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Abstract

It is now accepted that there is a co-evolution between galaxies and their central

super massive black holes (SMBHs). Primarily, cosmological simulations suggest

that accreting SMBHs (or Active Galactic Nuclei, AGN) must somehow quench their

hosts’ star-formation rates (SFRs). In contrast, empirical results report that there

is no evidence of a strong (anti-)correlation between SFR and X-ray luminosity (a

proxy for AGN power). In this thesis, we aim to investigate further this apparent

contradiction between AGNs and their host star-forming properties.

The hypothesis we test is that a powerful AGN will have a higher impact on a

low mass host galaxy than on a high mass one. Therefore, instead of the previously

used X-ray luminosity, we investigate the relationship between the X-ray luminosity

relative to the host stellar mass (a proxy for Eddington ratio, λEdd) and the host

SFR.

We first used a sample of 1620 X-ray selected AGNs, for which we measured λEdd

and their host far-infrared luminosities (a proxy for SFR) that we corrected for AGN

contamination. By doing this, we found a slight enhancement of SFR at higher λEdd

when compared to the SFR of star-forming galaxies with similar stellar masses that

do not host AGNs. Furthermore, the change in the star-forming properties at higher

λEdd indicates that the λEdd distribution must change with the host star-forming

properties.

To investigate further how the Eddington ratio distribution of AGNs changes with

the star-forming properties of their hosts, we used a model for which we assumed the

Eddington ratio distribution simply split between star-forming and quiescent galaxies.

Overall, we find that our model is able to reproduce the X-ray luminosity function but

fails to reproduce the flat relationship between SFR and X-ray luminosity. Finally,

we found that this can be resolved if we introduce a mass-dependency into our model.
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Chapter 1

Introduction

1.1 Early insights into the AGN-galaxy connec-

tion

The study of Active Galactic Nuclei (hereafter AGNs) began in the early 20th century

with the discovery of bright nuclear emission lines (typical of gaseous nebulae; e.g.

planetary nebulae) within certain “spiral nebulae” (e.g. Fath, 1909). These lines

were found superimposed onto a continuum spectrum which resembled a collection

of unresolved stars, or a galaxy (i.e. Fath, 1909; Slipher, 1917; Hubble, 1926). Later,

Seyfert (1943) started a systematic study of these peculiar objects (e.g. NGC1068,

see Fig. 1.1) and reported important spectral features (i.e. emission lines that are

broad, with velocity widths of several thousands of kilometres per second, or narrow,

or, in some cases both) that are now used extensively to identify AGNs (e.g. Baldwin

et al., 1981). Independently, in the 1950s, some studies reported the presence of

strong radio emissions (called radio galaxies) observed in all-sky radio surveys, among

which some prove to have compact optical structure, with optical spectra similar

to the sources observed by Seyfert in 1943 (e.g. Bolton & Stanley, 1948; Ryle &

Smith, 1948; Hanbury Brown et al., 1952; Jennison & Das Gupta, 1953; Matthews

& Sandage, 1963). The latter were coined “Quasi Stellar Radio Sources” (QSRS),

or Quasars, in recognition of their appearance similar to an “un-reddened bluish

star”. The discovery of fuzzy nebulae around Quasars strongly suggested that, like

the sources that Seyfert studied in 1943, these are at the centres of distant galaxies

(e.g. Matthews, 1963). (see Fig. 1.2)

Today, it is widely recognised that Quasars and the sources observed by Seyfert

in 1943 are both the same phenomenon, collectively known as Active Galactic Nuclei.

The name AGN refers to the presence of a central super massive black hole (here-
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Introduction 2

Figure 1.1: Optical image of NGC1068 in false colours, captured with the hubble
space telescope. The bright spot at the centre of the galaxy shows the bright AGN
at optical wavelengths. The darker spiral arms host obscuring dust. Nests of new
born stars are shown in bright red. The white “fuzzy” light in the disk of the galaxy
is emission from the older population of stars. The AGN hosts by this galaxy is a
Type 2 (i.e. obscured) AGN. Credits: NASA, ESA & A. van der Hoeven.

Figure 1.2: Radio image of Cygnus A with the thin jets from the AGN leading to
two giant symmetrical lobes. These lobes extend ten times further from the nucleus
than the stars in the galaxy. Cygnus A is the brightest extragalactic radio source in
the sky. Credits: NRAO/AUI.



Introduction 3

after SMBH) that is accreting a large amount of gas and dust from its surroundings

(Novikov & Thorne, 1973; Shakura & Sunyaev, 1973). As well as increasing the mass

of the central SMBH, this accretion mechanism also produces a tremendous amount

of radiation which is emitted across the full observable electromagnetic spectrum

(i.e. from radio to gamma-rays), with typical bolometric (i.e. total) AGN luminosi-

ties (LAGN) in the range 1040 to 1045 erg s−1 (e.g. Aird et al., 2017a). For comparison,

the bolometric luminosity of all the stars in the Milky Way is Lstar ≈ 1043 erg s−1.

Despite being known to reside in galaxies, prior to the mid-90’s AGNs were largely

considered in isolation and studied only because of their peculiarity. However, in

the late 90’s, some studies began to suggest that AGNs have a wider importance

in galaxy formation than previously thought (e.g. Rees, 1996). In particular, the

discovery of a tight correlation between the mass of SMBHs (hereafter MBH) and the

velocity dispersion of the stars in the host galaxy bulges highlights that the growth

of SMBHs is intimately linked to their host galaxies (see Fig. 1.3 left-hand panel;

e.g. Kormendy & Richstone, 1995; Magorrian et al., 1998; Marconi & Hunt, 2003;

Ferrarese & Merritt, 2000; Gebhardt et al., 2000; Merritt, 2000; Tremaine et al., 2002;

Kormendy et al., 2011). In addition, SMBHs build their masses via multiple accretion

episodes that can be observed as AGN activity, further supporting a relationship

between AGNs and their host galaxies. However, this connection cannot be due to

the gravitational influence of the SMBH, as galaxy bulges can extend to kilo-parsec

(kpc) scales, whereas the gravitational sphere of influence of even the most massive

SMBHs (i.e. MBH ∼ 109 M�) only dominates over stars out to a few hundred parsecs

(pc). Therefore, astronomers began to consider other means to connect SMBHs to

their host galaxies.

As simple gravitational interactions are excluded, various studies based on cos-

mological simulations have explored the possible impact of the energy released by the

AGNs upon their host galaxies. To date, this has predominantly focussed on how this

energy impacts the star formation rate (SFR), as it is through star formation that

galaxies build their stellar mass. This is supported by the similar observed redshift

evolution between the density of the total SFR and that of the total SMBH accretion

rate (see Fig. 1.3 right-hand panel; e.g. Silverman et al., 2008b; Aird et al., 2010;

Assef et al., 2011). Many cosmological simulations have found that the AGN must

somehow quench the host galaxy SFR in order for their results to be consistent with

observations (e.g. Di Matteo et al., 2005; Springel et al., 2005; Hopkins et al., 2008;

Dubois et al., 2013). However, there is still no clear consensus from an observational

perspective supporting, or ruling-out, the quenching of SFR via the energy released

by AGN activity.
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Figure 1.3: The two key pieces of evidence for a fundamental link between SMBHs
and their host galaxies. Left-hand panel: The relationship between SMBH mass and
galaxy bulge absolute magnitude. This strongly suggests a co-evolution of SMBHs
and their host galaxies. Credits: This figure was originally published as Fig. 14 in
Kormendy & Richstone (1995). Right-hand panel: The redshift evolution of the total
SFR density (red and green dots) compared with the redshift evolution of the SMBH
accretion rate density (solid line). The similarity between the redshift evolution
of both SFR and SMBH growth densities is also seen as a key piece of evidence
of a connection between SMBHs and their host galaxies. Credits: This figure was
originally published as Fig. 13 in Aird et al. (2010).
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Figure 1.4: A sketch of the AGN structure. At the centre, shown with a black sphere,
is the SMBH. The coloured disk shows the accretion disk colour-coded from the UV
to the optical (from blue to red). In faint blue, we show the radio jets that can be
seen in ≈ 10 per cent of the total AGN population. The torus is represented by an
ensemble of red patchy clouds gathering around the AGN and made of dust and gas.
Scales are not respected on this simplified sketch.

With the precise connection between the growth of SMBHs and that of the host

galaxies unknown, astronomers began to appreciate that a comprehensive study of

AGNs in the context of their host galaxies was necessary. This thesis examines one

aspect of this complex interconnection: the relationship between AGN and SFR. As

the process is initially triggered by the accretion mechanism occurring in the vicinity

of central SMBHs, the next section focuses on explaining the basic AGN mechanism.

Subsequently, in § 1.3, we describe the current understanding behind the AGN-galaxy

SFR connection, before presenting the content of this thesis in § 1.4.
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1.2 Active Galactic Nucleus mechanism

Since this thesis will focus on the connection between AGNs and their host galaxies,

we need to be able to first measure the properties of these AGNs (e.g. AGN luminos-

ity, accretion rate). Therefore, it is important that we first understand what an AGN

is. As mentioned previously, at the centre of massive galaxies is a super-massive black

hole with mass in the range 106 − 1010 M� (e.g. Schulze & Wisotzki, 2010; Kelly &

Merloni, 2012). However, the lower limit remains unclear due to the difficulties of

measuring SMBH masses below 106 M�, although there has been evidences for lower

mass SMBHs (Kormendy & McClure, 1993; Valluri et al., 2005; Lora et al., 2009;

Jardel & Gebhardt, 2012).

During the AGN phase, gas and dust form an accretion disk (see Fig. 1.4) around

the SMBH, the size of which is considered to extend out to roughly one parsec (e.g.

Thorne & Price, 1975; Shields & Wheeler, 1978; Malkan, 1983; Czerny & Elvis, 1987).

The majority of the thermally emitted photons from the accretion disk carry high

energies (i.e. ultraviolet radiations, UV). The presence of free relativistic (i.e. high

energy) electrons in the vicinity of the AGN allows a fraction of these UV photons (i.e.

≈ 5 per cent; Hopkins et al., 2007) to be reprocessed into X-rays (i.e. ∼ 0.1 keV to

several hundred keV) via inverse-Compton scattering (i.e. non-thermal; e.g. Haardt &

Maraschi, 1991). Since not many sources can generate such extreme X-ray radiation

– aside from ultra-luminous X-ray sources (e.g. Colbert & Ptak, 2002) – the central

X-ray emission of galaxies (e.g. integrated 2-10 keV fluxes used in this work) is a

very efficient way to detect AGNs. In addition to aiding detection, as the X-ray

radiation is closely related to the accretion mechanism, X-rays are a reliable proxy to

measure AGN properties (e.g. accretion power, accretion rate). As such, the central

X-ray emissions of galaxies have also been extensively used in a number of studies

investigating AGN properties (e.g. Alexander et al., 2005; Silverman et al., 2008b;

Mullaney et al., 2011; Aird et al., 2015; Stanley et al., 2015).

Although X-rays are very efficient in tracing AGN properties, the softer X-ray

emissions (i.e. below 10 keV) are absorbed by gas. Typically, for a gas column

density of ≈ 1024 cm−2, photons with energies below ∼ 5 keV are fully absorbed (e.g.

Maiolino et al., 1998; Matt et al., 2000). Therefore, X-ray surveys, especially when

using instruments probing the soft X-ray emissions, are potentially biased toward less

obscured X-ray sources. The obscuring gas material in AGNs is known to sit mainly

in a torus located around the AGN at few tens of pc away from the SMBH, although

it has been reported that gas clouds can be found at various locations around the

AGN (see Fig. 1.4; see the review of Ramos Almeida & Ricci, 2017, for a complete
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discussion on nuclear obscuration in AGNs).

In addition to gas, the torus also contains dust clouds (see Fig. 1.4) that are far

enough from the hot accretion disk to avoid sublimation (i.e. roughly one-to-tens

of pc away and with local temperature below ≈ 1000 K). Obscuration by the dusty

torus is very efficient at absorbing the UV-to-optical photons emitted by the accretion

disk. When we view the system edge-on, the dusty torus sits along our line of sight

to the central component (i.e. accretion disk and SMBH), and therefore obscures

the UV-to-optical emissions (hereafter Type 2 AGNs). The more our line of sight

is aligned with the face-on axis of the torus (hereafter Type 1 AGNs), the more

it unveils the central accretion disk at UV-to-optical wavelengths. Therefore, it is

widely accepted that obscured and un-obscured AGNs are intrinsically the same, but

observed at different orientations (i.e. whether observed through the torus or not).

This is known as the Unification model of AGNs (Antonucci, 1993; Urry & Padovani,

1995).

More than obscuring the accretion disk at optical and UV wavelengths – and

particularly pertinent for this thesis – the dusty torus also constitutes a source of

contamination when measuring the SFR by using the infrared (IR) radiation of the

host galaxy. This is due to the dust absorbing the UV photons from the accretion

disk, which subsequently heats up, and re-emits at IR wavelengths (i.e. modified

black-body behaviour). This must be taken into account when using IR radiation to

measure host galaxy SFRs (e.g. Kennicutt, 1998), as there is potential for an overlap

to occur between the IR emission arising from the dusty torus and that of the SFR

(e.g. Mullaney et al., 2011; Symeonidis et al., 2016; Symeonidis, 2017).

Finally, roughly 10 per cent of the AGN population displays relativistic jets (see

Fig. 1.4), also generated by the accretion mechanism and mostly perpendicular to

the accretion disk. These jets can extend up to extra-galactic scales, and are often

detected at radio wavelengths via their synchrotron emission (see Tadhunter, 2016,

for a recent review on radio AGNs). However, since jetted AGNs constitute only

a small fraction of the whole AGN population, they are not the main focus of this

thesis.

1.3 Advances in the AGN-galaxy connection

As mentioned previously, this thesis aims to investigate the impact that AGNs have

on star-formation within galaxies. Therefore, it is also important to appreciate how

the non-AGN galaxy population evolves. In doing so, we are able to compare against

AGN-hosting galaxies and assume that the AGN is responsible for any observed
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differences, after taking other possible differences into account. As such, in this

section, we first consider the properties of the non-AGN population, and subsequently

present the latest results concerning our current understanding of where AGN and

their host galaxies fit within this framework.

1.3.1 Evolution of galaxies without AGNs

Most star-forming galaxies have SFRs that are correlated with their stellar masses

(e.g. Daddi et al., 2007; Elbaz et al., 2007; Noeske et al., 2007; Rodighiero et al.,

2011; Schreiber et al., 2015; Ilbert et al., 2015). This has become known as the star-

forming main sequence (hereafter, MS). In Fig. 1.5 we show the MS and its evolution

out to z≈4 as reported in Schreiber et al. (2015). The distribution of specific SFR

(i.e. SFR relative to the galaxy stellar mass), which represents the intrinsic scatter

around the MS, shows that ≈ 3 per cent of star-forming galaxies experience a burst

of star formation (i.e. with SFRs on average five times above the MS; e.g. Sargent

et al. 2012). These are called starburst galaxies, and many studies suggest that they

are associated with on-going gas rich major mergers, known to favour the triggering

of star-formation (e.g. Armus et al., 1987; Sanders & Mirabel, 1996; Ellison et al.,

2008; Patton et al., 2011; Ellison et al., 2013). When a galaxy has exhausted its gas

supply it becomes quiescent (i.e. with SFR below the MS), until new gas is provided

(e.g. next merger) to bring it back up onto the MS, or the starburst sequence.

Because of the existence of the MS, in addition to other galaxy parameters (e.g.

stellar mass, redshift), the SFR becomes a crucial parameter to derive. To measure

the on-going SFR the UV luminosity of a galaxy is an efficient proxy since the UV

photons are generated by young, rapidly evolving (i.e. ≈ 2–50 Myr), massive (i.e.

above ≈ 10 M�) stars (e.g. Kennicutt, 1998; Calzetti et al., 2007). However, in the

presence of an AGN, the UV luminosity is highly contaminated by the UV radiation

emitted by the accretion disk (via direct emission for an un-obscured AGN, or via

scattered light for an obscured AGN; see § 1.2). This could be inaccurately inter-

preted as a higher SFR if not removed from the total UV luminosity of the galaxy.

Whilst this correction for AGN contamination is necessary, it can lead to significant

uncertainties regarding the SFR when measured using the UV luminosity. Further-

more, star-forming regions tend to be enshrouded within a dusty environment making

them extremely obscured at UV wavelengths (e.g. Zahid et al., 2013). The dust in

star-forming regions is known to absorb typically ≈ 90 per cent of the UV luminos-

ity, for a galaxy with stellar mass of 109.5 M�, and more than 99 per cent of the UV

luminosity for a galaxy with stellar mass of 1011.5 M� (e.g. Pannella et al., 2015).
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Figure 1.5: The main sequence of star-forming galaxies at various redshifts. The
abscissa is the log of the stellar mass (M�) and the ordinate is the log of the SFR
(M�/yr). We note a strong relationship between these two quantities out to z∼5,
known as the MS of star-forming galaxies. Credits: This figure was originally pub-
lished as Fig. 10 in Schreiber et al. (2015).

These absorbed UV photons heat up the dust to temperatures of around ≈ 30–40 K

(e.g. Hwang et al., 2010), reprocessing emission at far-infra-red (FIR) wavelengths.

Therefore, instead of the UV luminosity, the IR luminosity (i.e. integrated lumi-

nosity between 8–1000 µm) is extensively used to measure SFRs (Kennicutt, 1998)

primarily, in the study of non-AGN galaxies, but also of AGN host galaxies since the

contamination at FIR wavelengths from the AGN (see § 1.2) is minimal (e.g. Netzer

et al., 2007; Mullaney et al., 2011; Symeonidis et al., 2016; Symeonidis, 2017).

1.3.2 Recent insights into the AGN-galaxy connection

As mentioned previously, one way of connecting SMBH growth to galaxy growth,

instead of a simple gravitational interaction, is for the AGN to directly impact the

SFR on galactic scales. Indeed, simulations have found that AGNs should – somehow

– have a negative impact on their host galaxy SFRs, i.e. AGN must quench SFR

(e.g. Di Matteo et al., 2005; Springel et al., 2005; Hopkins et al., 2008; Dubois et al.,

2013). In particular, if the quenching of SFR by AGNs is ignored, cosmological

simulations tend to overestimate the number density of galaxies with stellar masses

above ∼ 1010 M�, when compared to what is observed (e.g. Dubois et al., 2016).

Therefore, the SFR quenching by AGNs during an episode of SMBH accretion is

widely utilised in simulations as the predominant impact that AGNs have on their
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host galaxies. It should also be noted that the quenching of SFR by AGNs does not

contradict the two key pieces of empirical evidence regarding the fundamental link

between SMBH and galaxy growth: the MBH–galaxy bulge mass relationship, and the

similar redshift evolution of the SFR and accretion rate densities (see § 1.1). However,

the quenching of SFR by the AGN is often implemented in cosmological simulations

via a variety of AGN feedback mechanisms that are far from fully understood (see the

reviews of e.g. Fabian, 2012; Harrison, 2017, for details on the feedback mechanism).

Since cosmological simulations suggest that AGN feedback suppresses star forma-

tion in their hosts, many observational studies have attempted to observe this effect

with large, statistically significant samples of AGNs. However, when examined from

observational perspective, most studies report that AGN host galaxies mainly form

a diverse population (e.g. Nandra et al., 2007; Böhm & Wisotzki, 2007; Schawinski

et al., 2007; Silverman et al., 2008a; Xue et al., 2010; Cisternas et al., 2011; Kocevski

et al., 2012). However, within this diverse population, AGNs tend to be found in

more massive galaxies (i.e. M∗> 1010 M�; e.g. Dunlop et al., 2003; Kauffmann et al.,

2003; Best et al., 2005; Xue et al., 2010; Aird et al., 2012; Shimizu et al., 2015) with

somewhat enhanced SFRs compared to the general population (e.g. Barvainis &

Ivison 2002; Priddey et al. 2003; Page et al. 2004; Schweitzer et al. 2006; Lutz et al.

2008; Hickox et al. 2009; Silverman et al. 2009; Shao et al. 2010; Bonfield et al. 2011;

Koss et al. 2011; Santini et al. 2012; Mullaney et al. 2012; Rosario et al. 2012; Rovi-

los et al. 2012; Harrison et al. 2012; Zinn et al. 2013; Shimizu et al. 2016, although

see Page et al. 2012). Overall, these results are in contrast with the predictions of

simulations in the sense that they do not show a suppression of SFR in AGN host

galaxies.

To investigate the impact that AGNs have on their host galaxy SFRs, most obser-

vational studies aim to measure the differences between SFRs derived from a sample

of AGN hosts to those of a sample of non-AGN galaxies. However, Shimizu et al.

(2016) have demonstrated that the choice of the control sample (i.e. the sample of

non-AGN galaxies) is crucial and can lead to opposing conclusions regarding the im-

pact that AGNs have on their host SFRs. Using a mass-matched sample of non-AGN

galaxies, Shimizu et al. (2016) found that the average SFR of AGN hosts is enhanced

compared to that of their mass-matched sample. However, as a consequence of AGNs

residing in more massive galaxies (e.g. Aird et al., 2012), the mass-matched control

sample of non-AGN galaxies is more likely to contain massive, elliptical galaxies that

are predominantly quiescent (i.e. with SFRs below the MS; e.g. Wuyts et al., 2011;

Bell et al., 2012). Should AGNs in reality be mainly located in massive, late type

spiral galaxies (e.g. Koss et al., 2011), that are more likely to be on the MS (i.e.
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Figure 1.6: The relationship between the SFR and the 2-8keV X-ray luminosity
of AGNs. This shows the mean average IR luminosity – or SFR – versus the 2-
8 keV X-ray luminosity – or AGN luminosity – out to z∼2 for a sample of X-ray
selected AGNs. We note the absence of a strong (anti-)correlation between these two
parameters. Credits: This figure was originally published as Fig. 3 in Stanley et al.
(2015).

actively forming stars), the average SFR of the AGN host sample would naturally

appear higher than that of the mass-matched sample, if using a mass-matched sam-

ple of massive elliptical quiescent galaxies. Previously, Shimizu et al. (2015), using

the same sample of AGNs as Shimizu et al. (2016), but instead of using a mass-

matched sample, only compared the AGN host SFRs to the MS of galaxies, reported

a decrease of SFRs in galaxies hosting AGNs. These latter results are consistent

with predictions from simulations. This demonstrates the importance in the choice

of the control sample of non-AGN galaxies. In this work, we will use a mass-matched

sample of galaxies which are exclusively star-forming (i.e. that follows the MS).

A second major difficulty in identifying the precise role that AGNs have on influ-

encing the large scale SFR is the stochastic nature of the AGN (e.g. Aird et al., 2013;

Hickox et al., 2014). While AGNs are known to significantly vary on a wide range of

time-scales (i.e. hours to Myr), variations in SFR are expected to be steadier with a

typical time-scale of ∼ 100 Myr. As a consequence, most studies that have aimed to

measure the impact that AGNs have on SFR by exploring the relationship between
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Figure 1.7: The relationship between the 2-10 keV X-ray luminosity and the SFR.
This shows the 2-10 keV X-ray luminosity in bins of IR luminosity (i.e. inverting the
abscissa and the ordinate of Fig. 1.6) for a sample of X-ray selected AGNs. Different
colours are for different redshift bins out to z∼4 (see Lanzuisi et al., 2017, for details).
A slight correlation is reported between these two quantities. Credits: This figure was
originally published as the right-hand panel of Fig. 5 in Lanzuisi et al. (2017).

AGN luminosity (a proxy for SMBH growth rate) and IR luminosity have found no

clear evidence of a strong correlation – or anti-correlation – between these properties

(see Fig. 1.6; e.g. Lutz et al., 2010; Shao et al., 2010; Mullaney et al., 2012; Rosario

et al., 2012; Rovilos et al., 2012; Harrison et al., 2012; Stanley et al., 2015). Recently,

Stanley et al. (2017) have found a small enhancement of SFR while expanding the

previous studies at higher X-ray luminosities (i.e. LX> 1045 erg s−1). However, they

demonstrate that this is related to a slight increase in host mass at higher X-ray

luminosities, resulting in an enhancement of SFR (i.e. following the MS of galaxies).

To mitigate the problem of variability, some studies have investigated how the

average X-ray luminosity changes with SFR (i.e. inverting the abscissa and the

ordinate from the above studies), aiming to average over the highly stochastic X-ray

luminosity, and compare that to the steadier SFR (e.g. Mullaney et al., 2012; Chen

et al., 2013; Dai et al., 2015; Delvecchio et al., 2015; Lanzuisi et al., 2017). Overall,
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they report a correlation between average X-ray luminosity and SFR with slopes that

vary with redshift (see Fig. 1.7; e.g. Lanzuisi et al., 2017). However, there may be

a potential bias towards higher SFRs as these studies can only be carried out on

AGNs for which we can individually measure the host SFRs (e.g. detected at FIR

wavelengths). Overall, at present, there is no clear consensus on mechanisms that

directly link AGN power and host galaxy star formation.

One aspect that many previous studies have failed to consider is that it is reason-

able to assume that a luminous AGN (i.e. LX& 1043−44 erg s−1) will have a stronger

impact on a lower mass host galaxy (i.e. M∗. 1010 M�) than on a higher mass

one (i.e. M∗& 1011.5 M�). This is simply due to the different depths of potential

wells induced by different stellar masses. Therefore, in Chapter 2 and Chapter 3 of

this thesis we aim to investigate how the AGN host SFRs change with specific X-ray

luminosity (i.e. X-ray luminosity relative to the host stellar mass), instead of the

often used X-ray luminosity. By measuring the SFRs of a large sample of AGN hosts

at different specific X-ray luminosities, our hypothesis is that we should observe the

quenching predicted in simulations at higher specific X-ray luminosities. Guided by

our results, and by recent studies indicating that the specific X-ray luminosity distri-

bution changes with the host star-forming properties (e.g. Georgakakis et al., 2014;

Wang et al., 2017; Aird et al., 2017a), we then use in Chapter 5 and Chapter 6 a

modelling approach to investigate in detail the specific X-ray luminosity distribution

and how it relates to host SFRs.

1.4 This thesis

As mentioned above, the aim of this thesis is to investigate the co-evolution of SMBHs

and their host galaxies. We first use a sample of 1620 X-ray selected AGNs, for which

we measure AGN host SFRs (corrected for AGN contamination), and compare these

to a sample of star-forming non-AGN galaxies that follow the MS. In Chapter 2,

we describe how we reliably measure SFRs in the presence of AGNs, using multi-

component spectral energy distribution fitting to separate the stellar emission from

that of the AGN. We also describe the stacking analysis we use to incorporate unde-

tected AGN host galaxies in the analysis. In Chapter 3 we show that, by doing this,

we find an enhancement of the normalised average SFR (i.e. SFR relative to that

of the MS) at higher specific X-ray luminosities, which is against our expectations

based on a naive interpretation of results from simulations of an AGN quenching

at these specific X-ray luminosities. We argue that these results indicate that the

specific X-ray luminosity distribution changes with the star-forming properties of the
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host galaxy, as suggested by other recent studies (e.g. Georgakakis et al., 2014; Aird

et al., 2017b; Wang et al., 2017).

Since our results suggest a different specific X-ray luminosity distribution for

star-forming and quiescent galaxies, we develop a model to investigate the specific

X-ray luminosity distribution and how it relates to the star-forming properties of the

host galaxies. To do this, we first attempt to fit the X-ray luminosity functions by

assuming a model for the specific X-ray luminosity distributions split between star-

forming and quiescent galaxies. In Chapter 4 we describe how we use an iterative (i.e.

Markov Chain Monte Carlo approach) optimisation method to infer these specific X-

ray luminosity distributions. In Chapter 5, we demonstrate that our model is able to

reproduce the X-ray luminosity function, but fails at reproducing the flat relationship

between SFR and X-ray luminosity when implementing a distribution for SFRs.

In Chapter 6, we incorporate a mass dependency in the specific X-ray luminosity

distribution for star-forming galaxies and show that, as well as reproducing the X-

ray luminosity function, it predicts the flat relationship between SFR and X-ray

luminosity. Finally, we provide a general conclusion of this thesis in Chapter 7.



Chapter 2

A reliable measure of SFR in the

presence of an AGN

2.1 Introduction

In this thesis we aim to constrain the star-forming properties of AGN host galaxies

to explore the connection between AGN power and their host SFRs. Therefore,

SFRs of the AGN hosts is a crucial property that needs to be measured accurately.

As mentioned in Chapter 1, § 1.3.1, to derive SFRs we use the IR luminosities (i.e.

integrated 8–1000 µm fluxes, LIR) of galaxies that mainly trace the re-emission of dust

heated by stars (Kennicutt, 1998). However, since the emission from the AGN heated

dust can also significantly contribute at these wavelengths (see Chapter 1, § 1.2), it is

crucial to account for AGN contamination in measuring SFRs (e.g. Mullaney et al.,

2011; Symeonidis et al., 2016; Symeonidis, 2017). The Herschel telescope, with

its Photo-detector Array Camera and Spectrometer (PACS, Griffin et al., 2010)

and its Spectral and Photometric Imaging Receiver (SPIRE, Poglitsch et al., 2010)

instruments, combined with the Multiband Imaging Photometer for Spitzer (MIPS)

instrument on-board Spitzer, provides an unprecedented view of the spectral energy

distribution (hereafter SED) at IR wavelengths (i.e. at 24 µm, 100 µm, 160 µm,

250 µm, 350 µm, and 500 µm). This is required to facilitate the decomposition of

the SEDs into AGN and star-forming components.

Despite having the facilities to probe the IR SEDs of sources, there are observa-

tional limitations which increase the difficulties of obtaining the full IR SED coverage

(i.e. detected at all the IR bands considered here) required to accurately measure

SFRs on individual sources via the fit of their IR SEDs (e.g. the flux limit of the

instrument, the larger PSF at longer wavelength; see Fig. 2.1 for an example of the

effect of a larger PSF at longer wavelength). This fraction of IR-undetected sources

15
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in a sample (i.e. for which we cannot measure SFR) can be as high as 56 per cent for

sources out to z∼3, as we will find when matching the IR counterparts of a sample

of AGNs selected based on their central X-ray emission (see Chapter 3, § 3.2.2). This

would lead to us missing more than half of the total AGN sample if these are re-

jected by the analysis, possibly generating strong selection effects (e.g. only brighter

IR AGN hosts are accounted for). As a consequence, beyond measuring SFRs for IR

detected sources, we also perform stacking to incorporate the IR-undetected ones in

our analysis.

