the right laboratory to investigate long timescales AGN variability and its effect
on the host galaxy, but also highlight how multiwavelength (and multi-instrumental)
observations are crucial to reach these results. Motivated by these findings, we started
three large observational programs (P.I. L. Sartori and K. Schawinski) aimed at obtaining a
multiwavelength dataset for the Voorwerpjes sample. Specifically, hard X-ray observations
from NuSTAR, combined with archival soft X-ray spectra e.g. from Chandra and XMM-
Newton are needed to probe the current intrinic AGN luminosity; spatially resolved
(IFU) spectroscopy from MUSE allows us to constrain the effect of the AGN on the
photoionisation state of the gas at different distances from the center, and therefore
reconstruct historical AGN light curves; finally, radio imaging from the VLA is valuable
for investigating the environment of the Voorwerpjes galaxies (e.g. the presence of large
scale gas reservoirs) and the sample selection. In Chapter 4 we presented an overview of
the obtained data, together with a pilot study for the light curve reconstruction technique
(from Treister et al. 2018) and an outline of other possible uses of this very rich and
valuable dataset.

It is important to stress that, despite confirming its relevance in the study of long
timescales AGN variability, the AGN in IC 2497 turned out to be not as extreme as
previously thought. Indeed, previous studies claimed drops in luminosity up to four orders
of magnitude (e.g. Lintott et al. 2009; Schawinski et al. 2010a), while our new analysis
constrained the drop to be of a factor ∼ 50. Nevertheless, in the second part of the thesis
we showed that the Voorwerpjes systems will be crucial to constrain the general AGN
variability behaviour using our new unifying approach, as they provide the only (indirect)
observational probe of long timescales variability, which is still poorly understood but
needed to link variability at different timescales. They are therefore important in a more
general (population) sense.
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In the second part of the thesis we addressed the questions: Is it possible to find a
(simple) model which allows us to simultaneously explain the AGN variability
features observed in different galaxies at different timescales? If yes, how can
it be used to plan and best exploit the upcoming time-domain era?

In Chapter 5 we presented a simple framework aimed at simulating AGN light curves
based on the distribution of Eddington ratios among the galaxy population, therefore
linking the behaviour of single AGN to the AGN population. In this context, we proposed
that the variety of AGN variability features observed in different AGN arises from the
fact that every AGN is a different (unique) realisation of the same underlying process,
and that the observed periods (i.e. the length of the observed light curves) are much
shorter than the AGN lifetimes. Indeed, in Chapter 6 we showed that, assuming a model
consistent with the ensemble variability behaviour observed in the PTF/iPTF sample
(from Caplar et al. 2018), we are able to simulate AGN light curves which, throughout
their lifetime, experience both rather extreme variability events such as “switch on”,
“switch off”, and year-long “flares”, as well as prolonged periods of much more subtle
variability. Which of these features is recorded in the observed light curves finally depends
on the time and length of the observations. This framework therefore represents a novel
“unifying” approach to AGN variability which, differently from the majority of studies in
the literature, allows us to simultaneously investigate the different variability features
observed in specific objects, the general behaviour of the AGN population, as well as
variability at very different timescales.

Although the algorithm used for our light curve simulations is quite simple, the need
of producing very long AGN light curves (i.e. spanning the whole AGN lifetime with a
resolution comparable to real observations) required a significant computational effort.
In Chapter 6 we presented our GPU implementation, which allows us to reach very
long timescales (∼ Myr) with a resolution comparable to future time-domain surveys (∼
days). The code will be made public, and will be very valuable both for future AGN
studies as well as, with suitable adaptations, for studies of other variable processes such
as e.g. stellar variability (e.g. Catelan and Smith 2015; Labadie-Bartz et al. 2017) or star
formation histories (e.g. Caplar and Tacchella 2019).

Finally, with the upcome of new time-domain surveys such as e.g. LSST (Ivezic et al. 2008;
LSST Science Collaboration et al. 2009), TDSS (Morganson et al. 2015), ZTF (Bellm
2014; Graham et al. 2019a) and eROSITA (Merloni et al. 2012) we are entering an exciting
time-domain era which will provide multiwavelength light curves for millions of AGN
with unprecedented time resolution and length, allowing us to uncover the details of the
AGN physics and accretion process. However, in order to fully exploit these new and rich
data, it is important to be able to model the observed variability behaviour, in particular
by taking into account the AGN stochasticity as well as observational limitations and
setups (e.g. cadence, target selection, flux limit and other observational biases). Our
framework is the ideal tool to address these issues, as it allows us to forward model AGN
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light curves by taking into account both the AGN intrinsic (stochastic) properties and
physics as well as observational biases. This will be highly valuable for the astronomy
community both for planning future observing campaigns, as well as for interpreting the
observations (as demonstrated in Chapter 6).