Stacking enhances the ratio of the signal to the noise by adding up together several

frames centred on the source positions. This allows the measure of a total flux that,

as well as containing the flux of individually detected sources, also contains the flux

of the undetected ones that are present in the stack (Dole et al., 2006). Therefore,

by performing stacking at each of the IR wavelengths considered in this analysis (i.e.

at 24 µm, 100 µm, 160 µm, 250 µm, 350 µm, and 500 µm), and then averaging over

the number of sources N used in the stack, we are able to derive an average SED

for which we can extract an average SFR, incorporating the IR-undetected sources.

Stacking has been used extensively in studies using the Herschel data (e.g. Dole

et al., 2006; Béthermin et al., 2010; Schreiber et al., 2015; Stanley et al., 2015).

Once we have the full IR SED for a source (or at least an average IR SED for

a stack of sources), we can measure the IR luminosity (i.e. the integrated flux over

8–1000 µm; LIR) and transform this into SFR (i.e. Kennicutt, 1998). To integrate the

IR SED, we fit models which include possible AGN contamination to the IR SED (e.g.

Mullaney et al., 2011). However, since we are using multiple models with different

numbers of free parameters (i.e. whether including the AGN component or not),

we cannot simply select the best model by minimising Chi-square (i.e. minimising

the difference between the model and the observed data points). Instead, for one

dataset (i.e. one IR SED) we perform a weighted average of all the possible models,

the weights of which are related to the likelihood and the complexity of each model

(i.e. penalising models with more degrees of freedom). This is known as multi-model

inference.

In this chapter we present in § 2.2 the stacking analysis that we will apply in

Chapter 3 on our sample of AGNs to incorporate the Herschel-undetected host

galaxies. We then show in § 2.3 how we extract the SFRs from the IR SEDs using

the multi-component SED fitting and the multi-model inference selection method.

Finally, we summarise this chapter in § 2.4.
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Figure 2.1: Visual example of the blending of sources due to confusion noise in
Herschel. Here are 3 maps of the same part of the sky, from left-to-right, at
250 µm, 350 µm and 500 µm. We note that there is a higher number of “resolved”
sources at 250 µm compared to 500 µm. This is the effect of blending of the sources
induced by a larger PSF at longer wavelengths. The top right yellow circle on each
map shows the full width at half maximum (FWHM) of the beam. Credits: This
figure was originally published as Fig. 1 in Nguyen et al. (2010).

2.2 Stacking analysis

2.2.1 Definition and application

As mentioned in § 2.1, stacking allows the measurement of an average flux for a

sample of sources, incorporating undetected ones. The flux measured from a source

can be decomposed into two main components, a true flux component super-imposed

on noise arising from different effects (see below). The signal-to-noise ratio (SNR)

can be expressed as,

SNR =
Ssrc√∑
i

σ2
i

, (2.1)

where Ssrc is the flux of the source, and
∑
i

σ2
i is the sum of all the “observational”

noises, labelled i (e.g. shot noise, read-out noise, dark current, etc). Therefore,

fainter sources (i.e. Ssrc <<
∑
i

σ2
i ) are not detected since they have fluxes much

lower than the noise. Since the noises sum-up in quadrature while the signal from

the source sums-up linearly, for a set of N different images of a source, that are then

co-added (i.e. stack), the total SNR can be written as,

SNRtot =
N × Ssrc√
N ×

∑
i

σ2
i

=
√
N × SNR. (2.2)
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Therefore, the total SNR is enhanced by a factor of
√
N compared to that of a single

frame. We show in Fig. 2.2 a visual example of stacking by simulating N undetected

individual sources (i.e. using two-dimensional Gaussian with amplitude much smaller

than the noise) that we then stack a hundred (N=100), a thousand (N=1000), and

ten thousand (N=10000) times. In this example, we observe that as we increase the

number of sources, N , in the stack, the signal increases faster than the noise and the

flux emerges, as predicted by Eq. 2.2.

We can perform stacking to incorporate in our analysis the AGNs that are not

detected at IR wavelengths, by stacking cut-outs at known AGN positions to measure

the total IR flux of the N AGNs that are considered in the stack. Dividing this

number by N returns the mean flux of the sources in the stack. One of the major

drawback of stacking is that we are only able to derive the mean properties of the

sources (i.e. it does not provide a measure of the distribution). Such mean values

might be dominated by a few very bright outliers. As a consequence, a mean SFR

obtained from stacking does not necessarily reflect the mode (i.e. the most common

value in the sample) of the distribution of SFRs (see Mullaney et al. 2015 for detailed

discussion on this aspect).

As mentioned earlier, we are interested in measuring SFRs via the fit to IR SEDs

(i.e. integrated 8–1000 µm emission), as such, we separately stack the six IR bands

we use in this study, i.e. 24 µm, 100 µm, 160 µm, 250 µm, 350 µm, and 500 µm.

To do this, we co-add sub-frames centred on the positions of the detected and the

undetected (using the 24 µm or the X-ray positions when undetected) sources and

measure the resulting flux of the sources contained in the stack (see § 2.2.2 for the

flux extraction). By dividing this total number by the number of AGNs in the stack

N , we obtain the average flux, and once applied at all the wavelengths, the average

SED from which we can measure the average SFR (see § 2.3 for the extraction of

SFRs from SEDs).

2.2.2 Flux extraction

To extract the flux from an image, should it be a cut-out around a detected source or

a final stacked average cut-out, we performed aperture photometry. However, again,

this flux (or average flux) is a linear combination of the true flux with the addition

of noises (see Eq. 2.2). To improve the estimation of the flux, prior to extraction, we

measure the residual background by averaging the pixel values in an annulus drawn

around the source (see Table 2.1 for the annulus sizes) and subtract it from the frame.

We then fit the observed point spread function (PSF) of the instrument at the centre
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(a) Undetected source (b) Stack with N = 100

(c) Stack with N = 1000 (d) Stack with N = 10000

Figure 2.2: Visual example of stacking. From the top-left to the bottom-right panel
we stack an increasing number N of randomly generated sources. Each source was
created using a two-dimension Gaussian function with FWHMs of 4.3 and 3.6 pixels in
the X and Y directions, respectively, and amplitude following a uniform distribution.
Each source is then added to a map of randomly generated Gaussian noise with
standard deviation of 1 and mean of 0. The stacking is equivalent to averaging the N
randomly generated sources, as shown here for N = 100, 1000 and 10000. We note
that as the number of sources N involved in the stack increases the noise around the
source gets suppressed and the detection at the centre becomes visually clearer.
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of the frame, and measure the flux in a circular aperture of a given radius1 (see

Table 2.1). We apply an “aperture correction” factor to account for the missing flux

lying outside of this finite circular aperture. This aperture correction factor depends

on the shape of the PSF and the chosen finite radius from which the flux is extracted.

Both these quantities depend on the wavelength. Finally, a correction is applied to

account for the loss of flux due to the high-pass filtering (filter blocking frequencies

below a cut-off value often used for image sharpening). Therefore, the measured flux,

S (or average flux if stacked, 〈S〉), at a given wavelength can be expressed as,

S = (Sextracted × aper corr× HPF)− σback, (2.3)

where Sextracted is the flux extracted within the finite circular aperture, “aper corr” is

the aperture correction factor, “HPF” is the correction factor for high pass filtering,

and σback is the residual flux contained in the background, and measured in the

annulus drawn around the source. All the aforementioned correction factors are

reported in the observer manuals of the respective instruments 2 3 4 and given in

Table 2.1. We show in Fig 2.3 an example of a stack for N = 12 sources at 24 µm

and its corresponding PSF fit.

This method can be used to extract flux from an image of an individually detected

source as well as to a frame that results from stacking. In the case of stacking, we

took a bootstrapping approach to estimate the uncertainties on the flux by randomly

re-sampling one third of the N sources included in the stack (with replacement) and

re-performing the stacking and flux extraction analyses. This was repeated 100 times

for a given stack, with the standard deviation of these 100 trials divided by the square

root of three taken as the uncertainty on the flux.

2.2.3 Correction for clustering

There is a last source of contamination that must be accounted for, but that only

applies while performing stacking to measure average fluxes. This is that any con-

tributing flux from bright neighbours can boost the true flux of the stacked source

via the flux contained in the wing of the neighbours PSF. This contribution will vary

1We note that fitting the observed PSF constitutes an extra step, as such, one can, directly from
the map, measure the flux contained within the aperture, after removing the background emission.

2 The IRAC instrument handbook is publicly available at:
http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/

3 The PEP full public data release handbook is publicly available at:
http://www.mpe.mpg.de/resources/PEP/DR1_tarballs/readme_PEP_global.pdf

4 The SPIRE instrument handbook is publicly available at:
http://herschel.esac.esa.int/Docs/SPIRE/spire_handbook.pdf

http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/
http://www.mpe.mpg.de/resources/PEP/DR1_tarballs/readme_PEP_global.pdf
http://herschel.esac.esa.int/Docs/SPIRE/spire_handbook.pdf
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(a) Stack source with flux extraction
rings

(b) fit of the PSF

Figure 2.3: Example of a stack of N = 12 sources at 24 µm and its corresponding
PSF fit. Top panel: average cut-out of 12 stacked sources. The white dashed ring
shows the finite circular aperture used for the flux extraction, and the annulus drawn
between this dashed white ring and the plain white ring shows the area used to
measure the background noise. Bottom panel: fit of the PSF (red) performed to
extract the average 24 µm flux of the stacked source (black) using Eq. 2.3. The
average 24 µm flux found for this particular stack was 0.64 milli-Jansky.

Table 2.1: Quantities used for our flux extraction. For each wavelength, “PSF radius”
gives the encompassed area from which the flux is extracted, “Aper. corr.” reports
the multiplying coefficient to account for the missing flux (i.e. outside of the PSF
radius area), “Back. annu.” specifies the size of the annulus used to remove the
background noise, and “H.P.F” is the multiplying coefficient used to account for the
high-pass-band filtering. All these values are recommended by the observer manuals
of the respective instrument234.

λ 24µm 100µm 160µm 250µm 350µm 500µm
Aperture radius (arcsec) 7.0 7.2 12.0 22.0 30.0 40.0

Aper. corr. 2.05 1.50 1.48 1.3 1.2 1.2
Back. annu. (arcsec) 7 to 13 8 to 14 13 to 17 60 to 90 60 to 90 60 to 90

H.P.F 1.0 1.12 1.11 1.11 1.0 1.0
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Figure 2.4: Real and simulated map of the central part of the COSMOS field at
350 µm. Left-hand panel: central part of the COSMOS field at 350 µm extracted
from the science map released by the Herschel-SPIRE HerMes project (Oliver
et al., 2012). Right-hand panel: same as left-hand panel but simulated using the
prescriptions outlined in § 2.2.3. The colour scales of both maps are identical to
allow the visual comparison.
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from source to source such that if the sources are randomly distributed across the

field then the level of boosting will be roughly the same in each stack (if the number

of stacked sources is large to overcome shot noise). However, in the presence of clus-

tering, the probability of finding neighbours close to the stacked sources increases

(Chary & Pope, 2010), meaning the level of flux boosting related to this effect in-

creases with the level of clustering. To account for this effect we adopt the approach

of Schreiber et al. (2015), where the effects of clustering are measured by stacking on

simulated maps with all the input fluxes known.

These maps are created using a complete sample of sources with positions, stellar

masses and redshifts taken from the COSMOS catalogue of Ilbert et al. (2013).

We allocate SFR to these sources randomly drawn from the specific SFR (i.e. SFR

relative to the stellar mass) distribution of Sargent et al. (2012). For each source,

SFR is then transformed into IR luminosity (Kennicutt, 1998), and to IR fluxes at

24 µm, 100 µm, 160 µm, 250 µm, 350 µm and 500 µm, using the redshift of the

source (i.e. K-correction; Hogg et al., 2002), and the SED templates for star-forming

galaxies reported in Mullaney et al. (2011). These mock sources are then placed on a

mock noise map (generated from the publicly available root-mean-square map of the

field) at the same positions as listed in the catalogue, as such, the simulated maps

have the same level of clustering as that of the science maps, but with different fluxes.

We show in Fig. 2.4 an example of a simulated map of the central part of COSMOS

at 350 µm along with the real map.

We then stack sources on this simulated map in bins of redshift and stellar masses.

The contamination due to clustering of a simulated map i, σiclus, is calculated as

the difference between the stacked flux and the known mean flux of the simulated

sources. We performed 100 realisations of this map (generating a new map each time),

and the average value of the resulting distribution of clustering contamination, i.e.

σclus =
∑100

1 σiclus/100, gives the average contribution due to clustering (see Fig. 2.5

for an example at 350 µm). We find that the results of our simulation are in agreement

with Schreiber et al. (2015; i.e. σclus = 0 per cent, 0 per cent, 3 per cent, 8 per cent,

13 per cent, 25 per cent in the 24 µm, 100 µm, 160 µm, 250 µm, 350 µm and 500 µm

band, respectively), which performed similar simulations but including narrower,

hence deeper, fields (see Appendix B.2 of Schreiber et al. 2015). We apply these

corrections to our stacked fluxes to take into account the clustering bias. Although

we find identical corrections within a few per cent of Schreiber et al. (2015), we did

not simply apply their values as we wanted to test the reliability of these by using

different fields and catalogues.
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Figure 2.5: Histogram of the clustering contamination value in a series of 100 sim-
ulations. Shows the results of our simulation at 350 µm, with σclus the excess due
to clustering in the stacked flux compared to the input flux. We have generated
100 simulated maps to plot this histogram and we have measured an average σclus of
13.39 per cent that we rounded to 13 per cent. This value is in agreement with σclus

reported in Schreiber et al. (2015) at 350 µm.

2.3 Measuring star formation rates

2.3.1 Spectral energy distribution fitting

As mentioned above, we use the integrated 8–1000 µm emission (i.e. LIR) of the AGN

host galaxies as a measure of their SFRs (Kennicutt, 1998) as it is largely unaffected

by dust obscuration and AGN contamination (e.g. Mullaney et al., 2011; Netzer et al.,

2007; Hatziminaoglou et al., 2010). However, it is known that powerful AGNs can

contribute significantly at these wavelengths (in particular below 30 µm). To remove

any AGN contamination into the IR luminosities we perform a two-component (i.e.

a galaxy and an AGN component) SED fitting. For this, we used DECOMPIR5

that fits the IR SED using chi-square minimisation with a combination of a galaxy

component (taken from a library of five different galaxy templates) and an AGN

component (Mullaney et al., 2011). The IR luminosity of the host galaxy can then

be isolated from that of the AGN. We show in Fig. 2.6 an example of the best fit

of an IR SED (taken from our sample of AGNs and after performing stacking, see

Chapter 3) returned by DECOMPIR.

To test whether the AGN component is required, we use a multi-step approach

to fit the IR SED using DECOMPIR. Firstly, we separately fit the SED with each

5Publicly available and can be downloaded at : https://sites.google.com/site/decompir/

https://sites.google.com/site/decompir/
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Figure 2.6: Example of a multi-component SED fit. The dots are the measured
(stacked in this case) fluxes at 24 µm, 100 µm, 160 µm, 250 µm, 350 µm, and
500 µm, and their associated 1σ uncertainties. The host component is shown in blue,
the AGN component in red, and the sum of both in black. We note that in this
particular case, at wavelengths shorter than ≈160 µm the IR flux is dominated by
the AGN emission. Whilst deriving SFRs, we only account for the flux contained
within the host component.



A reliable measure of SFR in the presence of an AGN 26

of DECOMPIR’s five different observed galaxy templates, and including an AGN

component. Then, we repeat the fit but now excluding the AGN template (allowing

the host galaxy template to renormalise). Thus, for each observed IR SED, we have

ten different models (i.e. five with an AGN component, hereafter, “AGN+SF”, and

five host only, hereafter, “SF”). Since the five “AGN+SF” models have one degree

of freedom more than the five “SF” ones, we cannot simply select the best one based

on the chi-square of each fit. We need another way to compare these ten models

that account for the differences in complexity (i.e. different number of degrees of

freedom).

2.3.2 Multi-model inference

To compare the ten different models of the IR SEDs, we utilise multi-model inference.

This enables us to balance under-and-over-fitting, also known as the Occam’s razor

law of parsimony, or more recently, the “model selection problem” (see e.g. Forster,

2000, 2002). To account for this we rely on the Akaike Information Criterion (Akaike,

1973, 1974, 1985, 1994, hereafter AIC) which measures the ability of the model at

reproducing the observed data (i.e. quantified by the log-likelihood value returned by

the fit), while incorporating a penalising factor that increases with increasing number

of degrees of freedom (k). Therefore, contrary to Chi-square, the AIC allows the

comparison of very different models (see Burnham & Anderson 2002 for a complete

analysis, and see Appendix A for some insights on the demonstration of the AIC). It

is advised to use the “corrected” AIC in a presence of a low number of data points,

n, but there is no consensus on how low this number needs to be (e.g. Mutua, 1994).

However, as pointed out by Burnham & Anderson (2002), for large n, the corrected

AIC converges toward the AIC itself, as such, it is always better to use the corrected

AIC (hereafter AICc). We use the following definition:

AICc = −2 log(L) + 2 k

(
n

n− k − 1

)
, (2.4)

where log(L) is the log-likelihood of the fit (i.e. the likelihood of observing the data

given the model), n the number of observed data points (i.e. n=6 for a SED in our

case), and k is the number of free parameters (i.e. kAGN+SF = 2 and kSF = 1 if we

consider two or one fitting components, respectively). As mentioned in § 2.2.2, the

uncertainties on the data are derived using a random iteration process, and as such,

they are normally distributed. Therefore, the likelihood is defined as the product of

a normal distribution associated with each data point, i.e.,
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L =
6∏
i=1

e
− (xi−µi)

2

2σ2
i , (2.5)

where σ is the standard deviation (or the errors on each data point), µ is the mean

(or the expected value from the model), and xi is the value of the data point i (or

the observed value). Taking the natural logarithm of L gives us,

log(L) = −
6∑
i=1

(xi − µi)2

2σ2
i

= −1

2
χ2, (2.6)

where χ2 =
∑6

i=1(xi − µi)2/σ2
i is the chi-square of the fit. Therefore, for normally

distributed errors, as in our case, the log-likelihood is simply minus one and a half

the chi-square of the fit. As such, we can write the corrected AIC as,

AICc = χ2 + 2 k

(
n

n− k − 1

)
. (2.7)

For each of our ten models, we can measure the chi-square of the fit and use Eq. 2.7

to compute the AICc that allows their comparison. To do this, the model with the

minimum AICc returns the best model. One can see that minimizing the AICc for

constant k (models of same complexity) is equivalent to minimizing χ2. However, it

is well known that there is no true model, and as such, the best model is only an

approximation of the true model (if it exists). Since we have a finite set of models,

rather than selecting one “best” model we prefer to use a weighted mean of all of

our ten models to account for the degeneracy. The weight of each model is defined

using the Akaike weight (i.e. Akaike, 1973, 1974, 1985, 1994) which is based on their

AICc, i.e.,

A i
w =

e−0.5×(AICci−AICcmin)∑m
1 e−0.5×(AICci−AICcmin)

, (2.8)

where A i
w is the Akaike weight of the model i, AICci is the AICc of the model i,

AICcmin is the AICc of the best model (i.e. the one with minimum AICc), and m

is the number of models (i.e. here m=10). The total IR luminosity of a given host

galaxy, Lhost
IR , is then computed as a sum of the ten possible modelled IR luminosities

weighted by their Akaike weight, i.e.,

Lhost
IR =

10∑
i=1

(Lhost
IR i ×A i

w), (2.9)

and Lhost
IR is then converted to SFR using Eq. 4 of Kennicutt (1998), adjusted to a
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Chabrier (2003) IMF. This can be applied to extract SFRs on individual FIR galaxy

SEDs as well as on the average FIR SED produced when performing stacking to

account for Herchel-undetected sources.

This method is very similar to that of Stanley et al. (2015), where they also

derive SFRs via fit to the IR SEDs of AGN host galaxies using several combinations of

AGN and galaxy host templates. However, in Stanley et al. (2015), they compare the

various models using the Bayesian Information Criteria (BIC, Schwarz, 1978), instead

of the AIC in this study. Although both criterion are used in model selection and

are well known for their efficiency at penalising models on their degrees of freedom,

there is a fundamental difference in these two criterion. While the BIC is searching

for the best model, and therefore assumes that there is a true one among the finite

set of models, AIC only assesses the goodness of a given model (e.g. Burnham &

Anderson, 2002). Since we begin with the idea that there is no true model (i.e. we

use a combination of five galaxy templates and one AGN template only), the AIC is

more adapted for our study to measure the goodness of a model at representing our

observed dataset (i.e. a SED), and to consequently allocate a weight. This weight

can then be used to weight-average all the possible models. However, overall, AIC

and BIC are known to give very similar results (e.g. Kuha, 2004).

2.3.3 Application to a sample of field galaxies

We have now presented our method of measuring SFRs from fits to the galaxy IR

SEDs (i.e. from 8–1000 µm) accounting for AGN contamination when necessary. We

also have explained that our measure of the SFR for a given galaxy (or the average

SFR for a stack of galaxies) is a weighted mean of the SFRs returned by each of

our ten models, and weighted according to their likelihood (i.e. using the AICc, see

§ 2.3.2).

One thing that remains to be checked is whether our method is somehow unnec-

essarily “imposing” the presence of an AGN component in the fit to the IR SEDs. To

do this, we derive SFRs for a sample of galaxies that mainly contains star-forming

galaxies (but might also contain some AGNs). By first excluding the AGN component

to the fit of their IR SEDs, then including the AGN component, and comparing both

estimates of the SFRs, we can assess by how much introducing the AGN component

affects the measured SFRs. For a sample, we select sources from the multi-wavelength

catalogue of Laigle et al. (2016). As we aim to perform multi-component IR SED

fitting, we only select sources that are detected at the same IR wavelengths as those

used in our study, i.e. 24 µm, 100 µm, 160 µm, 250 µm, 350 µm, and 500 µm. We
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also require that they have available spectroscopic redshifts. Out of the 1,182,108

sources listed in the catalogue of Laigle et al. (2016), 447 satisfy these criteria (i.e.

∼0.04 per cent).

In Fig. 2.7 we show the comparison between the 447 SFRs when including an

AGN component versus those when the AGN component is not included. The red

dots indicate the galaxies for which our second estimate of SFRs returned an AGN

contamination higher than 20 per cent of the total IR luminosity. Although most

of the SFRs are consistent within each other, we find that only ≈5 per cent of the

galaxies in this sample have IR SEDs that are significantly contaminated by AGN

emission (i.e. at 20 per cent of their total IR luminosity). The low fraction of galaxies

that need an AGN component to fit their IR SEDs suggests that our fitting method

is accurate at recovering IR SEDs that are well reproduced using simply the star-

forming templates. In other words, in the vast majority of cases there is no evidence

that it needs an AGN component to the IR SEDs. Among the “AGN contaminated”

galaxies (i.e. the five per cent that suggests a significant AGN contribution), SFRs

are found to be on average ≈1.8 times higher than if the AGN contamination is

accounted for. This also demonstrates the importance of accounting for the AGN

contamination into the IR SEDs while deriving SFRs for a sample of AGN host

galaxies (i.e. as for our forthcoming sample, see Chapter 3).

As we have measured the SFRs for these 447 field galaxies, we can compare these

to those published in the Laigle et al. (2016) catalogue. We show in Fig. 2.8 this

comparison. Overall, our SFRs are consistent with those of Laigle et al. (2016). As

accounting for AGN contamination decreases the SFR, we expect a small fraction of

our SFRs to be lower than those provided by Laigle et al. 2016 which do not account

for any AGN contamination. Instead, we find that our SFRs (after accounting for

AGN contribution) are on average ≈2 times higher than that of those reported in

Laigle et al. (2016). However, in Laigle et al. (2016), measuring SFRs was not

the primary goal of their study, such that they use the UV-to-optical part of the

SED. Hence, their SFRs are subject to very large uncertainties arising from errors

associated with correcting for dust obscuration. This can explain the discrepancies

observed between the SFRs derived using our method and the SFRs reported in

Laigle et al. (2016) for this particular sample of 447 sources.

2.4 Conclusion

In this chapter we outline our method to accurately measure SFRs for galaxies hosting

AGNs by using their FIR luminosities to trace the emission of the dust heated by
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Figure 2.7: Comparison of SFRs derived whether considering an AGN contribution to
the IR SED or not, for a sample of 447 sources taken from the COSMOS catalogue
of Laigle et al. (2016). The red dots indicate the 5 per cent of the sources for which
our fitting routine returns an AGN contamination of more than 20 per cent to the
total IR luminosity. The dashed line indicates the 1:1 correlation.



A reliable measure of SFR in the presence of an AGN 31

Figure 2.8: Comparison of SFRs derived using our method to those reported in Laigle
et al. (2016) for a sample of 447 sources taken from the COSMOS catalogue of Laigle
et al. (2016). The red dots indicate the 5 per cent of the sources for which our fitting
routine returns an AGN contamination of more than 20 per cent of the total IR
luminosity. The dashed line indicates the 1:1 correlation.



A reliable measure of SFR in the presence of an AGN 32

stars.

We first introduce the stacking analysis that we will perform to incorporate

Herschel-undetected AGN host galaxies into our analysis. We also show how we

extract the flux from a frame containing the result of the stack, and how we use

simulations to correct this flux for the boosting due to the clustering of the sources.

In doing this, we find results which correspond exactly to those of Schreiber et al.

(2015), i.e. σclus = 0 per cent, 0 per cent, 3 per cent, 8 per cent, 13 per cent, 25 per

cent in the 24 µm, 100 µm, 160 µm, 250 µm, 350 µm and 500 µm band, respectively.

We then present how we extract the FIR luminosities and therefore the SFRs out

to the FIR SEDs, by performing a multi-component SED fitting, allowing for any

AGN contribution when necessary. We highlight our model selection method based

on multi-model inferences, that measures the corrected Akaike Information Criterion

(AICc) to accurately account for model degeneracies.

Finally, we measure SFRs for a sample of 447 sources, all selected from the COS-

MOS catalogue of Laigle et al. (2016) based on their complete SED at IR wavelengths

and on their available spectroscopic redshifts. Using this sample of 447 field galaxies,

we compare the change in SFRs when adding an AGN component to the fit of the

IR part of their SEDs to that of ignoring the AGN contamination. As expected for

field galaxies, we find that only five per cent of the sources have SFRs that are AGN

contaminated (above 20 per cent of the total FIR luminosity) suggesting that out

method to fit IR SEDs is not unnecessarily imposing an AGN component to the IR

SEDs of star-forming galaxies. These potential AGN sources have SFRs on average

≈1.8 times higher than if removing the AGN contamination.



Chapter 3

An enhanced fraction of starburst

galaxies among high Eddington

ratio AGNs

3.1 Introduction

In this thesis we aim to study the impact that AGNs have on the star formation

rates (SFRs) of their host galaxies. As discussed in Chapter 1, § 1.3.2 many recent

studies exploring this topic have found no evidence of a strong correlation between

SFR and X-ray luminosity (a proxy for AGN power) out to z∼2 (e.g. Rosario et al.,

2012; Stanley et al., 2015). However, unlike previous studies that focus on the total

AGN luminosity to trace AGN power, we use the total AGN luminosity per unit host

stellar mass (i.e. specific AGN luminosity). This may be more pertinent since it

is reasonable to consider that a powerful AGN (i.e. with X-ray 2-10keV luminosity

of LX ∼ 1044−45 erg s−1) will have a larger impact on a low-mass galaxy compared

to a high-mass galaxy. This is simply due to the deeper potential well of the later.

Thus, by measuring the SFR of AGN hosts across several orders of magnitudes in

specific AGN luminosity, we expect to observe a suppression of SFRs (quenched by

AGN feedback) at higher specific AGN luminosities, as predicted in simulations (e.g.

Di Matteo et al., 2005; Springel et al., 2005; Hopkins et al., 2008; Zubovas & King,

2012; Dubois et al., 2013). Should we observe an enhancement of the SFR at higher

specific AGN luminosities, it will suggest a more complex relationship between AGN

and star-forming activity than the one proposed in simulations, and it will support

many of the observational studies finding that AGNs form a diverse population with

somewhat enhanced SFRs compared to the general population (e.g. Barvainis &

33
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Figure 3.1: Two scenarios for the relationship between the specific X-ray luminos-
ity and the SFR, i.e. enhancement or quenching of SFR at higher specific X-ray
luminosities. We also point out in this figure that on average stellar mass decreases
with increasing specific X-ray luminosity. The quenching scenario is favoured by
simulations.

Ivison 2002; Priddey et al. 2003; Page et al. 2004; Schweitzer et al. 2006; Lutz et al.

2008; Hickox et al. 2009; Silverman et al. 2009; Shao et al. 2010; Bonfield et al. 2011;

Santini et al. 2012; Mullaney et al. 2012; Rosario et al. 2012; Rovilos et al. 2012;

Harrison et al. 2012; Zinn et al. 2013, although see Page et al. 2012). In figure 3.1

we show a sketch of the two scenarios that we aim to discriminate.

Using rest-frame UV and optical observations to measure the star-forming prop-

erties of X-ray AGN hosts, Azadi et al. (2015) recently reported that there is no

evidence of a strong correlation (or anti-correlation) between specific AGN luminos-

ity and average SFR, at least up to z∼1. Instead, they reported that the fraction

of star-forming galaxies increases with increasing specific AGN luminosity, suggest-

ing a change in the underlying SFR distribution. However, Azadi et al. (2015) only

probed low-to-moderate redshifts (i.e. z<1), thus missing the peak epoch of SMBH

accretion and SFR densities (i.e. z∼2). Furthermore, since Azadi et al. (2015) rely

on optical-to-UV photometry to measure SFRs, and because of the potential high

contamination at these wavelengths from the AGN, they were unable to consider the

most luminous AGNs (i.e. LX> 1044 erg s−1), which are also more likely to have

the highest specific luminosities. Finally, by relying on the optical-to-UV part of the

spectrum, Azadi et al. (2015) had to make considerable corrections for dust attenua-

tion. As the problems of both AGN contamination and dust attenuation are minimal
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at FIR wavelengths, there is significant scope to build upon the Azadi et al. (2015)

study by exploiting data from the ESA Herschel Space Telescope to consider more

closely the relationship between SFR and specific X-ray luminosity.

In this chapter we first present the datasets used for this study in § 3.2. We

then detail in § 3.3 the data analysis performed on these datasets to extract AGN

and host galaxy properties. The main results of this analysis are presented in § 3.4

and the implications of these results are discussed in § 3.5. Finally we conclude in

§ 3.6. Throughout, we assume a WMAP-7 year cosmology (i.e. H0 = 71 km/s/Mpc,

k = 0.00974, Ωm = 0.266, ΩΛ = 0.734; Larson et al., 2011). For this chapter, we

use a Chabrier (2003) initial mass function (hereafter, IMF) when calculating galaxy

stellar masses and SFRs.

3.2 Datasets

Our datasets are extracted from multi-wavelength observations of three extragalactic

fields: GOODS-North (hereafter, GN), GOODS-South (hereafter, GS), and the wider

but shallower COSMOS fields. This combination allows us to probe modest AGN

luminosities (i.e. LX∼ 1042−43 erg s−1; the dominant AGN population in terms

of numbers) out to z≈3, whilst also covering the wide areas needed to include rare

AGNs with more extreme specific luminosities (i.e. LX/M∗∼ 100 L�/M�). A further

benefit of using these fields is that they are the most intensely surveyed regions

of the sky, with comprehensive multi-wavelength coverage spanning X-ray-to-radio

regimes. In this section, we describe the datasets that we use to investigate the

relationship between specific AGN luminosity and the star-forming properties of their

host galaxies.

3.2.1 X-ray data

We use X-ray luminosities derived from the Chandra observations of our three fields

as a proxy for bolometric AGN luminosity (using the average bolometric conver-

sion factor from Vasudevan & Fabian 2007; see § 3.3.1). For COSMOS we use the

1.8 Mega-seconds (hereafter, Ms) Chandra-COSMOS (hereafter, C-COSMOS)

survey of Civano et al. (2012) that covers the central 0.9 deg2 of the COSMOS

field (1761 X-ray detections in the 0.5–10 keV band down to limiting depths of

5.7×10−16 erg cm−2 s−1). For GN, we use the 2Ms point-sources catalogue of Alexan-

der et al. (2003) from the Chandra Deep Field North (hereafter, CDFN) survey (503

X-ray detections in the 0.5–8 keV band), while for GS we use the main 4Ms catalogue
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Spurious matches

True matches

Matching radius

Figure 3.2: Example of a matching fraction of Herschel sources, this case at 24 µm.
The black curve shows the probability of matching a source at different radius. The
red dashed line indicates the matching radius maximising the number of real matches
(expected within the orange area) while minimising the number of spurious ones
(expected within the blue area).

of Xue et al. (2011) from the Chandra Deep Field South (hereafter, CDFS) survey

(740 X-ray detections in the 0.5–10 keV band). Combining catalogues from all three

fields gives a total of 3004 X-ray-detected sources, which we refer to as our “X-ray

detected” catalogue.

3.2.2 Far-infrared data

As mentioned in Chapter 2, § 2.3, we use the FIR emission of the host galaxy as a

tracer of its SFR by using the Kennicutt (1998) relationships to convert FIR lumi-

nosities into SFRs. Our FIR data are from instruments on board the Herschel

space observatory (Pilbratt et al., 2010). The COSMOS field has been covered by

Herschel’s PACS instrument (Poglitsch et al., 2010) at 100 µm and 160 µm as

part of the PACS Evolutionary Probe (PEP, Lutz et al. 2011) programme. For GN

and GS we use the Herschel-PACS data that combine the PEP and the GOODS-

Herschel (Elbaz et al., 2011) programmes, and which provide the deepest surveys

of these fields at wavelengths of 100 µm and 160 µm (Magnelli et al., 2013). For

each field we use the de-blended catalogues based on the positions of Spitzer-MIPS

24 µm prior, which provide 100 µm and 160 µm fluxes for all 24 µm sources, irrespec-
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tive of whether they are formally detected at the longer wavelengths. We complement

the PACS data with the deep Herschel-SPIRE (Griffin et al., 2010) observations

(at 250 µm, 350 µm and 500 µm) of our fields carried out by (1) the HerMES pro-

gramme for COSMOS and GS (Roseboom et al., 2010; Oliver et al., 2012), and (2)

the GOODS-Herschel programme for GN (Elbaz et al., 2011).

For the COSMOS field, the PEP observations cover all of our 1761 X-ray sources.

However, as GOODS-Herschel did not cover the entire CDFN and CDFS we only

consider X-ray sources with PACS coverage that is over 30 per cent of the maximum

value in each field. This results in 365 out of the 503 X-ray detected sources in

CDFN, and 410 out of the 740 in CDFS that have Herschel coverage. Thus, of

the 3004 X-ray sources in the three fields combined, 2536 are covered by Herschel.

These form our “Herschel-covered” sample.

To obtain the 24 µm, 100 µm, and 160 µm flux counterparts for each X-ray

source in our Herschel-covered sample, we cross-matched against the Herschel

catalogue using a two arc-second matching radius between the X-ray and the 24 µm

positions. This radius was chosen to maximise the number of true matches, while

minimising the number of spurious ones (see Fig. 3.2 for an example of a matching

function). As illustrated in Fig. 3.2, by using the minimum of the matching function

(corresponding to two arc-seconds in this case), we expect roughly 92 per cent of our

counterparts to be true matches. For SPIRE data (i.e. 250 µm, 350 µm, and 500 µm)

in COSMOS we cross-matched against the SPIRE–Herschel catalogue, but based

on the 250 µm positions instead (since the 24 µm positions are not provided in this

catalogue), using a matching radius of seven arc-seconds between either the previously

matched 24 µm positions if detected, or the X-ray positions if undetected at 24 µm

and the 250 µm positions. We note that the matching radius increases as we match

our X-ray detected sample to longer wavelengths. This is a consequence of having a

larger PSF at longer wavelengths (see Fig. 2.1) which increases the uncertainties on

the source position at these longer wavelengths, hence broadening the distribution of

true matches (see Fig. 3.2 for the distribution of true matches). Therefore, for SPIRE

data, we expect a fraction of roughly 85 per cent of true counterparts to our X-ray

detected catalogue. For GN, SPIRE fluxes are provided in the table of Elbaz et al.

(2011), so are automatically included when we match to the PACS data. For GS

we cross-matched against the Herschel catalogue using a matching radius of two

arc-seconds again between the X-ray and the 24 µm positions (since provided in the

SPIRE catalogue). Out of the 2536 X-ray sources in our Herschel-covered sample,

1178 (i.e. ∼ 56 per cent) sources are detected in at least one Herschel band, which

we refer as to our “X-ray FIR” catalogue.
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3.2.3 Ancillary data

As the primary goal of this study is to measure how the star-forming properties of

galaxies relate to the specific AGN luminosity (i.e. luminosity per unit host stellar

mass), it is crucial that we have accurate host stellar masses for the galaxies in our

sample. The most commonly used means to derive galaxy stellar masses is through

fits to their broad-band spectral energy distributions (SEDs). However, since in our

case the SED can be heavily contaminated by the light from the AGN, we used a

multi-component SED fitting code (i.e. CIGALE, see § 3.3.2) to account for this. As

demonstrated in Ciesla et al. (2015), CIGALE requires UV to mid-IR photometry

in order to reliably extract the stellar mass of AGN host galaxies.

Since needed to measure the stellar masses, we extend our datasets to include data

from the UV, the optical and the near-infrared (NIR) part of the spectrum. For the

COSMOS field, the UV-to-NIR data (i.e. u∗, BJ, VJ, ACS606, r+,i+, ACS814W,

z+, UVISTA-Y, WFC3-F125W, UVISTA-J, WFC3-F140W, UVISTA-H, UVISTA-

KS, IRAC1, IRAC2, IRAC3, and IRAC4 bands) are from a combination of the Ilbert

et al. (2013) catalogue and, for the central region covered by the CANDELS survey,

the 3dHST catalogue compilation of Skelton et al. (2014). For CDFN and CDFS, we

use the 3dHST catalogue of Skelton et al. (2014), that also covers the UV to the NIR

wavelengths (i.e. U, B, V, ACS606, R, i, z, WFC3-F125W, J, WFC3-F140W, H,

KS, IRAC1, IRAC2, IRAC3, and IRAC4 bands). We cross-matched these catalogues

with our Herschel-covered sample using a radius of two arc-seconds on the 24 µm

positions when available and the X-ray positions otherwise. To ensure a robust

mass measurement we derive stellar masses only for sources with enough broad band

photometry coverage (see left column of Fig. 11 of Ciesla et al. 2015 that shows the

accuracy on the stellar mass measurement depending on the available wavelength

coverage). As a consequence, we are able to derive stellar masses for 1852 sources

out of the 2536 (i.e. 73 per cent) sources in our Herschel-covered sample.

3.3 Data analysis

Our main focus for this chapter is to investigate the SFR of AGN host galaxies

across several orders of magnitudes at specific AGN luminosities. As stressed in

Chapter 2, § 2.3, it is crucial that we disentangle the AGN emission from that of

the host galaxy. Throughout this section, we first describe in § 3.3.1 how we derive

the intrinsic X-ray luminosities from the observed 2-10 keV ones. We then show

how we measure the host stellar masses in § 3.3.2, accounting for AGN contamina-
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tion. Furthermore, as explained in Chapter 2, we perform stacking to incorporate

Herschel-undetected sources into our analysis and multi-model inferences to ac-

curately extract the SFRs. In § 3.3.3 we show how we apply theses techniques to

our science datasets. To ensure that our full analysis is not dominated by the way

we select our sources, we use a mass-matched sample for which we derive similar

properties. This mass-matched sample is presented in § 3.3.4.

3.3.1 AGN properties

Intrinsic X-ray luminosities

One of the most direct ways to quantify the power of an AGN is to derive its

absorption-corrected (i.e. intrinsic) X-ray luminosity since it is arising from the

accretion process into the SMBH (see Chapter 1, § 1.2). For COSMOS and GS we

obtained the 2–10 keV intrinsic X-ray luminosities by cross-matching our Herschel-

covered sample with the catalogue of Brightman et al. (2014) which provides this in-

formation for respectively 100 per cent and ≈70 per cent of our sources in these two

fields. To ensure consistency throughout, we also adopted the redshifts provided in

Brightman et al. (2014) for these matched sources (of which ≈60 per cent are spectro-

scopic redshifts). For those sources that are not covered by Brightman et al. (2014),

we derived an analytic solution to convert observed X-ray fluxes to intrinsic X-ray

luminosities. We use a second-order polynomial to relate the ratio of un-obscured

to obscured fluxes (i.e. the flux that would be observed if there were no obscuring

material relative to the actual observed flux, or Funobs/Fobs) to the band ratios (i.e.

Hard X-ray band/Soft X-ray band in counts) and the redshifts (z) of X-ray sources

in Brightman et al. (2014):

log10

(
Funobs

Fobs

)
=

2∑
i=0

αi × log10

(
Hard band

Soft band

)i

+
2∑

i=0

βi × zi (3.1)

where αi and βi are polynomial coefficients. The best calibration is given for α0 =

0.23, α1 = 0.61, α2 = 0.041, β0 = 0.01, β1 = −0.11, and β2 = −0.02. In Fig. 3.3 we

show the goodness of the analytical solution for AGNs detected in COSMOS and

where LB14 is provided. We find that the same coefficients reproduce the intrinsic

luminosities reported in Brightman et al. (2014) in both GS and COSMOS with a

median of LPoly/LB14 = 1.05 (where LB14 are the intrinsic X-ray luminosities reported

in Brightman et al. 2014) and a standard deviation of σLPoly/LB14
= 0.51. The large

standard deviation is increased by the few outliers (see Fig. 3.3) and we find that 95

percent of the sources have similar X-ray intrinsic luminosities within 33 per cent.
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Figure 3.3: Comparison of the intrinsic X-ray luminosities derived using our analyt-
ical solution and those of Brightman et al. (2014) for the COSMOS field. The red
line indicates the 1:1 relationship. We find a good agreement between the two lumi-
nosities, validating Eq. 3.1 to derive intrinsic X-ray luminosities on our full sample of
AGNs.
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Using Eq. 3.1 together with the redshifts from Bauer et al. (2004) for the sources

in GN, and the redshifts from Hsu et al. (2014) to complete the ≈30 per cent of

the GS sources that are not covered by Brightman et al. (2014), we derive intrinsic

2–10 keV luminosities for all of the 2536 sources in our Herschel-covered sample.

To minimise contamination from non-AGN, we only retain sources with intrinsic

X-ray luminosity greater than 1042 erg s−1. This has no impact on our results, as

we are primarily interested in high specific luminosity AGNs. Thus, we expect little

contamination (i.e. typically less than 20 per cent for galaxies with M∗& 1010.5 M� at

z&2; Aird et al. 2017b) from the host galaxy to the measured X-ray flux. Among our

2536 Herschel-covered sample, 1980 are selected as true AGNs, and are referred to

as our “AGN sample”.

Specific LX as a tracer of Eddington ratio

In this chapter, we wish to measure the star-forming properties of AGN hosts as a

function of specific AGN luminosity (i.e. AGN luminosity relative to the host stellar

mass). For convenience, we express the specific AGN luminosity in terms of the

more familiar Eddington ratio of the AGN (λEdd), i.e. the ratio of AGN bolometric

luminosity (LAGN) to the Eddington luminosity of its SMBH (LEdd). To convert

2-10 keV intrinsic X-ray luminosity to LAGN we use a bolometric correction factor

of 22.4 which is the median value found in Vasudevan & Fabian (2007; based on a

sample of local AGN with LX= 1041−46erg s−1). As λEdd is to be used merely as a

guide, we prefer to use a single bolometric correction factor over more complicated

luminosity-dependent corrections (e.g. Hopkins et al., 2007). All our analyses are

performed on the basis of specific X-ray luminosities, rather than λEdd, such that the

choice of bolometric correction factor has no effect on our results. The Eddington

luminosity, LEdd, is defined as the theoritical luminosity a SMBH of mass M cannot

exceed. Beyond this LEdd, the force of radiation (i.e. repulsive force) overcomes that

of the gravity (i.e. attractive force), as such the in-falling material is pushed away

and the accretion is stopped. To derive LEdd, we equate the force of radiation (Frad)

to that of the gravity (Fgrav) for a SMBH of mass MBH on a cloud of gas (or anything

else falling into the SMBH) with mass m. When assuming spherical symmetry, we

have that,

Fgrav ≡
GMBHm

R2
=

L

4πR2c
× κm ≡ Frad, (3.2)

where R is the distance between the SMBH and the cloud, κ is the opacity of the cloud

(i.e. cross-section area per unit mass), L is the luminosity, and G is the gravitational
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constant. For ionised hydrogen, interactions are essentially between the photons and

the free particles (i.e. Thomson scattering) and κ = σT/mp, where σT is the Thomson

scattering cross-section and mp is the mass of the proton. Therefore, replacing this

into Eq. 3.2 and rearranging, we have that,

LEdd =
4πcGmp

σT

MBH = 1.26× 1038

(
MBH

M�

)
erg s−1. (3.3)

Furthermore, we can use the relationship between the SMBH masses and the host

galaxy stellar masses (M∗, see § 3.3.2 for the derivation of the stellar masses for our

sample of AGNs), assuming a constant of proportionality of 0.002 (Marconi & Hunt,

2003) to transform MBH into M∗ in Eq. 3.3. Finally combining these definitions for

LAGN and LEdd, we have that the Eddington ratio is defined as,

λEdd =
LAGN

LEdd

=
22.4 LX

1.26× 1038 erg s−1 × 0.002M∗
M�

. (3.4)

The distribution of our λEdd sample with the redshift is shown in Fig. 3.4, with

the sources that are Herschel detected (i.e. at least in one of the Herschel band)

shown as red points. We reiterate that we convert specific X-ray luminosities into

Eddington ratios purely for convenience because of its greater familiarity, and λEdd

should not be regarded as a true measure of the Eddington ratio of the SMBH (which

could explain the large numbers of AGNs with log(λEdd) > 0 in Fig. 3.4).

3.3.2 Host galaxy stellar masses

Our main goal is to study how star-forming properties of AGN hosts change as a

function of specific AGN luminosity – or Eddington ratio. As we define specific

luminosity as luminosity per unit host stellar mass, it is crucial that we accurately

derive host stellar masses. In the presence of an AGN the optical to NIR wavelengths

– from which stellar masses are normally derived – can suffer contamination by

light from the AGN (e.g. Stern et al., 2005; Donley et al., 2012). To account for

this contamination we used the multi-component SED fitting code CIGALE 1 that

includes an AGN component to the fit (Burgarella et al., 2015; Ciesla et al., 2015).

Recently, using models, Ciesla et al. (2015) demonstrated that CIGALE is able

to reproduce the stellar masses of mock galaxies (generated using the GALFORM

code; Cole et al. 2000) to within 40 per cent for galaxies where up to 70 per cent of

the optical to NIR emission is due to the AGN (only ≈ 1 per cent of our AGNs are

above an AGN contamination of 70 per cent at those wavelengths).

1CIGALE is publicly available at http://cigale.lam.fr/

http://cigale.lam.fr/


An enhanced fraction of starburst galaxies among high λEdd AGNs 43

Figure 3.4: Distribution of our full AGN sample across redshift and λEdd. Red
circles indicate sources that are detected in at least one of the Herschel band (i.e.
≈ 50 per cent). The blue rectangles indicate the position of each of our bin for which
we measured average AGN and galaxy properties (i.e. performing stacking to include
Herschel-undetected sources).
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Figure 3.5: Comparison of stellar masses derived using CIGALE to those of Ilbert
et al. (2013) for COSMOS and Elbaz et al. (2011) for GN and GS. The blue circles
show the full sample and the orange squares show that of obscured AGNs only. The
red line shows the 1:1 relationship between the two.

The parameters that control CIGALE’s fitting process were selected based on

those that Ciesla et al. (2015) found best reproduced the stellar masses of their

mock galaxy samples (see Table 3.1). Ciesla et al. (2015) found that the uncertainty

on stellar mass increases with decreasing host stellar mass due to a combination

of faintness and possibly higher relative AGN contributions. Therefore, we only

select AGNs with host galaxy stellar masses satisfying M∗ > 109.5 M�. Within our

AGN sample of 1980 sources, 1620 satisfy this criterion. Although the level of AGN

contamination spans the range 5–85 per cent, 95 per cent of the sample have AGN

contamination of less than 50 per cent (within which Ciesla et al., 2015, report that

the uncertainty on the stellar mass is less than 20 per cent). We also note that

the 5 per cent of AGNs in our sample with AGN contamination above 50 per cent

are distributed across our λEdd range and thus do not adversely effect one region of

parameter space relative to another.

As a consistency check, we compared the AGN host stellar masses derived using

CIGALE (MCIGALE
∗ ) to those reported in Ilbert et al. (2013) for COSMOS and in

Elbaz et al. (2011) for GN and GS (MPrevious
∗ ). Both these other studies take steps
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to account for AGN contamination, but use more simplistic approaches than our

SED-fitting based method. Specifically, for galaxies whose Spitzer-IRAC bands are

AGN dominated (flagged by being characterised by a power-law; i.e. Donley et al.,

2012), Ilbert et al. (2013) ignore these bands when deriving stellar masses, whereas

Elbaz et al. (2011) remove them from their sample entirely. Thus, by comparing our

masses with those of Ilbert et al. (2013), we obtain a measure of the discrepancy

between different approaches of accounting for AGN contamination when calculating

host stellar masses. This comparison is shown in Fig. 3.5 with filled blue circles.

The standard deviation of the log(MCIGALE
∗ /MPrevious

∗ ) ratios of the full sample is

0.5 dex and there is a systematic offset of 0.31 dex (i.e. a factor of ∼ 2). However,

we also separate obscured (type 2) and un-obscured (type 1) AGNs in this Figure

using optical classifications for GN and GS. When we do this, we find a smaller

standard deviation and systematic offset (i.e. 0.4 dex and 0.09 dex, respectively)

for obscured AGNs. This suggests that the offset in the full sample arises from our

different treatments of AGN contamination, which will be stronger for un-obscured

AGNs. Therefore, we do not correct for any offset, believing that our treatment of

AGN contamination by including AGN templates in our SED fits is more robust than

those used by Elbaz et al. (2011) and Ilbert et al. (2013), i.e. studies where AGN

were not the primary focus.

3.3.3 Host galaxy star formation rates

As detailed in Chapter 2, § 2.3 we use the integrated 8–1000 µm emission (i.e. LIR)

of the AGN host galaxies as a measure of their SFRs (Kennicutt, 1998), performing

multi-component SED fitting to account for any AGN contamination to LIR. Fur-

thermore, we also mentioned that despite using the deepest FIR data available for

our fields, only ≈20 per cent of our AGN sample is detected in enough Herschel

bands to perform SED fitting (i.e. in at least three bands; see § 3.2.2). As described

in Chapter 2, § 2.2, to incorporate the remaining 80 per cent of sources, we perform

stacking at IR wavelengths (i.e. 24 µm, 100 µm, 160 µm, 250 µm, 350 µm, and

500 µm) to derive average SEDs that include the Herschel-undetected sources.

Prior to stacking, we split our sample into bins of specific AGN luminosity and

redshift (see Table 3.2). This is to enable us to determine how the average star-

forming properties of the host galaxies change with these parameters. To minimise

shot noise we aim to have over 400 AGNs in each of our redshift bins. However,

this is impossible for our lowest and highest redshift bins, but which still contain

over 100 AGNs (i.e. still a statistically significant number). Within each of our
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redshift bins, we also bin according to Eddington ratio (or, in reality, specific X-ray

luminosity). In each redshift bin, all AGNs with -3.0<log(λEdd)<-0.5 are binned

together to represent the low λEdd regime. We group these together because this

low λEdd regime has already been explored in Azadi et al. (2015), at least at z < 1.

This low λEdd bin includes most of our X-ray selected AGNs at all redshifts (i.e. 95

per cent, 91 per cent, 78 per cent, 67 per cent and 60 per cent for z = 0 − 0.7, 0.7-

−1.2, 1.2−1.8, 1.8−2.9, and z > 2.9, respectively). The high Eddington ratio regime

(i.e. log(λEdd) > -0.5) is then split into one or two bins, depending on the number of

AGNs in each redshift bin (i.e. the two redshift bins containing over 100 AGNs with

log(λEdd) >-0.5, i.e. z = 1.2 – 1.8 and 1.8 – 2.9, have two high Eddington ratio bins).

Our various bin boundaries are shown in Fig. 3.4 and summarised in Table 3.2. We

perform the stacking on each of our redshift and λEdd bins.

The average SFR in each redshift and λEdd bin is calculated from the stacked

SEDs using fits that involves various models (including an AGN component when

necessary) and performing model inferences to estimate the best average SFR (see

Chapter 2, § 2.3 for details on our stacking and model inference method). The un-

certainties on average SFRs are calculated by adopting a Monte Carlo approach, i.e.

adding Gaussian noise to the stacked fluxes (according to the size of uncertainty on

the fluxes) and re-performing the SED fits. Average SFRs and their associated errors

are given in the column 2 of the Table 3.3.

When using FIR wavelengths to derive SFRs, we assume that the dust re-processes

all the UV at the FIR wavelengths. However, a non-negligible amount of UV light

could also be directly emitted (i.e. not re-processed by dust), thus possibly missing a

fraction of the total SFR when using the re-processed FIR emission of the galaxy only.

To estimate this direct UV component (LUV) emitted by our AGN host galaxies in

each stack, we use the average relationship between the attenuation (i.e. LIR/LUV)

and the stellar mass reported in Heinis et al. (2014). LUV is then converted into

SFRUV using the Kennicutt (1998) relation (modified for a Chabrier 2003 IMF) and

added to the SFRIR to give the total SFR of the galaxy. Taking this approach, we

find that the UV component represents only between 1-to-10 per cent of the total

SFR, depending on the average stellar mass of the bin. In what follows, all the SFRs

are the total SFRs (i.e. SFRIR + SFRUV).

Finally, we also verified that any contamination to the X-ray luminosities from

the host galaxies is negligible; by using Eq. 15 of Ranalli et al. (2003) to calculate

the 2–10 keV flux arising from star-formation in the host galaxy in each of our bin

we find a contamination which is less than 1 per cent.
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Table 3.3: Average SFRs, normalised SFRs and minimum and maximum fractions
of starbursts in each of our redshift and λEdd bins.

(1) (2) (3) (4)

Index SFR (M� yr−1) SFR/SFRMS Fraction[minimum - maximum](per cent)

1 16.73±2.30 0.43±0.06 2 – 3

2 22.67±10.2 1.07±0.54 8 –8

3 27.61±3.71 0.36±0.05 1 – 6

4 26.46±9.25 0.64±0.23 33 – 10

5 73.50±13.6 0.61±0.12 6 – 29

6 42.98±20.2 0.58±0.28 6 – 33

7 69.31±20.9 1.25±0.40 14 – 66

8 108.3±23.9 0.45±0.10 3 – 50

9 66.28±23.8 0.52±0.19 7 – 60

10 134.4±29.1 2.30±0.53 10 – 84

11 255.6±115.0 0.63±0.29 –

12 71.10±46.9 0.35±0.23 –

Notes: (1) Bin index (as in Column 1 of Table 3.2). (2) Average SFR measured after removing
the AGN contamination. (3) Normalised average SFR accounting for the stellar mass bias.(4)
Minimum and maximum fraction of AGN host that are starburst.
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3.3.4 Control sample of non-AGN galaxies

To explore the dependence of star formation on the specific X-ray luminosity of

AGNs, and how this may have evolved with redshift, we bin our sample in terms

of these parameters (see § 3.3.3). This results in the AGN hosts in each of our bins

to follow a different stellar mass distribution as shown in Fig. 3.6. We note that

AGNs with low λEdd will tend to have higher stellar masses compared to the high

λEdd AGNs. This results from using an X-ray flux limited sample of AGNs. With

SFR related to stellar mass via the galaxy main sequence (MS; e.g. Salim et al.,

2007; Daddi et al., 2007; Rodighiero et al., 2011; Elbaz et al., 2011; Sargent et al.,

2012; Schreiber et al., 2015), this change in average mass from bin-to-bin leads to a

change in SFR that could be misinterpreted as being related to AGN-feedback (see

Stanley et al., 2017). Therefore it is important to take into account any differences in

the stellar mass distributions of AGNs and MS galaxies when comparing the galaxy

star-forming properties between bins.

To account for the different mass distributions across our redshift and Eddington

ratio bins, we calculate the difference between the measured average SFR of the AGNs

in each bin and the average the sample would have if all the host galaxies lay on the

MS. As mentioned in Chapter 1, § 1.3.2, the choice of the control sample of non-AGN

galaxies is crucial and can lead to very different conclusions. Ideally, we would use a

large sample of mass-matched non-AGN galaxies that belongs to the MS. However,

because luminous AGNs (i.e. of the type explored here) tend to reside in higher mass

galaxies (e.g. Dunlop et al., 2003; Kauffmann et al., 2003; Best et al., 2005; Aird et al.,

2012), a sufficiently large enough sample of real high mass star-forming galaxies with

the same level of Herschel coverage does not exist. Instead, following an updated

model outlined first in Bernhard et al. (2014) we generate a population of 25,002,0472

mock star-forming galaxies (see Chapter 5, §5.3 for details on the updated model).

This sample of mock galaxies has exactly the same SFR distribution as a sample of

real MS galaxies, but is significantly larger than any observed ones. Thus, for each of

our AGN, we can match five mock galaxies with the same stellar mass and redshift

(to within ∆z=0.1 and ∆log(M)=0.005). We then calculate the mean SFR of the

mock sample in each of our bins, with the uncertainty on the mean calculated by

randomly re-sampling one third (i.e. to mimic the bootstrapping approach used for

our data) of the mock population 100 times and measuring the spread of resulting

distributions of means. The dotted histograms in Fig. 3.6 show the corresponding

mass-matched sample for each of our redshift and λEdd bins.

2The model is defined by the volume within which the generated mock galaxies are placed (i.e.
a 50 square degrees field out to redshift 3 in this case), hence the odd number of mock galaxies.
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Figure 3.6: Stellar mass distributions of the full AGN sample and of the mass-
matched sample in each of our bins. Each panel corresponds to a different redshift
bin, within which each coloured-hatched histogram shows the AGN host stellar mass
distribution for each λEdd bin (see keys). Black-dashed histogram shows that of
the mass-matched sample. The tick mark underneath each histogram indicates the
average stellar mass of the bin. The coloured tick marks are for the AGN host sample
and the black-dashed tick marks are for that of the mass matched sample.
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Figure 3.7: SFR versus stellar mass for the mass-matched sample in the 1.8<z<2.9
bin. The black dots show the individual mock galaxy SFRs while the orange square
shows the average of these. The average MS is shown by a red line and the black area
illustrates its evolution from z=1.8 to z=2.9. The blue circle shows averaged SFR
that corresponds to the average stellar mass in the bin (i.e. not using a mass-matched
galaxy for each AGN host). We find that the latter is a factor of ≈1.5 below that
calculated from using a mass-matched sample.

The benefits of using a mass-matched sample over simply assuming the average

stellar mass of the observed AGNs to calculate the average MS SFR is demonstrated

in Fig. 3.7 for the bin 1.8 < z < 2.9. Here, it is clear that simply taking the average

stellar mass and converting that to an average MS SFR (using Eq. 9 in Schreiber

et al. 2015) results in an average SFR that is a factor of ≈1.5 below that calculated

from using a mass-matched sample. This is a result of the asymmetrical distribution

of specific SFR (i.e. SFR divided by the stellar mass), with the few outliers (i.e.

starburst galaxies) boosting the true average SFR compared to that of the MS.