In summary, the methods and results presented in this thesis provide a first important
step towards a novel unified approach to AGN variability. This new approach will be
extremely valuable in the upcoming era of time-domain astronomy, in particular as it
allows us to link and simultaneously investigate phenomena observed in different galaxies
and at very different timescales, that may appear unrelated.

7.2 Future prospects

In Chapter 4 we described how the new data obtained for the Voorwerpjes sample can
be used to constrain AGN variability on super-human timescales. These measurements,
together with observations arising from new time-domain surveys, will allow us to constrain
our AGN variability models, and therefore produce physically motivated AGN light curves
to be used for further studies. In the last part of this thesis we outline some future
prospects for our framework.

7.2.1 Modelling the variable Universe in the time-domain era

As explained in the previous chapters, our framework will be extremely valuable for
forward modelling, and therefore interpreting, AGN light curves observed in future time-
domain surveys. Some early applications in this regard are already presented in Chapter
6. The potential of this framework is however very rich.

As an example, our simulations can be used to distentangle the transient behaviour due
to tidal disruption events (TDE) from the instrinsic stochastic AGN variability, and
investigate the TDE contribution to the total variability and BH growth. By adding TDE-
like flares (e.g. Rees 1988; Hung et al. 2017) to simulated light curves (from stochastic
behaviour) it will be possible to quantify the effect of a given frequency of TDE on the
observed structure function and/or power spectral density, therefore constraining the
possible frequency of these events. Moreover, by comparing the light curves of TDE
candidates to the ones simulated taking into account the stochastic behaviour only, it will
be possible to understand if the observed feature is consistent with being a flare expected
from the intrinsic AGN variability behaviour, or if it is a real transient event of external
nature (in this case a TDE).

Our simulations will also provide an alternative approach to investigate the relation
between optical/UV variability and X-ray variability. Specifically, this could be done by
first simulating light curves consistent with observations in one band (e.g. optical/UV
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from LSST) and then testing different recipes to convert them to light curves consistent
with the ones observed at other wavelengths (e.g. X-ray from eROSITA). By considering
different physical assumptions such as bolometric corrections, reprocessing models and
reprocessing timescales, this analysis will provide significant insights into the interplay
between different AGN component, e.g. between the accretion disc seed photons and the
postulated X-ray emitting corona.

Finally, as outlined in Chapter 6, it will be possible to investigate if changing-look
AGN (CL-AGN) constitute a separate population, or if their large flux change on short
timescales is expected by the general variability behaviour of the AGN population. With
our model it will be possible to predict the distribution of flux changes at a given timescale,
by taking into account both the intrinsic AGN behaviour as well as observational biases.
By comparing the numbers of observed sources in a sample undergoing a given flux change
(e.g. the CL-AGN in TDSS) with the numbers predicted by our models, it will be possible
to understand if CL-AGN are a separate AGN class. This information will be valuable
for our understanding of the AGN variability phenomenon, as well as for (theoretical)
studies of accretion disc physics. Indeed, if every AGN may in principle experience a
changing-look phase (or changing-state phase, as recently proposed by Graham et al.
2019b), then the same accretion disc should allow both “standard” AGN variability as
well as the extreme variability observed in CL-AGN.

7.2.2 AGN variability in the context of galaxy evolution and cosmo-
logical simulations

As exaplained in Chapter 1.2, the study of AGN feedback is complicated by the fact that
the energy injection from the AGN varies on timescales which are much shorter than
the timescales needed for the galaxy to react (e.g. Hickox et al. 2014). This means that
the traditional approach of studying the AGN-host galaxy relations by taking a sample
of AGN host galaxies and comparing its properties (e.g. star formation rate, SFR) to
these of a sample of quiescent galaxies will not succeed as the current AGN may not be
responsible for e.g. the current SFR in the galaxy.

A complementary way to study the effect of AGN on the host galaxies is through
simulations, where the evolution of the SMBH is traced at the same time as the host
galaxy properties, while accounting for the nedeed “reprocessing” timescales. However,
current hydrodynamical (and other) simulations only implement limited accretion recipes,
and additionally do not have the high spatial resolution needed to reliably model the
AGN variability (e.g. Negri and Volonteri 2017).