3.4 Results

In the previous sections, we described how we arrived at our final sample of 1620

AGNs with Herschel coverage and reliable host stellar masses, and how we

measured the average SFRs of their host galaxies, employing stacking to include

Herschel-undetected AGN hosts. In this section, we describe how we used this
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Figure 3.8: Average SFR for our X-ray selected AGN hosts binned in terms of their
AGN luminosities. Each panel represents a different redshift bin indicated at their
bottom right-hand side. The black dots show the AGN hosts that are Herschel-
detected and for which we are able to individually derive the SFR. The orange stars
indicate the average SFR in each bin (including Herschel-undetected sources via
stacking). We compare our results to those of Stanley et al. (2015), colour-coded
according to their redshift bins (see key). We report that our average SFRs are
broadly consistent with theirs.

dataset to explore the star-forming properties of the AGN hosts as a function of

specific X-ray luminosity (equivalently, λEdd; see § 3.3.1), and whether any relation

between these properties has evolved with redshift. First, however, we check that

our average SFRs are consistent with those reported in previous studies.

3.4.1 SFR as a function of total X-ray luminosity

Most previous studies that have explored the connection between SMBH and galaxy

growth have found no clear evidence for a strong correlation between the total X-ray

luminosity and the SFR of the host galaxy, particularly for the dominant population

of moderate luminosity AGNs (i.e. 1042 < LX < 1045 erg s−1 ; e.g. Lutz et al.,

2010; Shao et al., 2010; Mullaney et al., 2012; Rosario et al., 2012; Rovilos et al.,

2012; Harrison et al., 2012; Stanley et al., 2015, 2017). To check whether our data

analyses are producing reliable results, we compare our measured SFRs against those

reported in one of the most recent of such studies (i.e. Stanley et al., 2015). This
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Figure 3.9: SFR for our X-ray selected AGN hosts versus specific X-ray luminosity
(bottom axis) or Eddington ratio (top axis). Different coloured symbols indicate
different redshift bins (see keys). The error bars are the 1σ uncertainties of the
mean. We do not find any evidence of a positive or negative relationship between
SFR and Eddington ratio.

comparison is shown in Fig. 3.8, where we plot our measured SFRs alongside those

from Stanley et al. (2015). We have fewer bins than Stanley et al. (2015) as we bin

in terms of λEdd rather than LX as used in their study. However, we calculate the

average AGN luminosity of each of our bins using Eq. 3.4, to enable us to perform

a direct comparison. For all of our redshift bins, our measured average SFRs are in

agreement with Stanley et al. (2015) over the range of AGN luminosities covered by

our study (i.e. 1043 < LAGN < 1045 erg s−1 ). As found in Stanley et al. (2015), our

results indicate that there is no evidence of a strong correlation between average SFR

and total X-ray luminosity. Our results also reconfirm that average SFRs of AGN

host galaxies increase with redshift, consistent with suggestions that average SFRs of

AGN hosts are similar to those of non-AGN MS galaxies (e.g. Mullaney et al., 2012,

2015).

3.4.2 SFR as a function of Eddington ratio

Motivated by the absence of a strong correlation between total X-ray luminosity and

SFR of the host galaxy (see § 3.4.1), we test whether any correlation exists between
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the specific X-ray luminosity – or Eddington ratio, λEdd – and the average SFR. We

present in Fig. 3.9 how the mean-averaged SFR for our X-ray selected AGN sample

changes with Eddington ratio. We find that there is no evidence of a correlation

between SFR and λEdd at a given redshift. This expands upon the findings of Azadi

et al. (2015), who also report the lack of correlation between these two parameters

for AGNs with λEdd<0.1 and z<1.2. However, we also find that the average SFRs

of the AGN hosts increase with increasing redshifts at a given λEdd, following the

z evolution of the MS, and as observed when comparing average SFR to the X-ray

luminosity (see § 3.4.1).

Not shown in Fig. 3.9, however, are the effects of the stellar mass gradient along

the abscissa. As mentioned previously, due to the X-ray flux limit of our sample,

AGNs with low λEdd will tend to have, on average, higher stellar masses compared

to the high λEdd AGNs (see the stellar mass histograms in Fig. 3.6). Since SFR is

related to stellar mass via the MS, this gradient may have an effect on the observed

relationship between SFR and λEdd, such that higher λEdd AGNs (i.e. in galaxies with

preferentially lower stellar masses) should tend to have lower SFRs (i.e. by roughly

a factor of five according the observed stellar mass gradient). Thus, the observed flat

relationship between SFR and λEdd suggests that the hosts of high λEdd AGNs have

boosted SFRs (relative to the MS) compared to low λEdd AGNs.

In light of the above, we use our mock mass-matched sample of MS galaxies to

normalise for the effects of the mass gradient within our samples. To do this we take

the measured mean SFRs of each of our bins and divide them by the mean SFR of

the corresponding mass-matched MS sample (i.e. SFRMS; see § 3.3.4). Uncertainties

on this ratio were derived by propagating the errors on the mean SFR and SFRMS

(see § 3.3.3 and § 3.3.4). In Fig. 3.10 we display how the normalised average SFR

changes with Eddington ratio at various redshifts. In this figure we also show the 3σ

range of non-AGN MS galaxies as reported in Schreiber et al. (2015). Our results

indicate that at low λEdd (i.e. log(λEdd)< −0.5) AGN hosts display SFRs toward the

lower edge of the MS range at all redshifts. By contrast, our results suggest that

AGNs with log(λEdd)> 0 show slightly enhanced normalised average SFRs compared

to log(λEdd)< −0.5 AGNs, by factors of 2.25±1.18, 1.75±0.67, 2.04±0.75, 5.11±1.63

for the redshift bins z < 0.7, 0.7 < z < 1.2, 1.2 < z < 1.8 and 1.8 < z < 2.9,

respectively. However, it must be noted that it is only in the 1.8< z <2.9 redshift

bin that this increase is measured at a significance of > 3σ (3.13σ). Since this

represents the bin containing the largest number of high Eddington ratio AGNs (i.e.

84 AGNs in the bin -0.17<log(λEdd)<1.64), increasing the number of AGNs in other

bins (i.e. having a larger sample) may also unveil a relationship between normalised
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Figure 3.10: MS normalised average SFR versus specific X-ray luminosity (bottom
axis) or Eddington ratio (top axis). Each panel shows a different redshift bin as
indicated at their bottom right-hand side. Black dots represent AGNs that are in-
dividually detected by Herschel and for which we are able to derive normalised
SFRs, while the orange circles indicate the normalised average SFR derived from
stacking. The black dashed line indicates the position of the MS and the blue shaded
area its 1σ scatter. Error bars indicate the 1σ uncertainties on the mean values. We
find that AGNs in our highest λEdd bin and for 1.8<z<2.9 have higher normalised
average SFR than that of their lower λEdd counterparts with a 3.13σ significance.
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average SFR and λEdd in these bins. However, it should be noted that the significance

of any difference drops to < 3σ in all our redshift bins if we exclude galaxies with

M∗ < 1010M�. This demonstrates that it is crucial to probe stellar mass down to

that limit, since it also corresponds to the highest λEdd AGNs. Furthermore, we

also note that the average uncertainties on stellar masses observed in our sample is

roughly 15 per cent, which is always smaller than the uncertainties measured on the

normalised average SFRs at higher λEdd (i.e. the uncertainties on averaged normalise

SFRs are close to 30 per cent at higher λEdd). Therefore, the observed enhancement

of averaged normalise SFR at higher λEdd is not a consequence of the uncertainties

on the stellar masses.

3.4.3 Fraction of starburst galaxies among AGN hosts

The main goal of this chapter is to investigate how the star forming properties of

AGN host galaxies relate to the specific X-ray luminosity using a large sample of X-

ray selected AGNs. In § 3.4.2, we found that there is no correlation between average

SFR and specific AGN luminosity, at least up to redshift ≈ 3 and for 0.1 < LX/M∗ <

10 L� M−1
� (see also Fig. 3.9). However, when we instead compare the SFRs of AGN

host galaxies to a mass-matched sample of MS galaxies, we found that high λEdd

AGNs have slightly higher normalised average SFRs compared to low λEdd AGNs (at

3.13σ for z∼2; see Fig. 3.10). This finding suggests that the distribution of SFRs for

AGN hosts must be different between the lowest and the highest λEdd bin (i.e. it is

impossible to have two different average values from two identical distributions).

To explore this further we attempt to compare the distribution of SFRs of AGN

hosts across each of our bins, as well as against the distribution of non-AGN star-

forming galaxies (i.e. Sargent et al., 2012; Schreiber et al., 2015). Due to the low

Herschel detection rate of individual AGNs (i.e. only ≈20 per cent of the sample

for which we are able to derive SFRs) the faint end of the SFR distribution cannot

be directly probed. Instead, we focus on the higher end of the SFR distribution

(i.e. where most of our detected galaxies lie) to measure the fraction of AGN hosts

with SFRs that are five times above the MS, which probes the so-called “starburst”

region of the SFR distribution. Although we are probing the higher end of the SFR

distribution, it is possible that some of the Herschel-undetected galaxies in our

sample are actually starbursts, hence affecting the number of AGNs located in these

galaxies. To account for this we derive upper limits on the SFRs for the undetected

sources, which we then use to place upper and lower limits on the fraction of starburst

galaxies. To measure the upper limits on the SFRs, we first calculate the 3σ upper
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limits on the fluxes at 100 µm for Herschel-undetected sources at z≤1, and at

160 µm for those at z>1. To do this, we extract the flux on 100 positions, selected

at random, around the undetected source (i.e. between twice and 4 times the full

width at half maximum of the PSF) and take three times the standard deviation of

the resulting flux distribution as the 3σ upper-limit on the flux. These upper limits

on the fluxes are then converted into upper limits on the SFRs using the templates

for star-forming galaxies of Mullaney et al. (2011).

By taking the above approach to calculate upper limits on the Herschel-

undetected AGNs, we are able to infer the fraction of starbursts in each of our redshift

and λEdd bins, accounting for both detected and undetected hosts. To do this, since

some of the undetected AGNs in our sample show upper limits above our starburst

threshold (i.e. with SFR at least five times above the MS), the maximum fraction

of starbursts is defined by assuming that all these upper limits represent genuine

starburst AGNs. Conversely, the minimum fraction of starbursts is defined by as-

suming that all upper limits above the starburst threshold are, in fact, non-starburst

galaxies. Therefore for each of our redshift and λEdd bins we have a conservative

range of possible values for the fraction of starbursts (i.e. from the minimum to the

maximum). Since the z > 2.9 redshift bin contains only 114 AGNs, of which 91 per

cent have only upper limits on their SFRs, we do not consider this bin for studying

the evolution of the fraction of starbursts with λEdd.

The results are displayed in Fig. 3.11, in which we show the range of possible

fraction of starbursts as a function of Eddington ratio and redshift. For two of our

redshift bins (i.e. z <0.7 and 0.7< z <1.2), we measure a significant increase of the

fraction of starbursts, with the minimum fraction in our log(λEdd)> 0.5 bin, which is

higher by ≈5 percentage points than the maximum fraction in our log(λEdd) < 0.5 bin

(i.e. ≈ 8 per cent versus≈ 4 per cent for z <0.7, and≈ 6 per cent versus≈ 10 per cent

for 0.7< z <1.2). Again, this suggests that the distribution of normalised SFRs

changes with λEdd, such that AGNs of higher λEdd have, on average, marginally higher

normalised SFRs. However, for the redshift bins 1.2< z <1.8 and 1.8< z <2.9, the

range of possible starburst fractions is too broad to be able to claim any significant

change in the fraction of starbursting hosts as a function of λEdd.

In Fig. 3.11 we also show the fraction of non-AGN galaxies that we would expect

to see as starbursts in the general star-forming galaxy population. This is calculated

from the normalised SFR distribution of Schreiber et al. (2015) and is ≈ 3 per cent.

We use our mass-matched sample to confirm that this fraction is appropriate for our

sample (i.e. is not subject to effects arising from binning in λEdd). In all of our

redshift bins, we find that the minimum fraction of starburst galaxies in our highest
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Figure 3.11: Fraction of starbursting hosts in each of our redshift and specific X-
ray luminosity (bottom axis) or λEdd (top axis) bins. The blue squares show the
minimum fraction of starbursts (i.e. all upper limits measured in the starburst regime
are assumed to be non-starburst) and the orange circles show the maximum fraction
of starbursts (i.e. all upper limits measured in the starburst regime are assumed
to be starbursts) in each of our bins. The grey area shows the range of possible
values. The red line represents the expected fraction of starbursts for a non-AGN
star-forming population composed of MS and starburst galaxies only (i.e. 3 per cent;
from Schreiber et al. 2015). In three of our redshift bins, we find that the minimum
fraction of starbursts among high λEdd AGNs is significantly higher than that of the
general population of star-forming galaxies.
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λEdd bins is higher than in the general star-forming galaxy population, with fractions

of 8.3 per cent, 10.2 per cent, 14.3 per cent and 10.2 per cent in our z ∼ 0.4, 1, 1.5 and

2.5 bins. We calculate the Poisson uncertainty on these percentages, which allows us

to measure the significance of the difference between the fraction of starburst galaxies

in each of our redshift and highest λEdd bins and the expected 3 per cent, using

P (k|λ) =
λke−λ

k!
, (3.5)

where k is the minimum number of starburst galaxies in each bin (calculated from

our minimum fraction) and λ is the number that we would expect if 3 per cent of

the AGNs in that bin were starbursts. Thus 1 − P (k|λ) gives the probability of

measuring the observed fraction by chance if AGNs and star-forming galaxies had

the same fraction of starbursts. The highest λEdd bins in our z ∼ 0.4, 1, 1.5 and

2.4 bins all have starburst fractions that are higher (at 72.9 per cent, 98.5 per cent,

99.99 per cent and 99.8 per cent confidence, respectively) than the star-forming galaxy

population. These results are similar to those of reported in Azadi et al. (2015) for

AGN hosts at z.1, but also extend to much higher redshifts.

3.5 Discussion

In this chapter we have explored the star-forming properties of AGN hosts as a

function of their specific X-ray luminosity – used as a proxy measure of Eddington

ratio (λEdd) – out to redshift ≈3. This work expands upon that of Azadi et al.

(2015) by considering AGNs with higher λEdd and at higher redshifts. Consistent

with that study, we find that there is no evidence of a strong correlation between

average SFR and λEdd up to z ≈ 1 and to log(λEdd)∼ −0.5. However, by including

more extreme redshifts and λEdd AGNs in our sample, we can now also report that

there is no evidence of enhanced or suppressed star-formation rates among AGNs

with log(λEdd)> −0.5 compared to lower λEdd AGNs, at least up to z ≈ 3.

When we compare the mean SFR of AGN hosts relative to that of mass and

redshift-matched samples of non-AGN star-forming galaxies (from the SFR distribu-

tion of Schreiber et al., 2015) we find that the highest λEdd AGNs (i.e log(λEdd)> 0)

in four of our five redshift bins show marginally enhanced SFRs relative to their lower

λEdd counterparts, up to redshift ≈ 3. However, this enhancement is only significant

at a level of > 3σ in one of our redshift bins (i.e. 1.8 < z < 2.9). We also find that

the minimum fraction of starburst galaxies in the highest λEdd bin at all redshifts

is higher than what would be expected if AGN hosts followed the same SFR distri-
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bution as the general star-forming population presented in Schreiber et al. (2015).

These results suggest that the SFR distribution of AGNs changes as a function of

specific AGN luminosity and that, at least at high λEdd values, differs from that of

normal (i.e. non-AGN) star-forming galaxies. Recently, there has been similar re-

ports of discrepant AGN SFR distributions relative to normal galaxies (e.g. Shimizu

et al., 2015; Mullaney et al., 2015). However, these studies found that the mode of

the SFR distribution of AGN hosts is roughly a factor of ∼2 lower than that of the

MS galaxies, whereas our results indicate a higher fraction of starbursts among high

λEdd AGNs. These results are reconciled by appreciating that Shimizu et al. (2015)

and Mullaney et al. (2015) both report that the SFR distribution of AGN hosts is

also significantly broader compared to normal, star-forming galaxies (as defined by

e.g. Schreiber et al. 2015). This broadened distribution means that there is still an

increased likelihood of AGNs residing in strongly starbursting systems, despite the

majority of AGNs residing in lower SFR galaxies (i.e. MS host galaxies and below).

Indeed, while we report a higher fraction of starbursts among high λEdd AGNs com-

pared to normal, star-forming galaxies, we also note that roughly 20 per cent of our

AGNs in COSMOS are classified as optically quiescent (i.e. using a colour-colour

diagram) by Ilbert et al. (2013). While this is only a very approximate estimate

of the quiescent fraction, it still underlines the broad diversity of the star-forming

properties of AGN hosts. The findings reported here build upon this by suggesting

a link between the SFR distribution and the λEdd of the AGN.

Recently, Rodighiero et al. (2015) and Delvecchio et al. (2015) took the opposite,

yet complementary, approach to that described here to probe the link between average

star-formation and black hole growth rates. Rather than calculate the average star-

forming properties of a sample of AGNs, as we do here, they instead calculate the

average SMBH growth rate of either a sample of mass-selected (Rodighiero et al.,

2015) or infrared-selected (Delvecchio et al., 2015) galaxies (see also Rafferty et al.,

2011; Mullaney et al., 2012; Chen et al., 2013, for earlier studies that take a similar

approach). Both of these studies report higher average SMBH growth rates among

AGNs with higher SFRs, including those with starburst-like SFRs. Because of the

different approaches used, it is difficult to directly interpret our results in terms of

these studies. However, there appears to be a certain level of consistency insofar as

enhanced SMBH growth rates follow enhanced SFR (or vice-versa). Whether this is

a causal relationship, or if there is another more fundamental property linking the

two (e.g. the availability of cold gas; Vito et al., 2014), remains unclear.

The higher starburst fraction among high λEdd AGNs compared to that expected

from the SFR distribution of normal star-forming galaxies suggests that some aspect
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of the starbursting process is conducive to triggering some high λEdd AGNs. A

number of studies have reported that strongly starbursting systems are triggered

by major galaxy mergers (e.g. Noguchi, 1988; Hernquist, 1989; Barnes & Hernquist,

1991; Duc & Mirabel, 1997; Elbaz & Cesarsky, 2003; Barnes, 2004; Tadhunter et al.,

2011, 2012; Davies et al., 2015). As such, our results could be interpreted that the

merger process also plays a role in triggering a proportion of high λEdd AGNs. This

is consistent with previous finding that report heightened numbers of powerful AGNs

among merging systems (e.g. Treister et al., 2012, 2013; Ellison et al., 2015). However,

it remains unclear whether the merger plays a direct role in triggering powerful AGNs,

or whether it is the resultant star-formation that is the more important fuelling

mechanism (e.g. Thompson et al., 2005; Cuadra et al., 2006, 2008; Vollmer et al.,

2008; Cen, 2015). Again, we stress that our results do not imply that the majority

of high λEdd AGNs reside in starbursts (which may be merger-induced), simply that

high λEdd AGNs are slightly more predisposed to starbursting systems compared to

the normal galaxy population.

A caveat of using the IR emission of the host galaxy to derive the SFR is that

it measures the integrated SFR on a time-scale of several hundreds of million years.

By contrast, although a typical average lifetime of an AGN phase is of the order of

107–109 years (e.g. Martini & Weinberg, 2001; Marconi et al., 2004), the accretion

rate of the SMBH likely fluctuates by several order of magnitudes on shorter time-

scales (e.g. Alexander & Hickox, 2012; Neistein & Netzer, 2014; Hickox et al., 2014).

Since we use the X-ray emission of the nucleus to derive the instantaneous power of

the AGN it may be difficult to interpret the impact that AGNs have on the SFRs of

host galaxies by directly comparing this to the IR output of the galaxies. However,

using hydrodynamical simulations, Volonteri et al. (2015) were able to track the

time evolution of the black hole accretion rate versus the SFR for different stages

of a major merger (i.e. before, during and after the merger), including the rapid

variability of AGNs, and averaging the SFR over 100 million years to mimic the FIR

estimates. They found that during the merger phase (i.e. enhanced SFR), SMBHs

spend a greater fraction of time accreting at high Eddington ratios compared to

during non-merger phases. They also found that high accretion rate phases are often

concurrent with a starburst, but that the ensuing supernova feedback arising from

this starburst suppresses AGN activity. In these simulations, the distribution of SFR,

averaged over 100 million years, for high Eddington ratio AGNs is broader, and it also

peaks at larger SFR than for low Eddington ratio AGN. In such a scenario, it may

be more likely that we find high Eddington ratio AGNs during a merger phase than

in a non-merger phase, depending on the relative times spent within those phases.
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Considering that major mergers are thought to help induce starbursts (e.g. Noguchi,

1988; Hernquist, 1989; Barnes & Hernquist, 1991; Duc & Mirabel, 1997; Elbaz &

Cesarsky, 2003; Barnes, 2004; Davies et al., 2015), these results could therefore be

considered as being consistent with our findings of a higher fraction of starbursting

galaxies among high λEdd AGNs. Whether or not our highest λEdd bins are dominated

by galaxies undergoing major mergers is, however, beyond the scope of our study.

3.6 Conclusion

From the outset, the primary motivation of this study was to determine whether there

is any evidence for a suppression of star formation among galaxies hosting the highest

Eddington ratio AGNs, which could be interpreted as evidence of so-called “AGN

feedback”. To this aim, we used deep Herschel data to measure the star-forming

properties of a sample of 1620 X-ray selected AGNs in the COSMOS, GOODS-N,

and GOODS-S fields. Our AGN sample spans 1042 <LX< 1046 erg s−1 and z.3

(see § 3.2). Rather than measuring the Eddington ratio directly, we calculate AGN

luminosity relative to the stellar mass of the host galaxy (i.e. the specific LAGN); in

some respects, this is more pertinent than the actual Eddington ratio, as it provides a

measure of the AGN power relative to the gravitational potential of its host. Stacking

analyses were employed to account for Herschel-undetected sources, and broad-

band SED fitting was used to account for any AGN contamination when deriving

host stellar masses and star-formation rates.

In agreement with previous studies (e.g. Lutz et al., 2010; Shao et al., 2010;

Mullaney et al., 2012; Rosario et al., 2012; Rovilos et al., 2012; Harrison et al., 2012;

Stanley et al., 2015), we found no clear evidence of any strong (anti-)correlation

between AGN luminosity and the star-forming properties of their hosts, at least

for the luminosity and redshift ranges considered here. When we instead consider

specific LAGN (i.e. LX/M∗), however, we find a small increase in the star-formation

rates among the highest specific LAGN AGNs; although this increase is only significant

at a > 3σ level in one of our redshift bins. One means of investigating this further

will be to derive the distribution of star-forming properties of AGN hosts compared

to the non-AGN population. A full exploration of this is not possible with our AGN

sample, and the relationship between the Eddington ratio distribution and the host

star-forming properties is the focus of the following chapters. However, we do find

that the fractions of strongly starbursting galaxies are at least a factor of ∼ 3 times

larger among our highest λEdd AGNs compared to the non-AGN population. From

this, we argue that the distribution of SFRs among the AGN population is broader
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than that observed for MS galaxies, which is consistent with the findings of other

recent studies (e.g. Mullaney et al., 2015; Shimizu et al., 2015).



Chapter 4

Our method to infer the Eddington

ratio distribution of AGNs

4.1 Introduction

In this thesis, we explore the link between the accretion activity of SMBHs and

the star-forming properties of their host galaxies. In the previous chapter, we used a

sample of 1620 AGNs (spanning X-ray luminosities between LX∼ 1042−45 erg s−1) for

which we derived their specific X-ray luminosities (LX/M∗). Whilst measuring their

host galaxy SFRs, we found that, at least out to z∼3, there is a slight enhancement

of normalised average SFR (i.e. the SFR of the host divided by the SFR if lying on

the MS) at higher specific X-ray luminosity – or Eddington ratio, λEdd. This result

is reinforced by our finding of a higher fraction of starbursting galaxies at higher

Eddington ratios (see Chapter 3, § 3.6).

The enhancement of normalised average SFR with Eddington ratio indicates that

the Eddington ratio distribution must change with the star-forming properties of the

host galaxies. This is in agreement with many recent studies that find a difference

in the Eddington ratio distribution of star-forming and quiescent host galaxies (e.g.

Georgakakis et al., 2014; Aird et al., 2017a; Wang et al., 2017). To investigate this

further, we would ideally measure how the Eddington ratio distribution changes as

a function of SFR (or MS-normalised SFR). However, observational limits (e.g. flux

limited catalogues, blending between the AGN and star emissions) prevent us from

directly constraining the Eddington ratio distribution of AGNs to this level of detail.

Instead, for the remainder of this thesis, we will take an indirect approach (i.e. a

modelling approach) to infer how the Eddington ratio distribution depends upon the

host galaxy properties, including SFR.

By using a modelling approach, many recent studies find that the Eddington ratio

65
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distribution for AGNs is well described by a universal (i.e. star-forming and quiescent

galaxies combined) broken power-law out to z≈1 (e.g. Aird et al., 2012; Hickox et al.,

2014; Veale et al., 2014; Caplar et al., 2015; Jones et al., 2017). Many studies have

also demonstrated that combining a universal broken power-law for the Eddington

ratio distribution of AGNs with the distribution of SFR for MS galaxies (for the

MS see e.g. Sargent et al., 2012; Schreiber et al., 2015) reproduces the observed

flat relationship between SFR and X-ray luminosity (e.g Veale et al., 2014; Stanley

et al., 2015). However, while expanding to higher redshifts, Jones et al. (2017)

found that a simple universal broken power-law for the Eddington ratio distribution

cannot reproduce the observed X-ray luminosity function of Aird et al. (2010) beyond

z∼1.2. They suggest that a more complicated model needs to be considered beyond

that redshift. This suggestion is aligned with our results which indicate that the

Eddington ratio distribution must change with the host star-forming properties, and

with recent studies that find a difference in the Eddington ratio distribution for star-

forming and quiescent galaxies (e.g. Georgakakis et al., 2014; Aird et al., 2017a; Wang

et al., 2017). Therefore, we propose to investigate a model in which the Eddington

ratio distribution is split between star-forming and quiescent galaxies. Consequently,

we must model the Eddington ratio distribution using two functions, the parameters

of which need to be optimised in order to match observations.

In this chapter we describe the method that we use to infer our Eddington ratio

distribution split between star-forming and quiescent galaxies. We first introduce in

§ 4.2 population synthesis models (hereafter PSMs) often adopted to infer the Ed-

dington ratio distribution. In the same section, we also clarify why PSMs, where one

generates a large sample AGNs, are not the best approach to infer the Eddington

ratio distribution of AGNs. We then present in § 4.3 our analytical approach con-

sidered instead of the PSMs and explain how we use Markov Chain Monte Carlo to

estimate the parameters that define our Eddington ratio distribution. Finally, we

summarise in § 4.4.

4.2 Population synthesis models

Population synthesis models (PSMs) have proven very helpful for investigating the

Eddington ratio distribution of AGNs (e.g. Aird et al., 2012; Hickox et al., 2014;

Stanley et al., 2015; Jones et al., 2017). To do this, PSMs randomly draw galaxy

properties from probability distribution functions (PDFs). For example, PSMs can

be used to generate a population of N mock galaxies with masses drawn from a mass

function (can be interpreted as a PDF), and for which we randomly allocate λEdd
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following an Eddington ratio distribution (can also be interpreted as a PDF). As the

stellar masses are known, each λEdd can then be converted into an X-ray luminos-

ity, the histogram of which is proportional to the X-ray luminosity function, given

that Eddington ratio distribution. In our case, the Eddington ratio distribution is

unknown, but can be defined by a function with free parameters, Θ = {θ1, θ2, ..., θn},
where θj is a parameter of the model Eddington ratio distribution (e.g. a normalisa-

tion, a slope, etc). Then, by using an observed mass function (e.g. Davidzon et al.,

2017) and an observed X-ray luminosity function (e.g. Aird et al., 2015), we can iter-

ate over the set of parameters Θ until the model X-ray luminosity function matches

the observed one.

To optimise the parameters that define the Eddington ratio distribution, one can

use Chi-square minimisation (i.e. minimising the difference between the model and

the observed X-ray luminosity function). However, since PSMs randomly draw prop-

erties from PDFs, two independent simulations of N mock galaxies drawn from an

identical PSM (i.e. changing neither the mass function nor the Eddington ratio dis-

tribution) will produce two slightly different model X-ray luminosity functions (i.e.

PSMs are stochastic). Therefore, when PSMs are incorporated into an iterative pro-

cess for optimisation, commonly used algorithms such as the Levenberg–Marquardt

least-squares fit (i.e. Levenberg, 1944; Marquardt, 1963) fail at comparing the good-

ness of the fit between two consecutive iterations.

An alternative to the classic optimisation algorithms is to use Markov Chain

Monte Carlo simulations (hereafter MCMCs). The gain of using MCMCs is that

they obtain probability distributions of each parameter which can account for the

stochastic nature of the variables. Furthermore, should our solution be degenerate

(i.e. different set of parameters Θ for the Eddington ratio distribution result in

undistinguishable model X-ray luminosity functions), MCMCs allow the multiple

solutions to be unveiled, in contrast to alternative classic optimisation methods (e.g.

Levenberg–Marquardt least-squares fit) that only converge toward one solution which

might be a local minimum in the presence of a degenerate solution.

Another drawback of using PSMs for iterative processes is that they are computa-

tionally expensive. The reason for this is that, after updating the set of parameters

Θ that defines the Eddington ratio distribution with a set of new parameters, we

must generate a new population of N galaxies to produce the updated model X-ray

luminosity function. Furthermore, N needs to be large enough (e.g. O(109)) for

the sample of mock galaxies to also contain rare extreme sources (e.g. galaxies with

M∗> 1011 M�, or AGNs with LX> 1046 erg s−1), otherwise the bright end of the

X-ray luminosity function (i.e. low probability) will be dominated by Poisson noise.
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This increases the difficulty of comparing two different sets of parameters, Θ, that

define the Eddington ratio distribution. Therefore, instead of using a PSM to infer

the Eddington ratio distribution, we use an analytical approach similar to the con-

volution method used in several recent studies (e.g. Veale et al., 2014; Caplar et al.,

2015; Weigel et al., 2017).

4.3 Method to optimise the Eddington ratio dis-

tribution

As mentioned above, to infer the Eddington ratio distribution we use MCMC on an

analytical model. In this section, we first describe in § 4.3.1 our analytical approach.

We then present in § 4.3.2 the MCMC that we use to optimise the parameters of this

model to best match the observed X-ray luminosity function.

4.3.1 Analytical approach

For our model, instead of relying on PSMs, we analytically relate the mass function

to the Eddington ratio distribution to model the X-ray luminosity function. Our

method is similar, but developed independently, to the convolution methods some-

times considered in studies which also investigate the Eddington ratio distribution

(e.g. Veale et al., 2014; Caplar et al., 2015; Weigel et al., 2017). The main differ-

ence is that we use definitions from statistics instead of using the definition of the

convolution.

As we define an AGN’s X-ray luminosity to be proportional to its Eddington ratio

multiplied by its host stellar mass (i.e. LX ∝ λ×M∗), the X-ray luminosity function

corresponds to the “joint probability distribution” between the mass function and the

Eddington ratio distribution. The joint probability of a given LX is the sum of all the

possible combinations of M∗ and λEdd that return this LX , but weighted by their own

probabilities. To obtain the joint probability distribution (i.e. not only for a given

LX) we repeat this for different values of LX in the range of LX∈ [1038−1047] erg s−1.

To mathematically derive the joint probability distribution, we write the proba-

bility of having a given X-ray luminosity, k, given λEdd and M∗, P (LX = k|λEdd,M∗),

(hereafter P (LX = k) for short hand) as,

P (LX = k) ∝ P (λEdd =
k

M∗
), (4.1)

where we simply use our definition for λEdd, i.e. λEdd∝ LX/M∗. Hence the probability
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of having an AGN with X-ray luminosity ‘k’ is equivalent to that of having an AGN

with Eddington ratio ‘k/M∗’. The probability of observing an AGN with LX=k in

all galaxies is the sum of these individual probabilities over all the possible stellar

masses (i.e. law of total probabilities), i.e.

P (LX = k) ∝
Mmax∑
j=Mmin

P (λEdd =
k

j
, M∗ = j), (4.2)

where P (λEdd = k
j
, M∗ = j) is the probability of λEdd= k

j
and M∗= j. Mmin and

Mmax are the boundaries within which the mass function is defined (e.g. j ∈ [108-

− 1015]; in unit of M�). For statistically independent variables we have that,

P (LX = k) ∝
Mmax∑
j=Mmin

P (λ =
k

j
)× P (M∗ = j), (4.3)

where P (λ = k
j
) is the Eddington ratio distribution evaluated at ‘k/j’, and P (M∗ = j)

is the mass function evaluated at ‘j’. Since Eq. 4.3 is for a given LX (i.e. LX= k), we

define k ∈ [1038− 1047] (in unit of erg s−1) and iterate over k to obtain the full X-ray

luminosity function. We chose broad – non-physical – boundaries to the stellar mass

(i.e. M∗∈ [108− 1015] M�) and the X-ray luminosity (i.e. LX∈ [1038− 1047] erg s−1)

to ensure that our results are not affected by any boundary effects within the sensible

range of parameters (e.g. LX = 1042 − 1045 erg s−1 for the X-ray luminosities, and

M∗ = 109 − 1012 M� for the stellar masses).

By taking this analytical approach, we avoid having to model N galaxies (where

we have seen that N ∼ O(109) in order to generate sufficient numbers of massive

luminous galaxies), and can simply split our mass function into O(103) bins between

Mmin = 108 M� to Mmax = 1015 M�. Since we adopt an iterative process to identify

the best fitting parameters, this factor of O(106) reduction in the number of required

calculations per iteration dramatically reduces the time taken to converge.

4.3.2 Markov Chain Monte-Carlo simulation

In the previous subsection we demonstrate how we analytically combine the mass

function with the Eddington ratio distribution to model the X-ray luminosity func-

tion. We now explain how we use MCMC to optimise the parameters that define our

model Eddington ratio distribution, in order for our model X-ray luminosity function

to match the observed one, after assuming a mass function.

The MCMC sampler is an algorithm that performs a random walk within the

parameter space and which, over time, converges around the best fitting solution.
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The dimension of the full parameter space is given by the number of free parameters

that define the model (e.g. for a power law with a normalisation and a slope, this is

a two-dimension parameter space). The initial position, Xt = X0, in the parameter

space is randomly allocated (i.e. draw a random set of model parameters). A new

position, Xt+1, is then proposed. This new position is drawn such that an adjacent

location to Xt (the current position) is more likely to be proposed than a distant

one. This is done by randomly drawing a set of new parameter values from Gaussian

functions centred on each of the parameters defining the actual position Xt. The

widths of these Gaussian functions are often fixed but can be re-defined if necessary.

If the new proposal provides a better fit to the data than that of the previous set of

parameters, it is accepted, and the proposed position in the parameter space becomes

the actual position. However, if the proposed set of new parameters provides a worse

fit to the data, the proposed location is not automatically rejected. To decide whether

or not a worst proposal is accepted or rejected, the MCMC sampler measures the

relative likelihood (see below) of the two positions, α, (i.e. between the proposed new

position and the actual one). The new position is then accepted with probability α.

Therefore, by repeating this process a fixed number of steps, in addition to converging

toward the best fitting parameters (i.e. better fit always results in moving to the new

position), the MCMC sampler also provides a mapping of how likely each point of

the parameter space is, relative to the maximum likelihood (i.e. the location of the

best fitting solution). Once projected along each axes of the parameter space (i.e. for

each parameter), this gives the likelihood distribution of each parameter (or posterior

distribution). The peak of a parameter’s likelihood distribution indicates the best

fitting solution, whilst the standard deviation determines the uncertainties. We show

in Fig. 4.1 a sketch of the MCMC process for two cases, one in which the proposed

set of new parameters gives a worse fit to the data, and one in which they gives a

better fit to the data.

As mentioned above, the decision to accept or reject the proposed set of new

parameters is based on the relative likelihood of the two models, generated by the

two set of parameters. Therefore, we need to be able to measure the likelihood at each

step. Again, this is the likelihood of measuring the observed data given the model.

Assuming that the uncertainties on the data follow a Gaussian distribution, we use

the same definition for the (log-)likelihood as the one defined in Chapter 2, § 2.3.2,

i.e.,

log(L) = −1

2
χ2, (4.4)

where χ2 is the Chi-square between the model and the observed X-ray luminosity
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function. With our definition of the log-likelihood, we are essentially performing Chi-

square minimisation, however, since implemented into a MCMC process, it provides

uncertainties on each parameter based on the likelihood distribution, and is more

robust to local minima.

The MCMC algorithm described above is one of the most commonly used, and is

referred to as the Metropolis-Hasting algorithm (Metropolis et al., 1953). However,

this algorithm is highly dependent on the proposal functions (i.e. the Gaussians from

which steps are drawn), such that, if not set up properly, it encounters difficulties

at sampling large parameter spaces (i.e. it takes a large number of iterations to

converge). Since we aim to optimise the Eddington ratio distribution split between

star-forming and quiescent galaxies (i.e. each with a function defined by indepen-

dent free parameters), our parameter space is likely to be large. Therefore, for this

work, we use a more powerful MCMC algorithm recently developed for optimisation

in large parameter spaces. It is based on the “parallel tempered affine invariant” en-

semble sampler of Goodman & Weare (2010). A complete description of this ensemble

sampler is beyond the scope of this work. However, briefly, it allows the parallel com-

putation of several MCMC chains (i.e. walkers), leading to a faster convergence and a

better exploration of larger, more complex parameter spaces. We use an application-

programming interface (API), written in Python, emcee (Foreman-Mackey et al.,

2013), that implements the Goodman & Weare (2010) MCMC algorithm1.

For the remainder of this thesis, when referring to the use “MCMC optimisation”

to infer parameters of the Eddington ratio distribution, we refer to running the

aforementioned algorithm for a fixed number of 15000 steps on a collection of 200

walkers. Of these 15000 steps, the first 10000 are discarded (i.e. a burn-in phase)

and only the last 5000 are kept for the analysis. This is to ensure that the final

solution is not dependent on the random positions from which walkers are dropped

into the parameter space (i.e. initial conditions). We make sure that the chain has

reached the stationary distribution by using the convergence diagnostic of Gelman–

Rubin that compares the “within chain” variance to the “between chain” variance

(Gelman & Rubin, 1992). We find that for all the science runs we performed, we

have a Gelman–Rubin coefficient always strictly above 0.99, which is very close to

the value of 1 that indicates the convergence of the chains.

The result of the MCMC is a distribution (i.e. likelihood or posterior distribution)

of a sample of 5000 (number of iterations) times 200 (number of walkers) in number

for each parameter that defines our model Eddington ratio distribution. The peak

of each distribution indicates the best solution for each corresponding parameter

1emcee is publicly available at http://dan.iel.fm/emcee/current/

http://dan.iel.fm/emcee/current/
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(i.e. Eddington ratio distribution that best fit the X-ray luminosity function, once

combined to a mass function), and the 1σ uncertainties are given by the standard

deviation of these posterior distributions. To extract these quantities (i.e. best

solutions and their uncertainties), we fit a one dimensional Gaussian function to each

distribution. However, for some cases the posterior distribution does not resemble to

a Gaussian. Instead, it raises and flattens above or below a given value. This indicates

that the parameter is not defined above or below this value, and constitutes an upper

or lower limit, respectively. We take as a limit the inflection of the distribution (i.e.

where it flattens).

4.4 Conclusion

In this chapter we present our method to infer the Eddington ratio distribution for

AGNs. We first introduce PSMs that can be used to generate a population of N

galaxies (with N ∼ O(109) to generate enough massive and luminous galaxies) with

masses following the mass function, and with Eddington ratio following the Edding-

ton ratio distribution. Combining Eddington ratio with stellar mass, we can derive

X-ray luminosity for each mock galaxy, the histogram of which is related to the X-

ray luminosity function. We argue that PSMs are stochastic and computationally

expensive, such that an analytical approach is more suitable while using an itera-

tive process to infer the Eddington ratio distribution. We then define our analytical

approach that directly models the X-ray luminosity function by taking the joint prob-

ability distribution between the mass function and the Eddington ratio distribution.

Finally, we detail our MCMC optimisation method that we will apply in the follow-

ing chapters to infer the Eddington ratio distribution split between star-forming and

quiescent galaxies.



Chapter 5

A different model Eddington ratio

distribution for star-forming and

quiescent galaxies

5.1 Introduction

In this thesis we propose to explore the link between accretion activity of SMBHs

and their host galaxy SFRs. In previous chapters we focused on a sample 1620 AGNs

for which we have measured accretion activities via their specific X-ray luminosities

(i.e. the X-ray luminosity relative to the host stellar mass; or Eddington ratio, λEdd),

and compared that to their host SFRs (after removing AGN contamination). Our

results indicate a slight enhancement beyond z∼1.2 of normalised average SFR (i.e.

the SFR relative to that of the MS) at higher Eddington ratios (i.e. λEdd> −0.5).

We also find a higher fraction (i.e. above the 3 per cent observed for non-AGN

galaxies) of starbursting galaxies among higher Eddington ratio AGNs (see Chap-

ter 3, § 3.4). Since normalised average SFR changes with λEdd, we concluded that

the Eddington ratio distribution must change with the host star-forming properties.

This is in agreement with results reported in various recent studies (e.g. Georgakakis

et al., 2014; Aird et al., 2017a; Wang et al., 2017). We now aim to investigate this

distribution further. However, with the current samples, we are unable to directly

measure this distribution without considerable corrections for completeness (i.e. too

many Herschel-undetected hosts; see Chapter 2, § 3.2.2).

As mentioned in Chapter 4, § 4.1, many studies that investigate the Eddington

ratio distribution have adopted a modelling approach (e.g. Aird et al., 2012; Conroy

& White, 2013; Veale et al., 2014; Caplar et al., 2015). Overall, these studies find

74
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that below z∼1 the Eddington ratio distribution is well represented by a universal

(i.e. the same distribution, irrespective of SFR, stellar mass, etc) broken power-law,

the normalisation of which increases with redshift (e.g. Aird et al., 2013; Jones et al.,

2017). Furthermore, once incorporated into a population synthesis model (PSM; see

Chapter 4, § 4.2 for a description of PSMs) that includes host star-forming proper-

ties, some of these models are successful at reproducing the observed flat relationship

between SFR and X-ray luminosity (Hickox et al., 2014; Stanley et al., 2015). How-

ever, as mentioned previously, Jones et al. (2017) have recently found that using a

single universal broken power-law model for the Eddington ratio distribution cannot

reproduce the X-ray luminosity function of Aird et al. (2010) beyond z∼1.2. They

argue the need for a more complicated model for the Eddington ratio distribution of

AGNs.

In addition to the difficulties in reproducing the X-ray luminosity function using a

single universal broken power-law beyond z∼1.2, many recent observational studies

have demonstrated that the Eddington ratio distribution for star-forming galaxies

significantly differs from that of the quiescent1 ones (e.g. Georgakakis et al., 2014;

Aird et al., 2017a; Wang et al., 2017). In particular, using a sample of X-ray selected

AGNs split between star-forming and quiescent galaxies (based on their host colour-

colour diagram), Georgakakis et al. (2014) found that, below z∼1, AGNs in blue star-

forming galaxies dominate the high-λEdd end of the Eddington ratio distribution (i.e.

λEdd& 10−2). They also report that, in contrast, the lower tail of the Eddington ratio

distribution is dominated by red quiescent galaxies. These results are in agreement

with those recently reported in Wang et al. (2017) who conducted a similar study but

extended out to z∼2. This emphasises the need of a more advanced model for the

Eddington ratio distribution of AGNs that accounts for these observed differences

between the Eddington ratio distributions of star-forming and quiescent galaxies.

Motivated by our observational results, in addition to the recent findings of a

different Eddington ratio distribution for star-forming and quiescent galaxies, we

propose in this chapter to explore a model where the Eddington ratio distribution

of AGNs split between star-forming and quiescent galaxies. We use two independent

model Eddington ratio distributions, the sum of which corresponds to the total model

Eddington ratio distribution. We follow our analytical approach fully described in

Chapter 4, § 4.3.1 to combine the Eddington ratio distribution with the mass function

to model the X-ray luminosity function. The optimisation of each parameter that

defines the model Eddington ratio distribution is performed following the MCMC

process outlined in Chapter 4, § 4.3.2. In this chapter, we demonstrate that a simple

1Hereafter quiescent refers to the SFR. These galaxies still have a strong central activity (AGN).
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model which assumes the Eddington ratio distribution is split between star-forming

and quiescent galaxies is not sufficient, and fails to consistently reproduce both the

X-ray luminosity function at z&2 and the observed flat relationship between SFR

and X-ray luminosity.

We first describe in § 5.2 our model Eddington ratio distribution. We then intro-

duce in § 5.3 the PSM used to generate a population of host galaxies, and how we

incorporate AGNs following our Eddington ratio distribution. The results regarding

the model relationships between the AGN accretion properties and the host SFRs

are shown in § 5.4, and their implications are discussed in § 5.5. Finally, we conclude

in § 5.6.

5.2 Inferring the Eddington ratio distribution and

its redshift evolution

As mentioned above, we aim to investigate the Eddington ratio distribution of AGNs

split between star-forming and quiescent galaxies. This can be done by optimising

a model Eddington ratio distribution that, when combined with an observed mass

function, reproduces the observed X-ray luminosity function. Throughout, we use

the up-to-date mass function for star-forming and quiescent galaxies reported in

Davidzon et al. (2017), and the total (i.e. not split in term of star-forming and

quiescent population) X-ray luminosity function of Aird et al. (2015). To separate

between star-forming and quiescent galaxies, Davidzon et al. (2017) used a (NUV -

r) versus (r - J) colour-colour plot, instead of the often used UVJ diagram, since it is

more sensitive to recent SFR (e.g. Salim et al., 2005; Arnouts et al., 2007; Davidzon

et al., 2017). The limit used in Davidzon et al. (2017) defines galaxies with specific

SFR (i.e. SFR/M∗) sSFR< 10−11 yr−1 as fully quiescent. This value is in agreement

with studies splitting galaxies in terms of star-forming and quiescent galaxies based

on the location of the MS of galaxies, at least out to z=3 (e.g. Rodighiero et al.,

2011; Schreiber et al., 2015). As our results will strongly depend on the shape of

the mass function, we show in Fig. 5.1 the mass functions as reported in Davidzon

et al. (2017). For this model, we assume a Salpeter (1955) IMF (instead of Chabrier

(2003) which was assumed so far).

5.2.1 Modelling the Eddington ratio distributions

Using our analytical approach, we demonstrate in Chapter 4, § 4.3.1 how we model the

X-ray luminosity function by combining the mass function with the Eddington ratio
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Figure 5.1: Mass function split between star-forming and quiescent galaxies out to
z∼4. The redshift is indicated in each panel on the top right-hand side. Blue colour
is for star-forming and red colour is for quiescent galaxies. The various lines indicate
multiple employed fitting methods. Credits: this figure was originally published as
Fig. C.2 in Davidzon et al. (2017).
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distribution. However, in our case, the Eddington ratio distribution is unknown and

needs to be derived. In order to do this, we define two functions of Eddington ratio,

each representing the Eddington ratio for either the star-forming or the quiescent

component. Adding up these two functions (weighted by their relative numbers)

gives the total Eddington ratio distribution. Many studies use a broken power-law

to model the Eddington ratio distribution (e.g. Aird et al., 2013; Veale et al., 2014;

Caplar et al., 2015; Jones et al., 2017). We first adopt a conservative approach by

assuming that each component of our model Eddington ratio distribution is also

represented by a broken power-law, which we write as,

p(λEdd) =
A(

λEdd

λbreak

)γ1
+
(
λEdd

λbreak

)γ2 , (5.1)

where p(λEdd) is the probability of λEdd, A is the normalisation, λbreak is the position

of the break, and γ1 and γ2 are the slopes at low λEdd (i.e. below the break) and

high λEdd (i.e. above the break), respectively. As such, each of our broken power law

components has four free parameters, giving a total of eight free parameters for this

model. A sketch of our model Eddington ratio distribution split between two broken

power-laws, i.e. one for the star-forming and one for the quiescent galaxies is shown

in Fig. 5.2.

Assuming the two broken power-laws and their eight free parameters, we are able

to use our optimisation method (see Chapter 4, § 4.3.2) to extract the parameters

that best fit the observed X-ray luminosity function. However, prior to optimisation,

we employ some assumptions (all based on observations) to ease the extraction of the

best fitting parameters. Following results reported in e.g. Georgakakis et al. (2014);

Aird et al. (2017a); Wang et al. (2017), we assume that both the normalisation, ASF,

and the position of the break, λSF
break, of the star-forming component are each always

higher than their quiescent analogues, AQui and λQui
break. This also has the benefit of

reducing the degeneracy of the model. It is important to stress, however, that we

do not assume any specific parameter values for these, we simply incorporate this

information by excluding some parts of the parameter space. We show in Fig. 5.3 a

sketch of the boundaries used for each of the eight free parameters (i.e. defining the

parameter space).

We use our optimisation method, fully described in Chapter 4, § 4.3.2 to explore

the parameter space defined by the eight free parameters and extract those that, when

combined with the mass functions, best fit the observed X-ray luminosity function of

Aird et al. (2015). To investigate any redshift evolution, we repeat this optimisation

at z=0.3, z=0.5, z=0.7, z=1.0, z=1.2, z=1.5, z=1.7, z=2.0, z=2.3, z=2.5, z=2.7,
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log(λ)

p(
λ)

ɣ1SF

ɣ2SF
ASF

λbreakSFλbreakQui

ɣ1Qui

ɣ2QuiAQui

Star-forming
Quiescent

Figure 5.2: Sketch of our model Eddington distribution split between a star-forming
(in blue) and a quiescent (in red) component. Each of these is represented by a
broken power-law with, A, a normalisation, λbreak, a position of the break, γ1, a slope
at low Eddington ratio, and, γ2, a slope at high Eddington ratio. The scripts “SF”
and “Qui” stand for star-forming and quiescent, respectively.
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Figure 5.3: Sketch of the boundaries within which the best fitting solution is explored.
Blue colour is for the star-forming component and red colour is for the quiescent one.
Values at the end of each arrow and range indicate the boundaries in which our
optimisation method operates (i.e. define the parameter space).
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z=3.0, and z=3.5. We fit the X-ray luminosity functions of Aird et al. (2015) inter-

polated at these redshifts, using the redshift evolution provided in their study (i.e.

we do not fit their observed data points given for different redshift bins). We show in

Appendix B, Fig. B.1 an example of the posterior distribution at z=1.0 from which

the parameters were extracted (see Chapter 4, 4.3.2 for extraction from the posterior

distribution).

5.2.2 X-ray luminosity functions

In Fig. 5.4 we show the fit to the X-ray luminosity function for our model. Up to

z∼1.75 our total X-ray luminosity functions are in very good agreement with those of

Aird et al. (2015). However, beyond this redshift, our model is unable to reproduce

the observed X-ray luminosity function. We find that at these redshifts our model

under-predicts the knee of the observed X-ray luminosity function (i.e. between

1043.5 .LX. 1044.5 erg s−1). Fig. 5.4 also illustrates the model X-ray luminosity

function split between star-forming and quiescent galaxies. Overall, we find that

the star-forming galaxies always dominate the X-ray luminosity functions at LX&

1042.5 erg s−1 which corresponds to the bulk of the AGN population. The contribution

from quiescent galaxies, in our model, to the total X-ray luminosity function, however,

is only significant at lower X-ray luminosities (i.e. LX. 1042 erg s−1).

Beyond z∼2, our model cannot reproduce the observed X-ray luminosity function.

We find that the contribution from quiescent galaxies to the total X-ray luminosity

function is very low compared to that of the star-forming galaxies. To explain the

reasons for this, we examine the stellar mass function of Davidzon et al. (2017). They

report that the contribution from quiescent galaxies to the mass function decreases

as the redshift increases (the knee of the mass function for quiescent galaxies is at

least a factor of ten in normalisation below that of the star-forming galaxies at z&2;

see Fig. 5.1). This lower contribution from the quiescent galaxies to the total mass

function at higher redshifts can be compensated in our model by an increase in the

normalisation of the model Eddington ratio distribution for quiescent galaxies (as

our model relates the mass function to the Eddington ratio distribution). However,

in our model, the normalisation of the quiescent galaxy component cannot exceed

that of the star-forming component. As illustrated in Fig. 5.5, top left-hand panel,

the normalisation of the Eddington ratio distribution for quiescent galaxies reaches

its maximum value for our model beyond z∼2 (i.e. ASF ∼ AQui). For that reason, the

contribution from quiescent galaxies to the total X-ray luminosity function cannot

increase enough to match the observed X-ray luminosity function. Should we relax
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this assumption (see § 5.2.5), our model would find that beyond z∼2 a significant

fraction of AGNs live in quiescent galaxies compared to star-forming hosts. However,

this is against observational studies that find that AGNs predominantly reside in MS

star-forming galaxies (e.g. Mullaney et al., 2015; Stanley et al., 2015).

As beyond z∼2 our model cannot increase the contribution from quiescent galax-

ies to the total X-ray luminosity function, it attempts to use only star-forming galax-

ies, but fails. We find that the faint-end of the model X-ray luminosity function for

star-forming galaxies is too steep to reproduce the observed flat faint-end of the X-ray

luminosity function at these redshifts. Caplar et al. (2015) have demonstrated that

the faint-end slope of the X-ray luminosity function is determined by whichever is

the steeper of either the low-mass end of the mass function or the low-λEdd end of the

Eddington ratio distribution. Davidzon et al. (2017) report a steepening with redshift

of the slope at the low-mass end of their mass function (see Fig. 5.1). Conversely,

Aird et al. (2015) find a flattening of the faint-end slope of the X-ray luminosity

function. For that reason, our model is unable to reproduce the total X-ray luminos-

ity function beyond z∼2 by using only star-forming galaxies (i.e. the low mass-end

of the mass function is too steep). This motivates a mass-dependent model for the

Eddington ratio distribution of star-forming galaxies where the contribution from low

mass galaxies to the total Eddington ratio is lower compared to that of higher mass

galaxies. We will explore this further in Chapter 6.

Finally, as a further check, we include in Fig. 5.4 the measured X-ray luminosity

function separated into star-forming and quiescent galaxies at z<1 reported in Geor-

gakakis et al. (2014). Despite not including this information during our optimisation,

we find good agreement between our model and these observed X-ray luminosity func-

tions of star-forming and quiescent galaxies, increasing our confidence in the model

at these redshifts.

Our model is able to provide a realistic fit to the X-ray luminosity function out

to z ∼ 2. Beyond this redshift, we find that our model under-predicts the knee of

the X-ray luminosity function (i.e. between 1043.5 <LX< 1044.5 erg s−1), and fails

at reproducing the observed X-ray luminosity function. We now explore how the

Eddington ratio distribution evolves with redshift.

5.2.3 Redshift evolution of our Eddington ratio distributions

To investigate how the Eddington ratio distribution evolves with redshift, we exam-

ine how each of the eight parameters which define our Eddington ratio distribution

evolves with redshift. As our model fails at reproducing the X-ray luminosity func-
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Figure 5.4: Fit to the X-ray luminosity functions out to z∼3. Each panel represents
a different redshift bin, as indicated at the bottom right-hand side. These redshift
bins correspond to those of Aird et al. (2015). The orange line shows the total
model X-ray luminosity function, the blue dashed line shows the star-forming galaxy
component, and the red triple-dashed line shows the quiescent galaxy component.
Upward and downward triangles are observed values from Aird et al. (2015) for the
soft band and the hard band, respectively. Blue empty stars are the observed X-
ray luminosity function for star-forming galaxies as reported in Georgakakis et al.
(2014), and red empty circles are the same but for quiescent galaxies. We find a
good agreement between our model X-ray luminosity function and the observed one
out to z∼2, including when split between star-forming and quiescent galaxies at least
up to z∼1. However, our model is unable to reproduce the observed X-ray luminosity
function beyond z∼2.
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Figure 5.5: Redshift evolution of the parameters that define our model Eddington
ratio distribution. Blue stars are for the parameters that define the Eddington ratio
for star-forming galaxies and red circles are the same but for quiescent galaxies. The
top left-hand panel shows the normalisations, the top right-hand panel displays the
positions of the breaks, the bottom left-hand panel exhibits the low λEdd slope, and
the bottom right-hand panel shows the high λEdd slope. Upward and downward
arrows indicate lower and upper-limits, respectively. The shaded area in each panel
indicates the redshifts for which our model is unable to give a good fit to the observed
X-ray luminosity function (see Fig 5.4).
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tion beyond z∼2, we first investigate the redshift evolution of our Eddington ratio

distribution below this redshift, before considering higher redshifts.

In Fig. 5.5, we present the redshift evolution of each of the optimised parameters.

As expected (i.e. assumed in our model, see § 5.2.1), the normalisation of the star-

forming component is higher than that of the quiescent one. We report that the

normalisation of the star-forming and the quiescent component both slightly increases

with increasing redshift to z∼2, and we note a slightly faster increase for that of the

quiescent component (see top left-hand panel in Fig. 5.5). This suggests that the

relative number of AGNs in quiescent galaxies increases with redshift, compared to

the number of AGNs in star-forming galaxies. We also find that the position of the

break for the star-forming and the quiescent component both strongly increase with

increasing redshift at a very similar rate (i.e. slope of ∼0.6; see top right-hand panel

in Fig. 5.5), indicating a higher AGN activity at higher redshifts. More importantly,

we report that the low-λEdd end of the Eddington ratio distribution for star-forming

galaxies is consistent with a rising slope (i.e. negative γ1 in Eq 5.1). However, we

note we are only able to provide upper-limits for this parameter (see bottom left-

hand panel in Fig. 5.5). A consequence of the rising slope is that the Eddington ratio

distribution for star-forming galaxies in our model is best described by a “peaky”

distribution, similar to the light-bulb distributions sometimes used in recent studies

(e.g. Hickox et al., 2014; Veale et al., 2014; Stanley et al., 2015). This suggests that

the star-forming galaxies exclusively host AGNs with λEdd typical of the higher-end

of the Eddington ratio distribution (i.e. log(λEdd)&-1.5). In contrast, the low-λEdd

slope of the Eddington ratio distribution for quiescent galaxies is consistent with a

decreasing slope (i.e. positive γ1 in Eq 5.1), and does not evolve significantly with

redshift. This indicates that lower accretion rate AGNs tend to reside in less star-

forming galaxies. Finally, we find that the high-λEdd slopes of the Eddington ratio

distribution for both star-forming and quiescent galaxies are consistent, although we

only have lower-limits for the slope of the quiescent component (see bottom right-

hand panel in Fig. 5.5). We do not find any significant redshift evolution of these last

parameters out to z∼2.

Beyond z=1.7 we see a significant break toward lower values in the redshift evo-

lution of the normalisation of both star-forming and quiescent component, with both

normalisations almost identical, suggesting a similar number of AGNs in quiescent

hosts relative to star-forming host galaxies. We further note a mild break in the

slope at high λEdd for the star-forming component toward higher values (i.e. steeper

slope). We do not notice any similar behaviour of the position of the break for both

star-forming and quiescent galaxies, with a redshift evolution beyond z=1.7 consis-
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tent with the redshift evolution at lower redshift. We also see no break in the redshift

evolution of the slope at lower Eddington ratio. However, beyond z=1.7, the slope at

low Eddington ratio for the star-forming component becomes consistent with a flat

(or very mildly rising) slope, in contrast to the strong rising slope reported below

this redshift. However, this must be related to the attempt of our model to fit the

total X-ray luminosity function using only star-forming galaxies (see § 5.2.2). Fi-

nally, the slope at higher λEdd for the quiescent component decreases with redshift

beyond z=1.7 (i.e. shallower slope). However, we reiterate that our model is unable

to satisfactorily reproduce the X-ray luminosity function at these higher redshifts

(see § 5.2.2). We argue that it is related to the low contribution from the quiescent

galaxies to the total X-ray luminosity function. We can observe this in the top left-

hand panel of Fig. 5.5 where the normalisation of the Eddington ratio distribution

of the quiescent population beyond z∼2 reaches its maximum value allowed in our

model (i.e. cannot exceed that of the star-forming component).