One of the products of our framework are “physically motivated” light curves. It will
therefore be possible to include the obtained AGN light curves in existing galaxy evolution
simulations (e.g. from RAMSES, Teyssier 2002) to investigate the effect of a variable
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AGN on the host galaxy, depending on both the AGN variability behaviour and the galaxy
properties. Specifically, we propose to include our AGN light curves in hydrodynamical
simulations to simulate e.g. the spatially resolved AGN photoionisation as a function
of time. By using different galaxy snapshots (i.e. different gas distributions) as initial
conditions, this study will allow us to investigate questions such as: how does the
photoionisation front expand for different AGN light curves and galaxy conditions? Can
we predict in which galaxies we expect to detect AGN undergoing a given variability
behaviour (e.g. switching on/off AGN or CL-AGN)? Can we reproduce the large scatter
found e.g. in the relations beteween X-ray and [O iii] luminosities (LX−ray - L[O iii],
e.g. Berney et al. 2015) or between [O iii] luminosity and NLR size (L[O iii] - RNLR, e.g.
Bennert et al. 2002) by taking into account the fact that the AGN is varying in time? Or
also, when and how does the AGN affect the SFR?

7.2.3 Cosmic black hole mass growth

Active SMBHs have been found up to z ∼ 7.5, which corresponds to less than ∼ 1

Gyr after the Big Bang (e.g. Mortlock et al. 2011; Bañados et al. 2018). It is however
still not clear how their mass is accumulated during cosmic time. As an example, the
often assumed exponential growth models, which imply a constant Eddington ratio and
radiative efficiency (e.g. Trakhtenbrot et al. 2016), are not able to reproduce the fast
growth at high-redshift and slow growth at low-redshift expected e.g. from the shape of
the black hole accretion rate density, which peaks at z ∼ 1− 2 and decreases thowards
z ∼ 0 (e.g. Madau and Dickinson 2014 and references therein, Chapter 1.2).

Our framework may be very valuable for simulating and investigating the evolution of
BH mass during cosmic time starting from the AGN variability behaviour. Indeed, the
primary output of our simulations are Eddington ratio time series which, under some
assumption about the radiative efficiency η and the initial BH mass, can be converted to
mass accretion curves ṁBH(t) and BH mass curves MBH(t).

It is important to stress that our current framework is optimised for a constant (in time)
ERDF, which is a sensible assumption for simulations spanning ∼Myr or less (as it is
the case in our early applications). However, as showed e.g. in Caplar et al. (2018),
the ERDF is expected to evolve with redshift (at least up to ∼ 2), with higher λ? at
higher redshift. Including this redshift dependence is a promising future extension of our
framework, which will allow us to simulate the ∼ 10 Gyr long light curves needed to trace
SMBH growth across cosmic time.

In addition to improving our understanding of the AGN variability for linking AGN
variability to the overall SMBH growth, and therefore investigate the evolution of SMBHs
over cosmic time in a novel way.
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List of symbols

ṁBH Black hole accretion rate, usually measured in M� yr−1

c Speed of light, ∼ 2.99× 108 m s−1

λEdd Eddington ratio, also referred to as L/LEdd

η Radiative efficiency in SMBHs, usually ∼ 0.1

Γ Photon index
Lbol Bolometric luminosity, usually in erg s−1

LEdd Eddington luminosity, usually in erg s−1

MBH Black hole mass, usually measured in M�
M� Mass of the Sun, ∼ 1.9× 1030 kg
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List of abbreviations

AGN Active galactic nucleus
ASAS-SN All-Sky Automated Survey for SuperNovae
BASS Black hole
BAT Burst Alert Telescope
BH BAT AGN Spectroscopic Survey
BHARD Black hole accretion rate density
BLR Broad line region
BPT Baldwin-Philipp-Terlevich diagram (Baldwin et al. 1981)
CL-AGN Changing look AGN
CL-QSO Changing look QSO
CRTS Catalina Real-Time Transient Survey
DRW Damped random walk
EELR Extended emission line region
ER Eddington ratio
ERDF Eddington ratio distribution function
eROSITA Extended ROentgen Survey with an Imaging Telescope Array
ETHZ Eidgenössische Technische Hochschule Zürich
GPU Graphics processing unit
HV Hanny’s Voorwerp
iPTF Intermediate Palomar Transient Factory
LSST Large Synoptic Survey Telescope
NLR Narrow line region
NuSTAR Nuclear Spectroscopic Telescope Array
PDF Probability density function
POSS Palomar Observatory Sky Survey
PSD Power spectral density
PSF Point spread function
PTF Palomar Transient Factory
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List of abbreviations

QSO Quasi stellar object
SDSS Sload Digital Sky Survey
SF Structure function
SFRD Star formation rate density
SMBH Supermassive black hole
TDSS Time-Domain Spectroscopic Survey
VP Voorwerp
XMM X-ray Multi-Mirror Mission
ZTF Zwicky Transient Facility
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