We performed a linear fit to see how each parameter changes with redshift, assum-

ing a break at z=1.7 when necessary (i.e. the normalisation and the high-λEdd slope

for the star-forming component). We estimated the 1σ uncertainties on the fitting

parameters by measuring the standard deviation of 1000 Monte-Carlo realisations.

All the fitting parameters and their associated uncertainties are given in Table 5.1.

Each of the aforementioned trends can be seen in the evolution of the overall λEdd

distributions, which we plot in Fig. 5.6. Here, each distribution has been normalised

such that it integrates to unity after applying a cut at λEdd= 10−7 when diverging.

Arrows in this figure indicate the overall effects of parameters that are upper and

lower-limits to the Eddington ratio distribution.

One of our main findings is that, although it was not implemented prior to op-

timisation, the Eddington ratio distribution for star-forming galaxies is consistent

with a “peaky” distribution, similar to the “light-bulb” distributions sometimes used

in similar studies (e.g. Hickox et al., 2014; Veale et al., 2014; Stanley et al., 2015).

This suggests, interestingly, that star-forming galaxies exclusively prefer AGNs with

higher Eddington ratios (i.e. λEdd∼0.1), while quiescent host AGNs span a wide

range of λEdd (i.e. 0.001.λEdd.1). However, we are only able to derive upper-limits

on the slope at low-λEdd, γ1, for the star-forming component. As a consequence,

prior to investigating further how the Eddington ratio distribution relates to the

star-forming properties of the host galaxies, we attempt a different model where the

Eddington ratio distribution for star-forming galaxies is explicitly represented by a

“peaky” distribution (instead of a broken power law). This aims to give a tighter

constraint to the low-λEdd slope of the Eddington ratio distribution for star-forming
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Table 5.1: Redshift evolution of the parameters that describe the Eddington ratio
distribution for star-forming and quiescent galaxies, described by Eq. 5.1. SF and Qui
labels stand for star-forming and quiescent, respectively. The slopes and intercepts
are given for an evolution in (1+z). Uncertainties on the parameters are the standard
deviation of a 1000 Monte-Carlo realisations (i.e. 1σ).

Parameters Intercepts Slopes

log(ASF) -2.07±0.19 0.13±0.07 for z<1.7
-1.15±0.03 for z>1.7

log(AQui) -2.80±0.23 0.37±0.10 for z<1.7
-1.20±0.11 for z>1.7

log(λSF
break) -2.36±0.06 0.65±0.02

log(λQui
break) -2.62±0.16 0.66±0.06

γSF
1

.-3.0 0.0 for z<1.7
-0.96±0.51 0.25±0.12 for z>1.7

γQui
1 0.28±0.05 0.07±0.02

γSF
2 2.29±0.04 0.01±0.02 for z>1.7

0.15±0.03 for z>1.7

γQui
2

&2.7 0.0 for z<1.7
3.75±2.33 -0.53±0.63 for z>1.7

Notes: Slopes and intercepts are given for an evolution as a func-
tion of (1+z). The intercept for z>1.7, when assuming a break
in the z evolution of the parameter, is given by the continuity at
z=1.7 (i.e. [intercept for z > 1.7] = (1 + 1.7) × ([slope for z <
1.7]− [slope for z > 1.7]) + [intercept for z < 1.7]).
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Figure 5.6: Model Eddington ratio distribution out to z=3. The left-hand panel
shows the total model Eddington ratio distribution returned by our optimisation
method out to z=3. The middle and right-hand panels are for that of the star-
forming and the quiescent component, respectively. Colours are for different redshifts
(see keys). Downward arrows indicate the effects of the upper and lower-limits found
in the parameters that define these Eddington ratio distributions (see Fig. 5.5). The
dashed lines are the Eddington ratio distributions for which our model cannot repro-
duce the observed X-ray luminosity function (i.e. beyond z∼2; see Fig 5.4). Each
distribution has been normalised such that it integrates to unity after applying a cut
at λEdd= 10−7 when diverging.
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galaxies, and to improve the fit to the X-ray luminosity function beyond z∼2.

5.2.4 A “Peaky” distribution for the star-forming compo-

nent

On fitting the X-ray luminosity function with the double broken power-law for the

Eddington ratio distribution we found that, at least for z.2, the best-fitting results

always required that the distribution for star-forming galaxies peaked at the position

of the break (i.e. a positive slope below the break and a negative slope above the

break). This is qualitatively similar in shape to the “light-bulb” distributions consid-

ered in some models (e.g. Hickox et al., 2014; Veale et al., 2014; Stanley et al., 2015).

Following this finding, we replaced the broken power-law for star-forming galaxies

with an inverted Gamma function (i.e. shape similar to that of the “light-bulb”; see

Fig. 5.7) defined as,

p(λEdd) =
ASF

Γ(k) θk

(
1

λEdd

)k−1

exp

(
− 1

λEdd k

)
, (5.2)

where p(λEdd) is similar to that of Eq. 5.1, ASF is the normalisation, k is the “shape”,

and θ is the “scale” (Γ(k) is the Gamma function evaluated at k). We chose an

inverted Gamma distribution instead of a Gaussian since the higher-λEdd slope of the

inverted Gamma distribution is similar in shape to that of a broken power-law. This

component has three free parameters. We retain the broken power-law model for the

quiescent galaxies, giving a total of seven free parameters for this new model. We

show in Fig. 5.7 a sketch of this second model for the Eddington ratio distribution (i.e.

assuming the “peaky” distribution for star-forming galaxies) indicating the meaning

of the seven free parameters.

We repeat the optimisation for these seven free parameters (see Chapter 4, § 4.3.2),

keeping the prior information stating that the Eddington ratio distribution for star-

forming galaxies must peak at higher values than the break of the distribution for

the quiescent ones (e.g. Georgakakis et al., 2014; Aird et al., 2017a; Wang et al.,

2017). The different boundaries defining the parameter space to explore are sketched

in Fig. 5.8. To investigate any redshift evolution, we again repeat the optimisation

at z=0.3, z=0.5, z=0.7, z=1.0, z=1.2, z=2.0, z=2.2, and z=2.5. We show in Ap-

pendix B, Fig. B.2 an example of the posterior distribution at z=2.2 from which the

parameters have been extracted.
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Figure 5.7: Sketch of our model Eddington ratio distribution that assumes a “peaky”
function for the star-forming galaxies, instead of the previously used broken power-
law. The component of the Eddington ratio distribution for star-forming galaxies
is shown in blue, while that of quiescent galaxies is shown in red. The distribution
used for the star-forming component is an inverse-Gamma distribution with a nor-
malisation (ASF), a shape (k), and a scale (θ). For quiescent galaxies we keep the
broken power-law distribution with similar parameters than these of Fig. 5.2. “SF”
and “Qui” subscripts stand for star-forming and quiescent, respectively.
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Figure 5.8: Sketch of the boundaries used to define the parameter space for our model
that assumes a “peaky” distribution for the star-forming component of the Edding-
ton ratio distribution. The black lines indicate the shape of each component, the
“peaky” one being the star-forming galaxy one. The arrows and ranges indicate the
boundaries in which our optimisation method operates (i.e. showing the parameter
space). Parameters are as described in Fig. 5.7. The grey box indicates our assump-
tion that the Eddington ratio distribution for star-forming galaxies (PeakSF) must
peak at higher λEdd values than the knee of the distribution of the quiescent galaxies
(λQui

break).
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5.2.5 Updated X-ray luminosity functions

We show in Fig. 5.9 the results of the fit to the X-ray luminosity function for our

second model (i.e. assuming the “peaky” distribution for the star-forming compo-

nent of the Eddington ratio distribution). Up to z∼3 our model total X-ray lu-

minosity function is in very good agreement with the observed one of Aird et al.

(2015). This constitutes an improvement from our previous model that was unable

to reproduce the X-ray luminosity function beyond z∼2. This is a consequence of

relaxing the assumption on the normalisations (i.e. in our previous model, we specify

that the normalisation of the star-forming component must be higher than that of

the quiescent one). We also show in Fig. 5.9 the model X-ray luminosity function

split between star-forming and quiescent galaxies. We find that, up to z∼2, the

star-forming galaxies dominate the brightest end of the X-ray luminosity function

(i.e. LX& 1044 erg s−1), whereas the contribution from quiescent galaxies to the

total X-ray luminosity function is only significant at lower X-ray luminosities (i.e.

LX. 1043 erg s−1). These results are consistent with those reported in our previous

model (see § 5.2.2). In contrast, beyond z∼2, this model predicts that the X-ray

luminosity function is dominated by quiescent galaxies to very high luminosities (i.e.

at LX< 1045.5−46 erg s−1), as suggested in the previous model, should we have re-

laxed the assumption on the normalisations. We note, however, that this is still

inconsistent with observations (e.g. Mullaney et al., 2015; Stanley et al., 2015) as it

implies that beyond z∼2 the vast majority of AGNs are hosted in quiescent galaxies.

This behaviour of our model is again a consequence of the steep negative slope of the

stellar mass function of star-forming galaxies at high redshifts (i.e. at z & 2) and low

masses (see Fig. 5.1), which contrasts against the much flatter low luminosity end

of the X-ray luminosity function at these same redshifts (Aird et al., 2015). Faced

with this situation, it is impossible for this model to reproduce the X-ray luminos-

ity function using predominantly star-forming galaxies. A similar situation was also

encountered in Jones et al. (2017) while using a universal broken power-law for the

Eddington ratio distribution of all galaxies (i.e. not split in term of star-forming and

quiescent populations). They reported that, beyond z∼1.2, their model was unable

to reproduce the flat faint-end of the X-ray luminosity function. Since our model has

more degrees of freedom (i.e. two components instead of one in Jones et al. 2017),

and that the mass function for quiescent galaxies is narrower than that of the star-

forming galaxies beyond z∼2 (see Fig. 5.1), we are able to reproduce the total X-ray

luminosity function at these redshifts, but at the cost of having ≈100 per cent of

AGNs in quiescent galaxies at higher redshifts. This further motivates the need for

a mass-dependent Eddington ratio distribution for star-forming galaxies, as recently
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reported in Aird et al. (2017a). This will be fully explored in Chapter 6.

Finally, as a further check, we include in Fig. 5.9 the measured X-ray luminos-

ity functions separated into star-forming and quiescent galaxies at z<1 reported in

Georgakakis et al. (2014). Despite not including this information during our optimi-

sation, we find good agreement between our second model and these observed X-ray

luminosity functions of star-forming and quiescent galaxies, increasing our confidence

in this second model at these redshifts.

The main difference between the model that assumes a “peaky” distribution for

star-forming galaxies to that of our previous model (i.e. assuming a broken power-

law for the Eddington ratio distribution of star-forming galaxies) is the behaviour at

z&2. While our first model was unable to reproduce the X-ray luminosity function

at these redshifts, our second model is able to do so, but still produces results that

are inconsistent with observations when examining the split in term of star-forming

and quiescent galaxies.

5.2.6 Updated redshift evolution of our Eddington ratio dis-

tributions

As we have seen, this second model gives reasonable fit of the X-ray luminosity

function at all redshifts, but puts too many AGNs in quiescent galaxies at z&2. To

investigate how the Eddington ratio distribution evolves with redshift in this second

model, we now explore how the seven free parameters describing our model evolve

with redshift to z∼2.

In Fig. 5.10, we present the redshift evolution of each of the optimised parameters

that define our Eddington ratio distribution for our second model. The top panel

shows the ratio of the star-forming over the quiescent normalisation (i.e. ASF/Aqui),

the left-hand panels show parameters that define the Eddington ratio distribution

for star-forming galaxies (i.e. θ and k in Eq. 5.2) while the right-hand panels are

for those of the quiescent population (i.e. λbreak, γ1, γ2 in Eq. 5.1). As expected,

the normalisation of the star-forming component is higher than that of the quiescent

component up to z∼2. This indicates that AGNs are predominantly found in star-

forming galaxies. We find very little evolution in the shape parameter (k) of the

inverse-Gamma distribution used for star-forming galaxies, but note that the scale

parameter decreases with increasing redshift (which corresponds to a shift in the

distribution toward higher λEdd with increasing redshift; see Fig. 5.11 central panel).

This again suggests a higher accretion activity at higher redshifts. For quiescent

galaxies, we find that the position of the break shifts to higher λEdd values with
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Figure 5.9: Fit to the X-ray luminosity functions out to z=3 while using a “peaky”
Eddington ratio distribution for the star-forming component. Each panel represents
a different redshift bin, as indicated on the bottom right-hand side. These redshift
bins correspond to those of Aird et al. (2015). The orange line shows the total
model X-ray luminosity function, the blue dashed line shows the star-forming galaxy
component, and the red triple-dashed line shows the quiescent galaxy component.
Upward and downward triangles are observed values from Aird et al. (2015) for the
soft band and the hard band, respectively. Blue empty stars are the observed X-
ray luminosity functions for star-forming galaxies as reported in Georgakakis et al.
(2014), and red empty circles are the same but for quiescent galaxies. We find a very
good fit to the observed total X-ray luminosity function out to z=3. However, our
model places too many AGNs in quiescent galaxies beyond z∼2.
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Figure 5.10: Redshift evolution of each parameter that defines the model Eddington
ratio distribution when assuming a “peaky” distribution for the star-forming compo-
nent. The top panel shows the ratio between the normalisation of the star-forming
component and the quiescent one (log(ASF/AQui)). The left-hand side panels are for
the parameters that define the Eddington ratio distribution for star-forming galaxies
(i.e. k and θ), and the right-hand side panels are for these of the quiescent galaxies
(i.e. λbreak, γ1 and γ2). Lines are for the best linear fit, allowing a break at z=1.7
when necessary (i.e. log(ASF/AQui), k, and θ). The shaded area beyond z=1.7 is
to indicate that our model fails at splitting the X-ray luminosity function between
star-forming and quiescent galaxies at these redshifts (see Fig. 5.9).
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Table 5.2: Redshift evolution of the parameters that define our Eddington ratio
distribution for our model that assumes a “peaky” distribution. The slopes and
intercepts are given for an evolution in (1+z). Uncertainties on the parameters are
the standard deviation of a 1000 Monte-Carlo realisations (i.e. 1σ).

Parameters Intercepts Slopes

log(ASF/Aqui) 3.71±0.33 -0.95±0.33 for z<1.7
-5.31±0.01 for z>1.7

k 3.36±0.04 0.009±0.01 for z<1.7
0.51±0.01 for z>1.7

θ 1.89±0.06 -0.49±0.07 for z<1.7
-1.60±0.01 for z>1.7

λbreak -2.47±0.01 0.54±0.01

γ1 -0.61±0.03 0.13±0.01

γ2 -2.10±0.03 -0.60±0.01

Notes: Slopes and intercepts are given for an evolution as a func-
tion of (1+z). The intercept for z>1.7 when assuming a break
in the z evolution of the parameters is given by the continuity
at z=1.7 (i.e. [intercept for z > 1.7] = (1 + 1.7)× ([slope for z <
1.7]− [slope for z > 1.7]) + [intercept for z < 1.7]).

increasing redshift (which is similar to the shift in the peak of the λEdd distribution

for star-forming galaxies), together with a flattening of the low-end slope (γ1) to less

negative values. In contrast, the high-end slope of the λEdd distribution for quiescent

galaxies (γ2) steepens (i.e. gets more negative) with increasing redshift.

Beyond z=1.7 we see a break in the evolution of all the parameters associated

with star-forming galaxies, yet the evolution in the parameters for quiescent galaxies

remains consistent with that at z<1.7. However, we reiterate the problems our model

encounters at these high redshifts (see § 5.2.5).

We also performed a linear fit of each parameter with redshift to parametrise

the evolution with redshift for this second model, assuming a break at z=1.7 when

necessary (i.e. for ASF/Aqui, θ, and k). Again, we estimated the 1σ uncertainties

on the fitting parameters by measuring the standard deviation of 1000 Monte-Carlo

realisations. All the fitting parameters and their associated uncertainties are given

in Table 5.2.

As with the previous model, each of the aforementioned trends for our second

model can be seen in the evolution of the overall Eddington ratio distributions, which

we plot in Fig. 5.11. Here, again, each distribution has been normalised such that it

integrates to unity after applying a cut at λEdd= 10−7 when diverging.
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Figure 5.11: Model Eddington ratio distributions when assuming a “peaky” distribu-
tion for the star-forming component. The left-hand panel shows the total Eddington
ratio distributions out to z=2.7. Also in the left-hand panel, shown with grey dashed
lines are the star-forming and quiescent components of the total Eddington ratio
distributions. The central panel shows that of the star-forming galaxies and the
right-hand panel that of the quiescent galaxies. Each distribution is normalised such
that it integrates to unity after applying a cut at λEdd=10−7 when diverging. Colours
indicate different redshifts (see keys).

Overall, we find that there is no significant change between our previous model

and this second model in terms of the Eddington ratio distribution shape and its

redshift evolution. However, a benefit of defining a “peaky” distribution for the

Eddington ratio distribution of star-forming galaxies is that all the parameters are

now defined, meaning we no longer have upper and lower-limits. Furthermore, we

find that the second model can better fit the total X-ray luminosity function to higher

redshift than our first model, although it still provides an inconsistent split between

star-forming and quiescent galaxies. In the following subsection we adopt the second

model to investigate how the Eddington ratio distribution relates to the star-forming

properties of their host galaxies as it gives better results overall.

5.3 AGN-host galaxies population synthesis

model

By fitting the X-ray luminosity function of Aird et al. (2015), we now hold a solu-

tion for the Eddington ratio distributions split between star-forming and quiescent

galaxies and their evolution with redshift (see § 5.2). We also provide the X-ray lu-
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minosity function split in terms of star-forming and quiescent galaxies, however, we

find that our model is unable to give a realistic split between these populations at

z&2 regarding the relative numbers of AGNs in star-forming and quiescent galaxies.

Since we aim to investigate the AGN-galaxy connection, we must implement these

Eddington ratio distributions in a PSM containing host galaxies to test whether our

model reproduces the observed relationships between AGN and host properties.

As a starting point, we use a PSM that I developed during my Masters thesis

that creates a population of star-forming galaxies (Bernhard et al., 2014). This

model successfully reproduces the luminosity function at FIR and UV wavelengths

out to z∼6, as well as the observed relationship between attenuation (i.e. the ratio

between the IR to the UV luminosity, LIR/LUV) and UV luminosity (see Bernhard

et al., 2014, for the details on the model, hereafter B14). Briefly, in B14, we first

generate – in a fixed volume – a population of galaxies with stellar masses that

follow the star-forming galaxy mass function of Ilbert et al. (2013). For each galaxy

in the mock catalogue we then allocate SFR following the MS reported in Rodighiero

et al. (2011). From the main sequence SFRs, we generate realistic SFRs by randomly

adding scatter following the specific SFR (i.e. SFR/M∗) distribution of Sargent et al.

(2012), including the observed 3 per cent of Starburst galaxies. We then use the mass-

dependent attenuation relation of Heinis et al. (2013) to split each SFR into a direct

(i.e. un-attenuated) and a dust re-emitted (i.e. attenuated) component (i.e. SFRUV

and SFRIR, respectively). The IR and UV luminosities are then derived using the

Kennicutt (1998) relationships assuming a Salpeter (1955) initial mass function.

Before incorporating AGNs via their Eddington ratio distribution, we updated

B14. We changed the definition of the stellar mass function to that of Davidzon

et al. (2017), instead of Ilbert et al. (2013). We also updated the MS to reflect

the more recent reported by Schreiber et al. (2015), instead of Rodighiero et al.

(2011). Finally, we updated the attenuation relation – used to derived IR and UV

luminosities in B14 – to that of Pannella et al. (2015), instead of Heinis et al. (2013).

The new mass function and attenuation relation used here are very similar to the

ones reported in previous studies (i.e. used in B14), as such it corresponds to minor

differences between B14 and the updated version. However, as shown in Fig. 5.12,

the new definition of the MS reported in Schreiber et al. (2015) is rather different

than that of Rodighiero et al. (2011). The main differences are the steeper slope for

the M∗–SFR relationship and the flattening of the MS reported in Schreiber et al.

(2015) at higher masses (i.e. M> 1011M�) and for z< 1.

As a result of these updates, we find that a number of refinements introduced

in B14 are obsolete (see § 2.4 in Bernhard et al. (2014) for more details on the re-
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Figure 5.12: Differences in the MS between B14 and the updated B14 model out
to z=3.5. The dotted lines show the MS used in B14 (i.e. Rodighiero et al., 2011)
whilst the plain lines show the MS updated for this work (i.e. Schreiber et al., 2015).
We note some changes in the slopes between the previous and the updated version,
including the flattening at higher stellar masses and low redshifts (i.e. z<1), as
reported in Schreiber et al. (2015).
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finements). Briefly, the Starburst and the MS galaxies now follow exactly the same

attenuation relation, in contrast to what was presented in B14; the scatter around

the attenuation relation is kept at 0.4 dex (1 mag) as predicted in B14 and now

confirmed in Pannella et al. (2015); and the evolving normalisation of the attenua-

tion relation at low redshifts is now unnecessary to reproduce the UV and the IR

luminosity functions. As a sanity check, we show in Fig. 5.13 and Fig. 5.14 a compar-

ison of the model UV and the IR luminosity functions (generated using the updated

B14 model), respectively, against observed UV and IR luminosity functions. These

demonstrate that the model is still consistent with observed luminosity functions at

UV and IR wavelengths, at least out to z∼4.

The B14 model was primarily developed to investigate star-forming galaxies only.

However, a significant fraction of AGNs are also detected in quiescent galaxies (e.g.

Georgakakis et al., 2015; Aird et al., 2017a; Wang et al., 2017). Therefore, we also

update our model to include a population of quiescent galaxies in the updated B14

model (using the quiescent galaxy mass functions of Davidzon et al. 2017) with

specific SFRs (i.e. SFRs divided by stellar masses) at least a factor of 10 below that

of the MS (Ilbert et al., 2013).

We now use the Eddington ratio distribution presented in § 5.2.4 to incorporate

AGNs within our model for star-forming and quiescent galaxies. To do this, we

simply randomly allocate an Eddington ratio between −3 <log(λEdd)< 3 to each

mock galaxy, depending on if it is a star-forming or a quiescent galaxy and following

their respective Eddington ratio distribution. Since galaxies (star-forming or qui-

escent) outnumber AGNs, we randomly select NAGN among the full population of

mock galaxies for which we allocate an Eddington ratio. Excluded galaxies are not

considered AGNs (or with log(λEdd)<-3). NAGN is chosen such that the X-ray lumi-

nosity function for star-forming and quiescent galaxies matches the one derived in

our model (see § 5.2.5). To summarise, in Fig 5.15 we show a cartoon of this PSM,

along with the important parameters and relationships that define it.

Using this PSM, we generate a population of 33,925,192 galaxies (i.e. 32,939,834

star-forming and 985,358 quiescent galaxies) with stellar masses spanning 8 <

log(M∗/M�) < 14. This corresponds to a 50 square degree blank-field survey out to

z=3. Out of the 33,925,192 galaxies, 2,017,420 are AGNs with −3 <log(λEdd)< 3 (i.e.

1,034,408 are in star-forming galaxies, and 983,012 are in quiescent galaxies). We note

that in our model, almost all quiescent galaxies contains AGNs (i.e. 99.8 per cent).

This contradicts observations that suggest that AGNs reside in MS star-forming

galaxies (e.g. Rosario et al., 2012; Mullaney et al., 2015; Stanley et al., 2015). This

discrepancy is a consequence of the low relative numbers of quiescent-to-star-forming
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Figure 5.13: Model UV luminosity functions using the updated B14 out to z∼4.
We find that our UV luminosity function generated using the updated B14 is still
consistent with various empirical studies (i.e. Steidel et al., 1999; Wyder et al., 2005;
Arnouts et al., 2005; Bouwens et al., 2007; Reddy et al., 2008; Hathi et al., 2010; Oesch
et al., 2010; Cucciati et al., 2012). The black line shows the model UV luminosity
function and the light grey area shows the corresponding 3σ uncertainties (derived
from 200 Monte-Carlo realisations to account for uncertainties on the parameters
that define the mass function, the SFR distribution, and the attenuation relation).
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Figure 5.14: Model IR luminosity functions using the updated B14 out to z∼3. We
find that our IR luminosity function is still consistent with various empirical results
(i.e. Sanders et al., 2003; Le Floc’h et al., 2005; Rodighiero et al., 2010; Magnelli
et al., 2011; Gruppioni et al., 2013). The black line shows the model IR luminosity
function and the light grey area shows the corresponding 3σ uncertainties (derived
from 200 Monte-Carlo realisations which accounts for uncertainties on the parameters
that define the mass function, the SFR distribution, and the attenuation relation).
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galaxies, as shown by the mass function (see Fig. 5.1), in comparison to the con-

tribution from quiescent galaxies to the total X-ray luminosity function, which is

found to be roughly 50 per cent (e.g. Georgakakis et al., 2015). Most of our model

AGNs in quiescent galaxies have a low accretion rate (i.e. λEdd∼0.001) such that

they might be observationally undetected (i.e. X-ray luminosity of LX=1041 erg s−1

for a λEdd=0.001 and a stellar mass of 1011 M�). In our PSM, if we consider galax-

ies with stellar masses above M∗=1010.5 M� (i.e. where quiescent and star-forming

galaxies are found in similar numbers; see Fig. 5.1), we find that there are 307,048

star-forming galaxies, among which 64,905 are AGNs (i.e. 20 per cent), and 103,288

quiescent galaxies, among which 102,930 are AGNs (i.e. 99 per cent). As expected,

the relative numbers of quiescent galaxies is higher (i.e. quiescent galaxies tend to

be more massive) but again, contrary to observations, almost all of them are AGNs.

As before, this is a direct consequence of the fewer number of quiescent galaxies

compared to that of star-forming galaxies, along with the high contribution from

quiescent galaxies to the X-ray luminosity function.

5.4 Results

In the previous section we showed how we developed a simple model that combines our

analytic method of deriving the Eddington ratio distribution with a PSM to describe

their host properties. AGNs are incorporated via their Eddington ratio distribution

split between star-forming and quiescent galaxies (see § 5.2). We show that we are

able to reproduce the observed X-ray, UV and FIR luminosity functions at least up to

z∼3. In this section we test our model against recent observed relationships between

AGN and host galaxy properties.

5.4.1 SFR in bins of X-ray luminosities

A key test of any model that describes the Eddington ratio distribution is whether it

can reproduce other observed features of the AGN population besides just the X-ray

luminosity functions. Here, we test our PSM by assessing whether it can reproduce

the observed flat relationship between SFR and X-ray luminosity as reported in many

observational studies (e.g. Mullaney et al., 2012; Rosario et al., 2012, 2013; Stanley

et al., 2015; Bernhard et al., 2016). We do this by calculating the mean-average SFRs

of the AGNs in our PSM in bins of 0.5 dex in X-ray luminosity, taking into account

both star-forming and quiescent galaxies.

As shown in Fig. 5.16, our model predicts a strong correlation between average
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Figure 5.15: Illustration presenting the updated B14 model. We generate mock
catalogues of quiescent and star-forming galaxies at different redshifts, z, within a
volume defined by the field size, Ω, and the maximum redshift. Our model is based
on a mass function, a distribution for SFR relative to that of the MS, an attenuation
relation, and an Eddington ratio distribution.
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Figure 5.16: Relationship between averaged SFR and X-ray luminosity out to z=2.
The black line shows the predicted relationship between averaged SFR and X-ray
luminosity using our model. Data points are from various studies (i.e. Rosario et al.,
2012, 2013; Stanley et al., 2015; Bernhard et al., 2016). The dashed black line shows
the correlation found in Netzer (2009) for AGN-dominated system. Our model pre-
dicts a strong correlation between SFR and X-ray luminosity, at odds with the ob-
served flat relationship between these two parameters.

SFR and X-ray luminosity (with an average slope of ∼0.6), at least up to z∼2.

This agrees with empirical results for our lowest redshift bin (i.e. z = 0.35), but

strongly contradicts the flat observed relationship between SFR and X-ray luminosity

at higher redshifts (e.g. Rosario et al., 2012; Stanley et al., 2015).

It is important to note that other recent studies that are also based on PSMs find

a similar strongly increasing relationship between SFR and X-ray luminosity when

employing a “peaky” shaped Eddington ratio distribution for star-forming galaxies

(e.g. Veale et al., 2014; Stanley et al., 2015). We will show in § 5.5 that this strong

correlation is likely due to the AGN host mass distribution and the SFR-mass rela-

tionship (i.e. MS) induced by the use of a “peaky” Eddington ratio distribution in

PSMs (and not the presence of a large number of quiescent galaxies).

5.4.2 X-ray luminosity in bins of SFRs

The flat relationship observed between SFR and X-ray luminosity is often attributed

to the stochastic nature of AGNs compared to that of the hosts SFR (e.g. Aird et al.,

2013; Hickox et al., 2014). This is supported by studies that find a correlation by
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Figure 5.17: Relationship between averaged X-ray luminosity and SFR out to z=3.
The lines show the predicted relationship between averaged X-ray luminosity and
SFR at different redshifts (see keys on the bottom right-hand side of each panel).
Data points are from Lanzuisi et al. (2017). We find good agreements between our
predicted relationship and published data out to z=3, although our model fails at
reproducing the observed flat relationship between SFR and X-ray luminosity.

taking the mean-average X-ray luminosity (i.e. averaging over the variability) in bins

of SFRs (e.g. Chen et al., 2013; Delvecchio et al., 2015; Dai et al., 2015; Lanzuisi

et al., 2017).

We investigate whether our model reproduces this relationship between average

X-ray luminosity and SFR. We show in Fig. 5.17 the prediction of our model when

measuring the mean-average X-ray luminosities in bins of SFRs. However, we only

consider in our model AGNs with LX> 1042 erg s−1, as often used in observational

studies to avoid contamination to the X-ray luminosities from hosts SFR. In doing

this, we also find a correlation between average X-ray luminosity and SFR (i.e. aver-

age slope of roughly ≈0.5) which is in good agreement with results recently reported

in Lanzuisi et al. (2017) out to z∼3 (i.e. average slope of 0.52). Therefore, although

our model fails at reproducing the flat relationship between average SFR and X-

ray luminosity, it does succeed at recreating the relationship between average X-ray

luminosity and SFR.
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Figure 5.18: Normalised average SFR versus Eddington ratio out to z∼2.5. The
blue line shows the normalised average SFR in bins of Eddington ratio as predicted
in our model, and only considers star-forming galaxies. The orange data points are
from Bernhard et al. (2016). The dashed black line shows the position of the MS,
and the grey area shows its scatter. We find that our model fails to reproduce the
slight enhancement of averaged normalised average SFR observed in Bernhard et al.
(2016).

5.4.3 MS normalised SFR versus Eddington ratio

We also investigate the relationship between normalised average SFR (i.e. SFR

relative to that of the MS) in bins of Eddington ratios predicted by our model. As

mentioned in Chapter 3, using a large observed sample of X-ray selected AGNs, we

find a slight enhancement to the normalised average SFR at higher Eddington ratio

(i.e. log(λEdd)>0) when compared to their lower Eddington ratio counterparts and for

z>1.2. In contrast, as shown in Fig. 5.18 our model predicts no correlation between

these two quantities, with normalised average SFR fully consistent with the MS. For

this, we only consider star-forming galaxies for our model since we do not have a

good prescription for the normalised average SFRs of quiescent galaxies.

5.4.4 Comparison to empirical Eddington ratio distribution

at z=1

One of our main findings is that a model of the Eddington ratio distribution simply

split between star-forming and quiescent galaxies demands a “peaky” distribution for
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the star-forming component in order to reproduce the total observed X-ray luminosity

function out to z∼3. Conversely, the Eddington ratio distribution for quiescent

galaxies is found to be consistent with a broken power-law (see § 5.2). In Fig. 5.19

we compare our model Eddington ratio distribution to empirical results of Wang

et al. (2017) at z=1. We find a good agreement between our model Eddington ratio

distribution of quiescent galaxies and that of Wang et al. (2017). Furthermore, our

model Eddington ratio distribution for star-forming galaxies at z=1 is consistent

with empirical results for λEdd&0.1. However, at lower λEdd, our model predicts

that the Eddington ratio distribution for star-forming galaxies rapidly raises (as a

consequence of the “peaky” distribution), in contradiction with empirical results from

Wang et al. (2017) which indicate a power-law shape at these λEdd. Should that be

the case, it would strongly suggests a mass-dependent Eddington ratio distribution.

The reason is that the Eddington ratio distribution for star-forming galaxies needs

to be “peaky” for our model to reproduce the flat faint-end of the observed X-ray

luminosity function (see § 5.2). We explore the mass-dependent Eddington ratio

distribution in Chapter 6.

5.5 Discussion

5.5.1 Why does our model fail?

We first attempted to model the Eddington ratio distribution split between star-

forming and quiescent galaxies by assuming that each component is defined by a

broken power-law. While optimising the parameters that define this model, we found

that the Eddington ratio distribution for star-forming galaxies is best represented by

a “peaky” distribution (i.e. a rising slope before the position of the break). However,

this model cannot reproduce the X-ray luminosity function beyond z∼2. We argue

that it is related to a decrease in the normalisation of the quiescent galaxy mass

function with increasing redshift that cannot be compensated for by an increase in

the normalisation of the Eddington ratio distribution for quiescent galaxies. This

is a direct consequence of our model as we specify that the normalisation of the

Eddington ratio distribution for star-forming galaxies must be always higher than

that of the quiescent galaxies. Relaxing this assumption would lead to a higher

contribution from quiescent galaxies that would be at odds with observations (e.g.

Mullaney et al., 2015; Stanley et al., 2015). To investigate further, we then define a

new model where the Eddington ratio distribution for star-forming galaxies is defined

as a “peaky” distribution.
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Figure 5.19: Comparison of our model Eddington ratio distribution at z=1 to em-
pirical results of Wang et al. (2017). The thick black line shows the total model
Eddington ratio distribution at z=1, while the blue and red dashed lines indicate its
star-forming and its quiescent component, respectively. Red circles are the empiri-
cal Eddington ratio distribution for quiescent galaxies at z∼1 as reported in Wang
et al. (2017), and blue circles are that of the star-forming galaxies. While we find a
good agreement between our model and the empirical Eddington ratio distribution
for quiescent galaxies, there is a large discrepancy at lower values of λEdd between
our model and the empirical Eddington ratio distribution for star-forming galaxies.
We later solve this by assuming a mass-dependent Eddington ratio distribution.
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By employing this “peaky” distribution, we saw that the second model also failed

on two key accounts: firstly, it predicts that almost all AGNs at z>2 are hosted

by quiescent galaxies (see § 5.2.5), which is at odds with recent observations (e.g.

Mullaney et al., 2015; Stanley et al., 2015). Secondly, it fails to reproduce the flat re-

lationship between SFR and X-ray luminosity reported in many observational studies

(see Fig. 5.16; e.g. Mullaney et al., 2012; Rosario et al., 2012; Stanley et al., 2015).

The first point of failure is resulting from the steep mass function of star-forming

galaxies (at masses below the break) at z>2, in contrast to the very flat faint end of

the X-ray luminosity function at these redshifts (e.g. Aird et al., 2015). This inconsis-

tency in the shapes of the star-forming mass function and X-ray luminosity function

makes it extremely difficult to reproduce the latter without any mass dependency in

the Eddington ratio distribution, while still maintaining a high proportion of AGNs

in star-forming galaxies.

To help explain why the model cannot reproduce the flat relationship between

SFR and X-ray luminosity, we show in Fig. 5.20 which galaxy masses populate differ-

ent parts of the SFR/X-ray plane. This plot shows that our model produces a strong

correlation between X-ray luminosity and stellar mass. This is a direct result of

the “peaky” Eddington ratio distribution for star-forming galaxies, which this model

demands in order to reproduce the observed luminosity functions. The narrowness

of this Eddington ratio distribution means that a galaxy of a given mass can only

produce an AGN within a limited range of luminosities. When we then include the

correlation between SFR and stellar mass for MS galaxies (e.g. Schreiber et al., 2015),

the consequence is a correlation between SFR and X-ray luminosity. This correlation

was also noticed by Veale et al. (2014) when using their “light-bulb” Eddington ratio

model, which is similar in shape to our “peaky” distribution.

As demonstrated by Veale et al. (2014), reproducing the flat SFR/X-ray relation-

ship requires a broader Eddington ratio distribution than either their light-bulb or

our “peaky” distributions. However, in our model, the large numbers of low λEdd

AGNs arising from a broad distribution, combined with the large numbers of low

mass galaxies arising from the steep mass function, causes a severe over-prediction

of the numbers of low luminosity AGNs. This leads to a steep gradient at the faint

end of the X-ray luminosity function, in conflict with the observed X-ray luminosity

functions of Aird et al. (2015). One way to solve this problem is to have a model

with a mass-dependent Eddington ratio distribution for star-forming galaxies that

essentially suppresses low Eddington ratios in low mass galaxies. This would then

allow it to maintain a broad Eddington ratio distribution in high mass, star-forming

galaxies, thus reproducing the flat SFR/X-ray relationship. We fully explore the
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Figure 5.20: Stellar mass distribution in the SFR/X-ray luminosity plane out
to z=2. The different colours indicate different average masses, in the range
8<log(M∗/M�)<12 (see colour-bar). We find that our model predicts a correla-
tion between X-ray luminosity and stellar mass. Therefore, once we implement the
SFR-M∗ relationship for star-forming galaxies, our model also predicts a correlation
between SFR and X-ray luminosity, at odds with empirical results.

mass-dependent Eddington ratio distribution in Chapter 6.

5.5.2 Recovering the flat SFR/X-ray luminosity relationship

in our model

In the previous sub-section we discussed the role of the MS and the “peaky” dis-

tribution used for the Eddington ratio distribution for star-forming galaxies in the

failure to reproduce the flat SFR/X-ray relationship in our model. We argue that

a mass-dependent Eddington ratio distribution for star-forming galaxies would solve

this problem. However, several studies have reported that the Eddington ratio dis-

tribution is potentially mass-independent out to z∼1 (e.g. Aird et al., 2013; Jones

et al., 2017).

One factor that we have not yet considered when comparing against observations

is the effects of observational bias. It is possible that the discrepancy is introduced by

observational biases rather than a mass-independent model for the Eddington ratio

distribution. At higher redshifts, only galaxies with higher masses, and therefore

higher SFRs are detected at FIR wavelengths, hence creating a bias toward higher
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Figure 5.21: Relationship between SFR and X-ray luminosity after accounting for
potential observational biases for SFRs. The lines are the predicted relationships
between SFR and X-ray luminosity at various redshifts, after applying the SFR
detection limits of Schreiber et al. (2015). Data points are from Stanley et al. (2015).
We find a net improvement of our model predictions out to z∼2 when accounting for
detection limit biases in SFRs.

values of average SFRs. We show in Fig. 5.21 the average SFRs in bins of X-ray

luminosities for our model, but only accounting for galaxies that would be detected

in each of our redshift bin. To do this, we assume the SFR detection limits (or

equivalently the IR luminosity detection limits) reported in Schreiber et al. 2015:

SFR&1, 8, 13, 70, 250 M�/yr at z∼0.35, 0.65, 1.15, 2, respectively. Although these

values have not been chosen to match the flat relationship between SFR and X-ray

luminosity, we find a net improvement of the results when comparing these with the

observed relationship of Stanley et al. (2015) at all redshifts (see Fig. 5.21).

Accounting for an observational bias toward higher star-forming galaxies at higher

redshifts seems to reproduce the flat SFR/X-ray relationship in our model. However,

most observational studies account for this bias by including un-detected galaxies via

various methods (e.g. stacking). Therefore, it is not likely that the flat relationship

observed by these studies is due to an observational bias.

5.5.3 Caveats

When deriving the Eddington ratio distribution, our model is limited by the func-

tional form chosen for each component of the Eddington ratio distribution and the
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associated assumptions used to avoid degeneracies during fitting (see § 5.2). An obvi-

ous caveat to our model is that we cannot explore the full range of possible Eddington

ratio distributions. However, as stressed in § 5.2.1, all our assumptions are motivated

by the findings of recent studies (e.g. Georgakakis et al., 2014; Aird et al., 2017a;

Wang et al., 2017). Furthermore, the X-ray luminosity function predicted by our

model is in good agreement with that observed out to z∼2, including when split in

terms of star-forming and quiescent galaxies (e.g. Georgakakis et al., 2014; Aird et al.,

2015). However, we do find some discrepancies: the X-ray luminosity function split

between star-forming and quiescent galaxies beyond z∼2; the low-λEdd tail of the

distribution for star-forming galaxies when compared to that of Wang et al. (2017);

and the failure to reproduce the observed flat relationship between SFR and X-ray

luminosity. Therefore, while we do not claim that our Eddington ratio distributions

are universal, they provide a simple means by which to explore the AGN-galaxy con-

nection. Furthermore, we employ the MCMC fitting process, which explores the full

available parameter space and is thus able to find both local and global maxima.

5.6 Conclusion

Motivated by recent results reporting a different Eddington ratio distribution for

star-forming and quiescent galaxies (Aird et al., 2017a; Wang et al., 2017), as well

as our observations of an enhancement of the star-forming properties of AGN hosts

at higher λEdd, we attempt to constrain these distributions by using a model to fit

the observed X-ray luminosity function of Aird et al. (2015). We first find that our

model demands a “peaky” distribution for star-forming galaxies to be able to fit

the total X-ray luminosity function at higher redshifts. Whilst implementing this,

we find that our model is able to reproduce the total observed X-ray luminosity

function up to z∼3. However, when split between a star-forming and quiescent

component, it places too many AGNs in quiescent galaxies at z&2. We also find that

our model predicts a strong correlation between SFR and X-ray luminosity, which

contradicts observations. We argue that this is a result of the combination of our

“peaky” distribution for star-forming galaxies and the relationship between SFR and

the stellar mass (i.e. MS).

Overall, there is a large discrepancy with our model that demands a “peaky”

distribution for the Eddington ratio of star-forming galaxies in order to reproduce

the X-ray luminosity function, but also requires a broader Eddington ratio distribu-

tion to reproduce the flat SFR/X-ray relationship. In Chapter 6, we argue that a

mass-dependent Eddington ratio distribution for star-forming galaxies (as recently



A different model λEdd distribution for star-forming and quiescent galaxies 114

observed in Aird et al. 2017a) is able to rectify this conflict. This constitutes the

main focus of Chapter 6.



Chapter 6

A mass-dependent Eddington ratio

distribution for star-forming

galaxies

6.1 Introduction

The aim of this thesis is to explore the relationship between SMBH accretion and the

properties of their host galaxies. In Chapter 3 we investigated this relationship using

a sample of 1620 X-ray selected AGNs for which we measured average host SFRs

(accounting for contamination from the AGN) in bins of specific X-ray luminosity

(i.e. X-ray luminosity relative to host stellar mass) – or Eddington ratio λEdd – and

redshift. We found a slight enhancement in the normalised average SFR (i.e. SFR

relative to that of the MS) at higher λEdd (i.e. λEdd> −0.5), a result reinforced by our

finding of a higher fraction of starburst galaxies at these higher λEdd. As we measured

a change in the average host star-forming properties with λEdd, this implies that the

distribution of Eddington ratios must change with the host star-forming properties

(see Chapter 3).

Our results of a changing Eddington ratio distribution with host star-forming

properties is in agreement with recent observational studies that report a different

Eddington ratio distribution for star-forming and quiescent galaxies (e.g. Georgakakis

et al., 2014; Aird et al., 2017a; Wang et al., 2017). Motivated by this, in Chapter 5,

we considered a modelling approach to infer the Eddington ratio distribution split

between star-forming and quiescent galaxies. To do this, we used the mass func-

tion of Davidzon et al. (2017) and optimised the Eddington ratio distribution to fit

the total observed X-ray luminosity function of Aird et al. (2015) out to z∼3 (see

115
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§ 5.2). We then incorporated these Eddington ratio distributions into a population

synthesis model (PSM; see Chapter 4, § 4.2) for galaxies (i.e. a mock catalogue of star-

forming and quiescent galaxies) to determine whether they reproduce the observed

flat SFR/X-ray luminosity relationship.

On fitting the total X-ray luminosity function, assuming a model Eddington ra-

tio distribution split between star-forming and quiescent galaxies, we found that the

best fit is given by assuming a “peaky” distribution for the Eddington ratio of star-

forming galaxies. We argue that our model demands a “peaky” distribution (i.e.

narrower than a broken power-law) for star-forming galaxies to reconcile the steep

low-mass end of their mass function with the flat faint-end slope of the X-ray lumi-

nosity function (see Chapter 5, § 5.2.5). Conversely, the Eddington ratio distribution

for quiescent galaxies is found to be consistent with a broken power-law. We also

report that, although our model is able to fit the total X-ray luminosity function of

Aird et al. (2015) out to z∼3, it places too many AGNs in quiescent galaxies be-

yond z∼2 (at least when using the model that incorporates the “peaky” Eddington

ratio distribution for star-forming galaxies; see Chapter 5, § 5.2.5). This is at odds

with observations (e.g. Rosario et al., 2012; Stanley et al., 2015; Azadi et al., 2015).

Finally, we found that, using the PSM outlined in Chapter 5, § 5.3, our model fails

to reproduce the observed flat relationship between average SFR and X-ray lumi-

nosity. Instead we predict a strong correlation between these parameters. We have

demonstrated that the “peaky” distribution for the Eddington ratio of star-forming

galaxies generates a correlation between X-ray luminosity and stellar mass. This

leads to a correlation between SFR and X-ray luminosity when including the MS for

star-forming galaxies (see Chapter 5, § 5.5), as also reported in Veale et al. (2014).

Overall, we find that there is a strong tension within our model that demands

a narrow (i.e. “peaky”) Eddington ratio distribution for star-forming galaxies to be

able to reproduce the total X-ray luminosity function of Aird et al. (2015) out to

z∼3, yet a broad Eddington ratio distribution for star-forming galaxies to obtain a

flat relationship between SFR and X-ray luminosity.

One way to solve this discrepancy is to assume a mass-dependent Eddington ra-

tio distribution that essentially suppresses low λEdd in low mass galaxies (see Chap-

ter 5, § 5.5.1). A similar Eddington ratio distribution for star-forming galaxies has

recently been reported in Aird et al. (2017a) using a semi-empirical approach. There-

fore, in this section, we model the Eddington ratio distribution for star-forming galax-

ies, but this time introducing a mass dependency. For this model we only change the

Eddington ratio distribution of star-forming galaxies, and keep that of the quiescent

ones. To do this, we extract the X-ray luminosity function for star-forming galaxies
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out to z∼2 given by our previous model (see Chapter 5, § 5.2.5), then fit this using

a model that incorporates a mass-dependent Eddington ratio distribution. Our new

model (hereafter referred to as “mass-dependent”) is constrained to below z=2 since

our previous model produces inconsistent results for quiescent galaxies beyond that

redshift.

In this chapter, we first describe in § 6.2 our mass-dependent model for the Ed-

dington ratio distribution of star-forming galaxies. We then show the new results,

among which the new relationship between SFR and X-ray luminosity predicted by

this mass-dependent model in § 6.3, and demonstrate that our mass-dependent model

is able to reproduce the flat SFR/X-ray relationship. We discuss the implications of

these results in § 6.4, and finally, conclude in § 6.5.

6.2 Mass-dependent Eddington ratio distributions

6.2.1 Mass dependency in the model Eddington ratio distri-

butions

We found that a model which assumes an Eddington ratio distribution for AGNs split

between star-forming and quiescent galaxies is unable to reproduce the flat relation-

ship between SFR and X-ray luminosity. Motivated by our findings, as well as some

recent studies reporting that the Eddington ratio distribution for star-forming galax-

ies is mass-dependent (e.g. Aird et al., 2017a), we have developed a final model that

can accommodate a mass dependency. To do this, we define three different Edding-

ton ratio distributions (adopting broken power-laws for each) in three different mass

bins the sum of which represents the Eddington ratio distribution for star-forming

galaxies. We define our mass bins as: low mass (8<log(M∗/M�)<10), medium mass

(10<log(M∗/M�)<11), and high mass (11<log(M∗/M�)<12). We again use our opti-

misation method (see Chapter 4) to extract each “mass component” of the Eddington

ratio distribution for star-forming galaxies.

Since assuming three broken power laws has the potential of generating 12 free

parameters, we rely on a few assumptions based on the empirical results of Aird

et al. (2017a) to help prevent degeneracies. First, we require that the break of each

broken power law peaks at different λEdd values in such a way that a higher mass bin

peaks at a lower value of λEdd than its lower mass neighbour. Secondly, we assume

that the three Eddington ratio distributions share the same slope at high Eddington

ratios. Finally, we assume the normalisation of each of the three broken power laws

is such that the Eddington ratio distribution above the break is always coincident.
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Again, we stress that all these features have been reported in Aird et al. (2017a), and

thus are based on observations. We show in Fig. 6.1 a sketch of the Eddington ratio

distribution assumed for this mass-dependent model. In making these assumptions,

we reduce the parameter space to eight free parameters (see also Fig 6.1):

• one normalisation, ASF, (from which the others are derived via our third

assumption);

• three break positions, λbreak, (one for each mass bin and ordered according to

our first assumption);

• three power law slopes below the break, γ1, (which are unconstrained within

the given limits of the parameter space);

• a single shared power law slope above the break, γ2.

We optimise the eight free parameters of this new model, using our MCMC opti-

misation method (see Chapter 4), and adopting the mass function of Davidzon et al.

(2017), to fit the X-ray luminosity function of star-forming galaxies derived by the

previous model (interpolated at z=0.1, z=0.3, z=0.5, z=0.7, z=1.0, z=1.3, z=1.5,

and z=1.7). We present in Fig. 6.2 a sketch of the limits used for each parameters (i.e.

defining the parameter space). We performed a fit of the star-forming component of

the X-ray luminosity function as derived while using our previous model in each of

our redshift bin with z<2. We then interpolate these X-ray luminosity function for

star-forming galaxies at the redshifts used in our mass-dependent model. We show in

Appendix B, Fig. B.3 an example of the posterior distribution at z=0.5 from which

the parameters have been extracted.

6.2.2 X-ray luminosity functions

The first thing we must determine with this mass-dependent model is whether it

can reproduce the observed X-ray luminosity function. We show in Fig. 6.3 the fit

to the star-forming component of the X-ray luminosity function using our mass-

dependent Eddington ratio distribution model to z∼2. Our mass-dependent model

does a good job at fitting the star-forming X-ray luminosity functions in all our

redshift bins. Since our mass-dependent model assumes an Eddington ratio dis-

tribution split into three different mass bins, we are also able to derive the X-ray
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Figure 6.1: Sketch of our mass-dependent Eddington ratio distribution that defines
our mass-dependent model. Different colours indicates different mass bins. γ1 is the
slope at low Eddington ratio, γ2 is the slope at high Eddington ratio, λbreak is the
position of the break, and “Norm” is the normalisation. The super-scripts HM, MM
and LM stand for high mass, medium mass, and low mass, respectively.
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Figure 6.2: Sketch of the boundaries within which our optimisation process operates.
Colours and parameters are similar to those of Fig. 6.1. Each arrow and value indi-
cates the boundaries used to search the parameters that best fit the X-ray luminosity
function (i.e. parameter space). We sketch our assumptions on the positions of the
breaks (i.e. λHM

break < λMM
break < λLM

break). We also show that the normalisation is shared
between the three distributions (i.e. defined by the normalisation of the Eddington
ratio distribution of the highest mass bin), and the γ2 is shared among all the mass
bins.
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luminosity function of each mass bin (see Fig. 6.3). In doing so, our model pre-

dicts that the highest mass galaxies (i.e. M∗> 1011 M�) dominate the star-forming

X-ray luminosity functions across almost the full range of X-ray luminosities (i.e.

1041 <LX< 1046 erg s−1). The exception being in our lowest redshift bin (i.e.

z ∼ 0.11) where 1010 <M∗/M�< 1011 galaxies contribute marginally more than

our highest mass galaxies at LX& 1043.5 erg s−1. In general, however, these medium

mass galaxies only contribute significantly (i.e. > 10 per cent) at luminosities above

the knee of the X-ray luminosity functions (i.e. LX> 1044 erg s−1). By contrast, the

lowest mass galaxies (i.e. M∗< 1010 M�) have almost no contribution to the X-ray

luminosity function of star-forming galaxies (i.e. << 1 per cent) at LX> 1043 erg s−1.

Indeed, we are only able to derive upper and lower-limits (overall leading to a lower

contribution of the low mass galaxies to the total X-ray luminosity function) for the

parameters defining the low-mass component of our Eddington ratio distribution (see

§ 6.2.3).

While conducting empirical studies, the difficulties in measuring stellar masses

for AGN host galaxies create a bias against lower mass galaxies (i.e. with M∗.

109.5−10 M�). Therefore, observed samples of AGNs tend to probe higher mass host

galaxies. As our model predicts that the X-ray luminosity function are essentially

dominated by massive galaxies at all redshifts, empirical studies would potentially

miss the contribution from lower mass galaxies and then naturally lead toward a mass-

independent Eddington ratio distribution (since likely to be biased toward higher

stellar masses), as often reported (e.g. Aird et al., 2012; Jones et al., 2017; Weigel

et al., 2017). Carefully combining empirical results with statistics modelling leads to

a mass-dependent Eddington ratio as recently found by Aird et al. (2017a), and as

supported by our models.

6.2.3 Redshift evolution of the Eddington ratio distributions

Before exploring whether our mass-dependent model reproduces the SFR/X-ray rela-

tionship we first investigate how the eight parameters that define our mass-dependent

model change with redshift. We show in Fig. 6.4 the redshift evolution of these pa-

rameters. We report that the overall normalisation of the star-forming component

(ASF) increases very slightly with increasing redshift. The position of the break

(λbreak) in each mass bin shifts toward higher λEdd values. This is consistent with the

overall increase of the position of the break observed in the previous model (i.e. all

mass bins collapsed together; see Chapter 5, § 5.2.6), suggesting a higher accretion

for AGNs at higher redshifts. Furthermore, we find that the slope at low λEdd for
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Figure 6.3: Fit to the star-forming component of the X-ray luminosity function
using our mass-dependent model. The black lines show the star-forming compo-
nent of the X-ray luminosity function (derived from our previous model; see Chap-
ter 5, § 5.2.5), and the orange lines show the best fit given by our model. The dashed,
double-dot dashed, and triple-dot dashed lines show the X-ray luminosity function
for our low (8<log(M∗/M�)<10), medium (10<log(M∗/M�)<11), and high mass bin
(11<log(M∗/M�)<12), respectively. Black arrows indicate the effect of upper and
lower-limits in the parameters that define the Eddington ratio distribution. The blue
stars and the red circles show the X-ray luminosity function for the star-forming and
quiescent galaxies, respectively, as reported in Georgakakis et al. (2014), and up to
z∼1. The black downward and upward triangles show the total X-ray luminosity
function of Aird et al. (2015) for the soft and the hard band, respectively.
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our higher mass bin (γ1) flattens with increasing redshift. Since our highest mass bin

dominates the faint-end of the X-ray luminosity function, the flattening of γ1 for our

highest mass bin is a consequence of the flattening observed for the faint-end of the

X-ray luminosity function with redshift. By contrast, we find that the slope at high

λEdd (γ2) for all our mass bins and the slopes at low λEdd for our medium and lower

mass bins do not change significantly with redshift.

We note that for our lowest mass galaxies we can only place lower and upper-limits

on the position of the break (i.e. λbreak) and the faint-end slope (i.e. γ1), respectively,

of their Eddington ratio distribution. This suggests that the lowest mass galaxies in

our mass-dependent model do not play a major role in defining the Eddington ratio

distribution for star-forming galaxies, as was hinted by their low contribution to the

total X-ray luminosity functions (see § 6.2.2). Finally, we also performed a linear

fit of the redshift evolution of each parameter, using the standard deviation of 1000

Monte-Carlo realisations for the uncertainties on the fitting parameters. We report

the results of this fit in Table 6.1.

Each of the aforementioned trends can be seen in the evolution of the overall

Eddington ratio distributions, which we plot in Fig. 6.5. Each distribution has been

normalised such that it integrates to unity after applying a cut at λEdd= 10−7 when

diverging.

6.3 Results

6.3.1 Relationship between average SFR and X-ray luminos-

ity

One of the key problems of our previous mass-independent model is that it was unable

to reproduce the flat relationship between SFR and X-ray luminosity (see § 5.4.1).

We demonstrated that this is a direct result of the need for a narrow distribution for

the Eddington ratio of star-forming galaxies, and, as discussed in Chapter 5, § 5.5.1,

hints toward a mass-dependent model for that Eddington ratio distribution.

Having confirmed that our mass-dependent model is still able to reproduce the X-

ray luminosity function for star-forming galaxies up to z∼2, we now consider whether

the corresponding PSM reproduces the observed flat relationship between SFR and

X-ray luminosity (e.g. Rosario et al., 2012; Stanley et al., 2015). We incorporate

AGNs into the PSM using the same prescriptions as for our previous model. How-

ever, beyond splitting galaxies based on their star-forming properties only, we also

separate them in terms of their stellar masses to account for the mass dependency
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Table 6.1: Redshift evolution of the parameters that describe the Eddington ratio
distribution of star-forming galaxies for our mass-dependent model. The slopes and
intercepts are given for an evolution as a function of (1+z). Uncertainties on the
fitting parameters are extracted via 1000 Monte Carlo realisations (i.e. 1σ).

Parameters Intercepts Slopes

log(ASF) -1.57±0.08 0.03±0.04

log(λlow mass
break ) >-2.53 1.27

log(λmedium mass
break ) -2.05±0.15 0.68±0.08

log(λhigh mass
break ) -2.60±0.08 0.70±0.04

γlow mass
1 <0.5 0.0

γmedium mass
1 -1.0±2.67 -0.12±1.30

γhigh mass
1 0.45±0.05 -0.04±0.02

γ2 2.21±0.06 -0.03±0.03

Notes: Slopes and intercepts are given for an
evolution as a function of (1+z). The intercept
for z>1.7 when assuming a break in the z evo-
lution of the parameters is given by the conti-
nuity at z=1.7 (i.e. [intercept for z > 1.7] =
(1 + 1.7) × ([slope for z < 1.7] − [slope for z >
1.7]) + [intercept for z < 1.7]).
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Figure 6.4: Redshift evolution of the parameters that define our mass-dependent
Eddington ratio distribution at z=0.1, z=0.3, z=0.5, z=0.7, z=1.0, z=1.3, z=1.5,
and z=1.7. Error bars show the 3σ uncertainties, and upward and downward arrows
are for lower and upper-limits, respectively. The two top panels present the shared
parameters among the different mass bins, i.e. the normalisation log(ASF) and the
slope at high Eddington ratio γ2, the left-hand side panels are the three different
break positions λbreak, one for each mass bin, and the right-hand side panels are the
same but for that of the lower Eddington ratio slope γ1. The black lines show the
best fit of each parameters.
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Figure 6.5: Eddington ratio probability distributions of star-forming and quiescent
galaxies in our mass-dependent model at z=0.2, z=0.5, z=1.0, z=1.5, and z=2.0.
The left hand side panel shows the total Eddington ratio probability distributions
for star-forming (solid lines) and quiescent (dashed lines) galaxies. The right hand
side panels are, for each redshift, the contribution of the different mass bins to the
total Eddington ratio distribution for star-forming galaxies. In each of these panels,
the dashed line is for the highest mass bin (i.e. 11<log(M∗[M�])<12), the single-
dotted dashed line is for the medium mass bin (i.e. 10<log(M∗[M�])<11), and the
triple-dotted dashed line is for the lowest mass bin (i.e. 8<log(M∗[M�])<10). Arrows
indicate the effect of upper limits found in the slope at low Eddington ratio for our
lowest mass bin. The grey area illustrates the large uncertainties found in the slope at
low Eddington ratio for our medium mass bin. We normalised each of the Eddington
ratio distributions to integrate to unity applying a cut at λEdd=10−7.
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Figure 6.6: Average SFR in bins of X-ray 2-10 keV luminosities predicted by our
mass-dependent model (black thick line). The error bars represent the uncertainties
on the mean for average SFR. The various symbols are a compilation of published
relationships (i.e. Rosario et al., 2012, 2013; Stanley et al., 2015; Bernhard et al., 2016,
see keys). The orange dashed line is showing the relationship found in Silverman et al.
(2009), and the black dashed line is representing the relationship for AGN-dominated
systems, as reported in Netzer (2009).

of the Eddington ratio distribution. We show in Fig. 6.6 the mean-average SFR of

AGNs split into 0.5 dex-wide bins of X-ray luminosity at similar redshifts as those

of Stanley et al. (2015). Again, we include quiescent galaxies in our model when

calculating these averages. Contrary to our previous model, we find that our mass-

dependent model predicts a flat relationship between SFR and X-ray luminosity in

very good agreement with observations (see Fig. 6.6). It is important to stress that

the model was not optimised to recreate the flat SFR/X-ray luminosity relation-

ship. Therefore, we conclude that the mass-dependent model is able to reproduce

the X-ray luminosity functions for star-forming galaxies (with a good agreement with

observations at least up to z∼1) while also independently reproducing the observed

flat relationship between SFR and X-ray luminosity out to z∼2. This suggests that

the flat relationship between SFR and X-ray luminosity is a good discriminator for

models.
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Figure 6.7: Normalised average SFR versus Eddington ratio up to z∼3. The blue
lines show the prediction for our mass dependent model. The orange circles show the
results report in Bernhard et al. (2016). The grey area represent the scatter around
the MS as reported in Schreiber et al. (2015), the dashed black line being the MS.

6.3.2 Relationship between λEdd and MS normalised SFR

To further test our mass-dependent model, we show in Fig. 6.7 how the normalised

average SFR (i.e. SFR relative to that of the MS) changes with λEdd in our mass-

dependent model. Although it is not incorporated in the optimisation, we predict a

slight enhancement of normalised average SFR at higher λEdd (i.e. λEdd&1) compared

to that of their lower λEdd counterpart (at least at z&1.2), which is in good agreement

with our empirical results (see Chapter 3, § 3.4.2). In Fig. 6.7 we only consider star-

forming galaxies for our model since we do not have a good prescription for the MS

normalisation of quiescent galaxies, hence the discrepancy at lower λEdd between

our model and the observed data (i.e. that does contain quiescent galaxies). We

also stress that in Fig. 6.7 our highest redshift bin, i.e. 1.8<z<2.9 constitutes an

extrapolation of our model. However, the results are still consistent with observations

(i.e. a slight enhancement of the normalised average SFR at higher λEdd).

6.3.3 Comparison to empirical Eddington ratio distributions

As in Chapter 5, §5.4.4 we can compare our model mass-dependent Eddington ratio

distribution at z=1 to the empirical one reported in Wang et al. (2017). As our var-

ious assumptions are based on observations from Aird et al. (2017a), comparing our
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Figure 6.8: Comparison of our mass-dependent model Eddington ratio distribution
to empirical results at z=1. The blue thick line is the total model Eddington ra-
tio distribution for star-forming galaxies, while the dashed line, dotted-dashed line,
and the triple dotted-dashed line indicate our higher, medium, and lowest mass bin
contributions, respectively. The blue circles are empirical data of the star-forming
component from Wang et al. (2017) at z∼1, while the red circles are that of the
quiescent component.
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mass-dependent Eddington ratio distribution to that empirical of Wang et al. (2017)

– instead of Aird et al. (2017a) – constitutes a more independent test for our model.

We show this comparison in Fig. 6.8. Since we do not change the prescriptions on the

quiescent galaxies, we still find a good agreement between our model and the empir-

ical Eddington ratio distribution for quiescent galaxies at z=1. Furthermore, using

our mass-dependent Eddington ratio distribution, we also find very good agreement

between the model and the empirical Eddington ratio distribution of star-forming

galaxies at z=1 (contrary to our previous model that was inconsistent at lower λEdd

values). This strongly supports our mass-dependent model for the Eddington ra-

tio distribution of star-forming galaxies. We predict that the low-λEdd end of the

Eddington ratio distribution for star-forming galaxies is dominated by galaxies with

M∗& 1011 M�. However, Wang et al. (2017) reported that their sample of AGNs

have typical stellar masses between 1010.5 <M∗/M�< 1011 (once corrected for the

differences in the IMFs between Salpeter (1955) for this work and Chabrier (2003)

for Wang et al. 2017), which is half a dex below our highest mass bin.

6.3.4 Predicted mass distribution

To further test our mass-dependent Eddington ratio distribution model, we show

in Fig. 6.9 the predicted mass distributions for our mass-dependent model in bins

of redshifts and Eddington ratios, that we compare to the mass distributions we

obtained for our empirical sample (see Chapter 3, § 3.3.4 and Fig. 3.6). Overall, there

is a good agreement between both our observed and predicted mass distributions out

to z∼2 and for a wide range of Eddington ratios (i.e. 10−3 <λEdd< 102). We note that

for z<1.25, the predicted mass distributions show a strong break at M∗= 1010 M�.

This is a direct consequence of our modelling approach that uses bins of stellar

masses (see § 6.2.1), within which a boundary has been defined at M∗= 1010 M�.

The general agreement between the predicted and the observed mass distributions

at various redshifts and Eddington ratios supports our mass-dependent model, and

is in agreement with recent observations of Aird et al. (2017a).

6.3.5 Comparison to the mass dependence of the sSFR

As a final test for our mass-dependent model, we compare the mass dependence of

our Eddington ratio distribution to that of the specific SFR (sSFR) at z=1. We show

in Fig. 6.10 for our mass-dependent model the average Eddington ratio measured in

each of our stellar mass bin at z=1 and for star-forming galaxies. The upward arrow

in Fig. 6.10 for our lowest mass bin illustrates the effect of the upper limit found for
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Figure 6.9: Comparison of the predicted mass distributions for our mass-dependent
model to empirical mass distributions. The black filled histograms show the empirical
mass distributions as reported in Chapter 3, Fig. 3.6 at various redshifts and λEdd (see
top right-hand ranges in each panel). The top left-hand number (Ndat) in each panel
indicates the number of AGNs present in this empirical histogram. The overlaid red
histograms are the same but shows the predicted mass distributions from our mass-
dependent model.
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Figure 6.10: Evolution of average Eddington ratio in bins of stellar masses at z=1
(left hand axis), compared to that of sSFR (right hand axis). The thick blue points
correspond to the average λEdd measured using our mass-dependent model in each
of our mass bin. The upward arrow indicates the effect of the upper limit found in
the slope at low λEdd in our lowest mass bin (see § 6.2.3). The red line corresponds
to the sSFR evolution with stellar mass reported in Ilbert et al. (2015), renormalised
by a factor of ten.

the slope at low Eddington ratio for our lowest mass bin (i.e. see § 6.2.3). In Fig. 6.10,

we also show the mass dependence of average sSFR at z=1 given by Eq. 1 in Ilbert

et al. (2015), and renormalised by a factor of ten. Although we only have a lower limit

for average λEdd in our lowest mass bin, overall we find a good agreement between

the mass dependency in our λEdd and the mass dependency reported for sSFR (e.g.

Rodighiero et al., 2011; Ilbert et al., 2015). This suggests that, first AGN phases are

concurrent with star-forming phases and, second, that AGNs and star formation are

both triggered by a common gas reservoir. An accurate measure of average λEdd in

low mass galaxies is necessary to put a better constraint on how λEdd evolves with

stellar mass.
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6.4 Discussion

6.4.1 Extending our mass-dependent model to higher red-

shifts

In this chapter, we infer the Eddington ratio distribution of star-forming galaxies by

including a mass-dependency in our models. To do this, we first isolated the X-ray

luminosity function for star-forming galaxies as predicted while using our previous

model. We then fit this star-forming component of the X-ray luminosity function to

optimise the mass-dependent Eddington ratio distribution. As mentioned previously,

we used the empirical results from Georgakakis et al. (2014) to validate the model X-

ray luminosity function split between star-forming and quiescent components out to

z∼1. However, beyond z∼1 we do not have the empirical results to check the model

X-ray luminosity function split between star-forming and quiescent galaxies, and we

know that at z&2 our previous model, from which we extract the star-forming com-

ponent of the X-ray luminosity function to determine our mass-dependent Eddington

ratio, is inconsistent with observations (i.e. too many AGNs in quiescent galaxies).

Faced with this situation, where we cannot reliably exploit the star-forming compo-

nent of our previous model, we now investigate whether we can fit the observed X-ray

luminosity function at z=2.25 using both a mass-dependent star-forming component

and a mass-independent (using a single broken power-law) quiescent component Ed-

dington ratio distributions. This results in a total of 12 free parameters to optimise

(i.e. eight parameters for the star-forming component and four parameters for the

quiescent one). We use the same assumptions for the Eddington ratio distribution

of star-forming galaxies as described in § 6.2, and demand that the normalisation of

the Eddington ratio distribution for quiescent galaxies lies below that of star-forming

galaxies (i.e. consistent with the lower redshift bins).

We show in Fig. 6.11 the results of this new model. Contrary to our previous

model, we are now able to reproduce the total observed X-ray luminosity function

at z=2.25 by placing the majority of AGNs in star-forming galaxies. In particular,

we find that the X-ray luminosity function at z=2.25 is dominated by the highest

mass star-forming galaxies, with a smaller contribution from medium mass star-

forming galaxies. The contribution from our lowest mass bin is consistent with zero.

Similarly, we can only place upper limits on the contribution from quiescent galaxies

to the total X-ray luminosity function at z=2.25. We conclude, therefore, that while

we are able to reproduce the total X-ray luminosity function using a mass-dependent

Eddington ratio distribution for star-forming galaxies, this solution is degenerate
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Figure 6.11: Fit of the X-ray luminosity function at z=2.25 of Aird et al. (2015)
assuming a mass-dependent Eddington ratio distribution for star-forming galaxies
and a mass-independent one for that of quiescent galaxies. The black downward and
upward triangles show the X-ray luminosity function of Aird et al. (2015) for the soft
and the hard band, respectively. The orange line shows the total X-ray luminosity
function derived using our model, the blue lines are for that of the star-forming
component in each different mass bin (see keys), and the quiescent component is
shown with a red line. Downward black arrows indicate upper limits.

with the level of contribution from quiescent galaxies. Breaking this degeneracy will

require the separation of the high-redshift X-ray luminosity function into quiescent

and star-forming components (i.e. as performed by Georgakakis et al. (2014) at z<1).

6.4.2 Caveats

An obvious caveat of this mass-dependent model is that we are limited by our choice

for the mass bins. Should we wish to probe in more detail how the Eddington ratio

distribution changes with stellar mass, we would need to consider narrower mass bins.

However, refining the number of mass bins is equivalent to adding further free param-

eters (i.e. one broken power-law for each new mass bin) in the model. While we are

able to derive (within the given uncertainties) parameters for our mass-dependent
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model, adding further free parameters would lead to a degenerate solution to the

model. Our choice of three bins covering a wide range of masses (i.e. M∗=108−12 M�)

aids in reducing the degeneracy of the model, whilst giving the possibility to inves-

tigate any large differences of the Eddington ratio distribution for various stellar

masses.

Beyond being limited in the number of mass bins, this mass-dependent model also

has similar caveats as for our previous model (described in Chapter 5, § 5.5.3). While

deriving the Eddington ratio distribution, our model is limited by the functional

form chosen for each mass component of the Eddington ratio distribution and the

assumptions used to avoid degeneracies during fitting (see § 6.2). As such, again, we

cannot explore the full range of possible Eddington ratio distributions. However, as

stressed in § 6.2, all our assumptions are motivated by the findings of recent studies

(e.g. Aird et al., 2017a). Furthermore, the results predicted by the mass-dependent

model are in a very good agreement with many recent observational studies, i.e. the

observed X-ray luminosity functions out to z∼2 – including when split in terms of

star-forming and quiescent galaxies (e.g. Georgakakis et al., 2014; Aird et al., 2015;

Wang et al., 2017), the flat relationship between SFR and X-ray luminosity (e.g.

Rosario et al., 2012; Stanley et al., 2015), the empirical Eddington ratio distribu-

tion at z=1 reported in Wang et al. (2017), and the enhancement of star-forming

properties at higher λEdd. As such our mass-dependent Eddington ratio distribution

provides a simple means by which to explore the AGN-galaxy connection.

6.5 Conclusion

Motivated by the inability of our previous model (i.e. Eddington ratio distribu-

tion simply split between star-forming and quiescent galaxies) to reproduce the flat

SFR/X-ray relationship, as well as by recent results reporting a mass-dependent

Eddington ratio distribution for star-forming galaxies (e.g. Aird et al., 2017a), we

attempt to accommodate a mass-dependency in our Eddington ratio distribution.

To do this, we separate the Eddington ratio distribution for star-forming galaxies

in three mass bins, i.e. a low mass bin (8<log(M∗/M�)<10), a medium mass bin

(10<log(M∗/M�)<11), and a high mass bin (11<log(M∗/M�)<12). We find that

by using this modelling approach we can still fit the X-ray luminosity function for

star-forming galaxies (extracted from our previous model), the bulk of which is dom-

inated by higher mass galaxies in our model at all redshifts. The fact that the X-ray

luminosity function is dominated by massive galaxies could explain the findings of

empirical studies that report a mass-independent Eddington ratio distribution, since
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those empirical studies only probe higher stellar mass hosts. Although it is not a

requirement of our model, after including a mass-dependency it naturally generates

a flat relationship between SFR and X-ray luminosity when including the MS for

star-forming galaxies, as suggested by recent observations. This is a result of the

suppression of low λEdd AGNs in low mass galaxies. Further checks also demonstrate

the ability for our mass-dependent model to mimic the enhancement of normalised

average SFR at higher λEdd beyond z∼1.2, as observed in our empirical results. Al-

though the mass dependency is interesting, there is no obvious explanation on why

the Eddington ratio distribution should be mass-dependent.

The overall conclusion of our work described in Chapter 5 and Chapter 6 is that

our model Eddington ratio distributions are unable to reproduce both the X-ray

luminosity functions and the flat relationship between SFR and X-ray luminosity,

unless we introduce a mass dependency for the Eddington ratio of AGNs hosted

in star-forming galaxies (see Chapter 7, § 7.1 for further discussions regarding the

mass-dependent Eddington ratio distribution for star-forming galaxies).



Chapter 7

Conclusions

It is now widely regarded that AGNs have played an important role in shaping today’s

galaxies (e.g. Kormendy & Richstone, 1995; Magorrian et al., 1998; Marconi & Hunt,

2003; Ferrarese & Merritt, 2000; Gebhardt et al., 2000; Merritt, 2000; Tremaine et al.,

2002; Kormendy et al., 2011). However, the precise mechanism of such role is still

debated. One means to relate SMBHs to their host galaxies is via the energy released

by AGNs directly impacting their host SFRs. Simulations of galaxy formation and

evolution find that the predominant impact of such an interplay is the quenching of

SFR via the energy released by the AGN (e.g. Di Matteo et al., 2005; Springel et al.,

2005; Hopkins et al., 2008; Zubovas & King, 2012; Dubois et al., 2013). However,

there is still no empirical consensus on these predictions. Overall, observational stud-

ies report that AGN host galaxies form a diverse population, with a slight preference

for more massive, star-forming galaxies (e.g. Cisternas et al., 2011; Aird et al., 2012;

Harrison et al., 2012; Kocevski et al., 2012; Mullaney et al., 2012; Rosario et al.,

2012; Rovilos et al., 2012; Santini et al., 2012; Zinn et al., 2013; Shimizu et al., 2015,

2016). More importantly, many observational studies find that there is no evidence

of a strong (anti-)correlation between X-ray luminosity (a proxy for AGN power) and

SFR (e.g. Stanley et al., 2015, 2017). Therefore, there is still debate on the exact

impact that AGNs have on their host galaxy SFRs. This thesis aims to investigate

further the relationship between AGNs and the star-forming properties of their host

galaxies.

Our initial hypothesis, tested in Chapter 2 and Chapter 3, was that a powerful

AGN will have a greater impact on a low mass host galaxy than on a higher mass

one. This is due to the relative depth of the induced potential well of a low mass

compared to that of a high mass galaxy. Therefore, instead of using the X-ray

luminosity as a measure of the AGN’s ability to significantly impact its host galaxy

SFR, we used the specific X-ray luminosity (i.e. the X-ray luminosity relative to the

137
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host stellar mass, a proxy for Eddington ratio, λEdd).

We first used a sample of 1620 X-ray selected AGNs, out to z∼3, for which we

have intrinsic X-ray luminosities spanning the range 1042 <LX< 1046 erg s−1. We

derived their host stellar masses, using multi-component SED fitting to remove AGN

contamination, and measured their λEdd. We used Herschel data to measure SFRs,

performing stacking to include the Herschel-undetected hosts, and measured their

hosts’ average IR SEDs in bins of redshift and λEdd. Finally, we employed multi-

component SED fitting (to remove AGN contamination from the IR SEDs), and

multi-model inference to measure average SFRs in bins of redshift and λEdd. Our main

results indicate that there is a slight enhancement of normalised average SFR (i.e.

the average SFR compared to that of a mock mass-matched sample of MS galaxies) at

higher λEdd. This is reinforced by our finding of a higher fraction of starburst galaxies

at higher λEdd. These results contradict our initial hypothesis of a suppression of SFR

at higher λEdd, as suggested by simulations. Furthermore, our results also suggest

that the Eddington ratio distribution changes with the star-forming properties of their

host galaxies. This supports recent findings of a different Eddington ratio distribution

for star-forming and quiescent galaxy populations Georgakakis et al. (2014); Aird

et al. (2017a); Wang et al. (2017). However, we cannot investigate this further with

our empirical sample, since too many hosts are undetected by Herschel.

Motivated by our findings of an Eddington ratio distribution that changes with the

star-forming properties of host galaxies, we developed a model to infer the Eddington

ratio distributions of star-forming and quiescent galaxies. Our hypothesis, tested in

Chapter 5 and Chapter 6, was that the Eddington ratio distribution only depends

upon the star-forming properties of host galaxies. To test this, we took an analytical

approach to combine the mass function with the Eddington ratio distribution (split

between star-forming and quiescent galaxies) to model the X-ray luminosity function.

We performed MCMC optimisation to infer the parameters that define our Edding-

ton ratio such that, once combined with the mass function, it provides a good fit

to the observed X-ray luminosity function out to z∼3. Interestingly, we found that

to fit the observed X-ray luminosity function, we require a “peaky” distribution for

the Eddington ratio distribution of star-forming galaxies. This is needed to reconcile

the steep low-mass end of the mass function with the flat faint-end of the observed

X-ray luminosity function. Furthermore, we found that although this model is able

to reproduce the X-ray luminosity function (even when split between star-forming

and quiescent galaxies at least out to z∼1), it predicts a strong correlation between

average SFR and X-ray luminosity, in contrast with recent observations. We demon-

strated that this correlation is due to the narrowness of our inferred Eddington ratio
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distribution combined with the mass function of star-forming galaxies. This generates

a correlation between X-ray luminosity and stellar mass, that becomes a correlation

between X-ray luminosity and SFR, since the latter is related to stellar mass via the

MS.

Overall, there is a strong tension within our model that demands a “peaky”

distribution for the Eddington ratio distribution of star-forming galaxies in order to

reproduce the X-ray luminosity function, yet also requires a broader Eddington ratio

distribution to reproduce the flat SFR/X-ray relationship.

As we found that our first model is unable to reproduce both the X-ray lumi-

nosity function and the flat SFR/X-ray relationship, and motivated by recent results

reported in Aird et al. (2017b), we developed a model that can accommodate a mass-

dependent Eddington ratio distribution for star-forming galaxies. We found that our

mass-dependent model is able to fit the X-ray luminosity function out to z∼2, and is

able to reproduce the flat relationship between SFR and X-ray luminosity. Further-

more, our mass-dependent Eddington ratio distribution at z=1 is in agreement with

empirical results of Wang et al. (2017) when split between star-forming and quies-

cent galaxies. Therefore, our results strongly suggest a mass-dependent Eddington

ratio distribution. Again, while our initial hypothesis was that the Eddington ratio

distribution simply depends upon the host star-forming properties, we find that the

Eddington ratio distribution is likely to have a dependence on the stellar mass, as

well as the star-forming properties of the host.

7.1 What does it mean for the AGN-galaxy con-

nection?

Contrary to our initial expectations, our research has revealed an enhancement of

the host star-forming properties at higher λEdd. This suggests a positive impact of

the AGN upon their host SFRs, or at least a concurrence of both AGN accretion

and star formation (e.g. via a common triggering mechanism such as mergers), and

contrasts to the so-called negative impact, where AGNs quench their host SFRs, as

often predicted by simulations. One possibility to reconcile both simulations and

observations is that the IR emission of the host galaxy measures SFRs on time scales

of several hundreds of millions years. In contrast, AGNs vary by several orders of

magnitudes on shorter time scales. Therefore, the IR luminosity might not be well-

suited to measuring the quenching of SFR via the energy released by the AGN due to

the large difference in the time scales involved for each mechanism. However, should
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the quenching of SFR be the predominant impact of AGNs, then on average, perhaps

we should expect to observe a suppression of SFR at higher λEdd in large sample of

AGNs.

Another possibility is the time needed for a galaxy to transition from the MS to

a fully quiescent galaxy, despite the negative impact of the AGNs on their galaxy

SFRs. One scenario is that, once the gas supply exhausted, the AGN switches off

more rapidly than the time needed for the SFR to be suppressed, although aided by

AGN feedback. Since we use X-ray luminosities to observe AGNs, we do not capture

galaxies that have recently had their AGN “switched off” which might, however,

be undergoing a transition from MS to quiescence which has been triggered by the

presence of a recent AGN activity.

None of the above explains why we appear to see an enhancement of AGN activity

among strongly star-forming host galaxies. One possibility is that this is caused

by the common gas reservoir that supplies both AGN and SFR. The findings of

a higher contribution from the star-forming galaxies to the total X-ray luminosity

function and Eddington ratio distribution could also be interpreted as supporting the

common gas reservoir, since its suggests that there is a higher probability of finding

an AGN (across a large range of X-ray luminosities and Eddington ratios) in a star-

forming galaxy. However, this scenario does not account for the quenching of SFR

suggested by simulations to successfully reproduce the observable Universe. Overall,

a more realistic scenario is that a combination of both a common gas reservoir,

followed by a longer term impact of the AGN upon the host star-forming properties

is taking place. However, these two mechanisms might arise at different stages of

the AGN-galaxy evolution, such that observations based on a combination of X-ray

and Herschel data only capture one aspect of it: the active consumption of the

common gas reservoir by both the SMBH and the galaxy.

Another interesting result from our Eddington ratio models, which has not been

extensively explored, is the presence of a large proportion of AGNs in quiescent

galaxies. At redshifts beyond ≈1.5, the mass function suggests that there are very

few quiescent galaxies compared to star-forming galaxies (e.g. Davidzon et al., 2017).

However, empirical results suggest a large contribution to the X-ray luminosity func-

tion from quiescent galaxies (e.g. Georgakakis et al., 2014; Wang et al., 2017). The

large proportion of AGNs in quiescent galaxies contradicts observations that find av-

erage SFRs for AGN samples consistent with MS star-forming galaxies. Where are

all these quiescent AGN host galaxies?

Our research, along with empirical results (e.g. Aird et al., 2017a), suggests that

the Eddington ratio distribution is mass-dependent in such a way that, the Eddington
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ratio is suppressed in smaller mass galaxies. On the face of it, this could be a

problem for the formation of SMBHs at early epochs of the Universe, when they

were predominantly hosted in low mass galaxies. However, although we find that

the chance of finding an AGN with a given Eddington ratio hosted by a low mass

galaxy is lower than for a higher mass one, these AGNs in low mass galaxies have an

Eddington ratio distribution peaking at higher λEdd. Therefore, should an AGN be

located in a low mass galaxy, it will have a higher chance to be accreting at a higher

rate than if located in a higher mass galaxy.

7.2 Future work

While investigating the star-forming properties of a sample of X-ray selected AGNs,

we found a slight enhancement of normalised SFR (i.e. the SFR relative to that of

the MS) at higher Eddington ratio (or X-ray luminosity relative to the host stellar

mass). This indicates that we are witnessing the simultaneous apparition of AGN

activity and SFR. Should it be AGN feedback, however, we do not know what is

the mechanism generates this enhancement of the star-forming properties at higher

Eddington ratios (e.g. a common gas reservoir, gas injection from the AGNs, shock-

induced SFRs, etc). One of the most commonly used means to investigate such AGN

feedback is to look at radio jets. As they extend to galactic scales, the provide an

obvious means to inject energy back into the galaxy. Therefore, a realistic continua-

tion of our empirical results is to look at the extended radio properties of our AGNs

sample.

Another aspect of our study that has not been explored is the AGNs in quiescent

galaxies. Our modelling of the X-ray luminosity function has flagged that we require

that a very high fraction of quiescent galaxies host AGNs. This indicates that a

large number of AGNs should be found in quiescent galaxies, which is against empir-

ical studies that finds that AGNs preferentially reside in MS star-forming galaxies.

Further investigations are needed on that aspect of our results.

The suppressed Eddington ratio in lower mass galaxies is puzzling when consider-

ing the formation of primordial galaxies and SMBHs. Today, it is extremely difficult

to constrain the properties of sources in the early Universe. With the advent of the

James Webb Space Telescope, it will be possible to have greater information on the

formation of these primordial SMBHs, and test whether the suppression of Eddington

ratio in low mass galaxies is also happening at early times in the Universe.
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Béthermin M., Dole H., Beelen A., Aussel H., 2010, Astronomy and Astrophysics,

512, A78+
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Appendix A

Insights into the demonstration of

the AIC

In this appendix we give an insight of the demonstration of the AIC. This short

demonstration is highly inspired from Burnham & Anderson (2004). The AIC is

an information theory selection criterion based on the Kullback-Leibler (K-L) infor-

mation loss (Kullback & Leibler, 1951), with K-L, itself following the Boltzmann’s

concept of entropy (Boltzmann, 1877). For f the full reality or truth, and g a prob-

ability distribution, or model defined by a set of parameters θ approximating f , the

information lost, I(f, g), when g is used instead of f is written

I(f, g) =

[∫
f(x) log

f(x)

g(x|θ)
dx

]
=

∫
f(x) log f(x)dx−

∫
f(x) log g(x|θ)dx, (A.1)

or,

I(f, g) = Ef [log f(x)]− Ef [log g(x|θ)], (A.2)

where the expectation are with respect to the truth f .

Since the best model loses the least information, finding a good model is equivalent

to minimise I(f, g) over the model g. Although we do not know f , we can carry out

maximisation of the log likelihood (i.e. biased estimator) using a set of n observations

x = (x1, x2, ..., xn) to estimate parameters θ̂ for the model g, and correct for the bias

between the observed mean log-likelihood and the asymptotically (i.e. n � ∞) un-

biased one. Furthermore, since Ef [log f(x)] only depends upon f , it is a constant,

Cst, across the models as such only the cross-entropy Ef [log g(x|θ)] needs to be

estimated, which is the expected log likelihood of the model’s pdf ĝ(x|θ̂) with respect

to f(x|data), i.e.,
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log L (θ̂|data) = Cst− Êθ̂[I(f, ĝ)] (A.3)

Akaike (1973, 1974, 1985, 1994) discovered a relationship between K-L and the

likelihood theory, and found that the maximised log-likelihood bias was approxi-

mately equal to K, the number of free parameters (for technical details, see Burnham

& Anderson, 2002, Chap. 7). Therefore, for large dataset, the asymptotically un-

biased estimator is given by

AIC = −2 log L (θ̂|data) + 2 K, (A.4)

the multiplicative factor of -2 has been added for historical reasons. Furthermore,

under the assumption of Gaussian distributed errors, the log of the likelihood values,

log L (θ̂|data), are similar to the Chi square values (i.e. χ2), as such, eq. A.5 can be

written in a rather simple form, i.e.

AIC = −2χ2 + 2 K. (A.5)
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Appendix B

Example of posterior distributions

for each model
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Figure B.1: Posterior distribution for our first model (i.e. assuming two broken power
laws) at z=1. The top panel shows the parameters that define the model Eddington
ratio distribution for star-forming galaxies (i.e. from left to right: the normalisation,
the position of the break, the slope at low λEdd, and the slope at high λEdd), while the
bottom panel shows these of the Eddington ratio distribution for quiescent galaxies.
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Figure B.2: Posterior distributions for our second model (i.e. using an inverse gamma
distribution for the Eddington ratio distribution of star-forming galaxies) at z=2.2.
The top panel shows the parameters that define the model Eddington ratio distribu-
tion for star-forming galaxies (i.e. from left to right: the normalisation, the scale, and
the shape), while the bottom panel shows these of the Eddington ratio distribution
for quiescent galaxies (i.e. from left to right: the normalisation, the position of the
break, the slope at low λEdd, and the slope at high λEdd).

161



Figure B.3: Posterior distributions for our third model (i.e. assuming a mass depen-
dency in the Eddington ratio distribution for star-forming galaxies) at z=0.5. Each
distribution corresponds to a parameter that define the mass-dependent Eddington
ratio distribution for star-forming galaxies, i.e. from left to right: the normalisation,
the position of the break for low, medium, and high masses, the slope at low λEdd

for low, medium, and high masses, and the slope at high λEdd.
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