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Abstract

In this Thesis we investigate the integrated properties of Active Galactic Nuclei (AGN) and
the mutual relationships with their host galaxies in large extragalactic samples of sources
selected in the infrared (IR) with the Herschel satellite.

An increasing number of studies highlights the great relevance of AGN in the framework
of galaxy evolution. In the local Universe, the mass of local super massive black holes
(SMBHs) have been found to correlate with the stellar bulge masses of their hosts. This
relation is generally interpreted as the outcome of a common, long-lasting interplay between
SMBHs and galaxy growth over cosmic time. The question of what could be the detailed
mechanisms shaping this connection is still open.

Since both AGN and galaxy emission processes are detected over a wide range wave-
lengths (from radio to X-rays), is has become clear that a multi-wavelength approach is
mandatory to better understand the physical and evolutionary properties of these sources.
Studies based on optical, ultraviolet and X-ray observations of AGN host galaxies can be
severely affected by dust and gas attenuation and can provide only an incomplete perspec-
tive of the galaxies.

Indeed, a significant fraction of the stellar light might be extincted by interstellar dust
clouds, to be subsequently re-emitted at mid-IR (A ~ 3-12 pum) and far-IR (A ~ 100 pm)
wavelengths. At the same time, also most of the AGN emission that originates from the
central engine can be hidden by circumnuclear (on <10 pc scales) dust and re-emitted in
the mid-IR (A ~ 10-30 pm) regime.

For these reasons, it is now commonly agreed that IR observations provide a com-
plementary view of AGN and star formation in galaxies, particularly in highly obscured
environments. This relevance also holds in a more cosmological context, since both obser-
vations and theoretical models support a scenario where galaxy star formation activity was
significantly more obscured in the past (z~1-3), rather than in the present Universe. This
further emphasizes the complementary perspective provided by IR observations to studies
performed at other wavelengths.

In this Thesis, we study the physical properties and the cosmic evolution of AGN
and their host galaxies since z~3. Our analysis exploits samples of star forming galaxies
detected with Herschel at far-IR wavelengths (from 70 up to 500 pm) in different extra-
galactic surveys, such as COSMOS and the deep GOODS (South and North) fields. The
Herschel-based selection is sensitive to the peak of interstellar dust emission (rest-frame
around 100 pm) up to z~3. This allows us to measure with unprecedented accuracy the
global star formation content in galaxies, without uncertain extrapolations based on local
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templates. However, an additional contribution to the total IR energy budget can arise
from warmer dust heated by thr AGN rather than by stellar processes. Spitzer data, to-
gether with Herschel capabilities, are paramount to reach a complete assessment of the
dust content at different temperatures across the IR domain. In addition, the broad-band
photometric coverage available in COSMOS and the GOODS fields, allows us to imple-
ment Herschel and Spitzer photometry with multi-wavelength ancillary data, spanning the
electromagnetic spectrum down to the optical /ultraviolet regime.

We use this panchromatic approach to characterize the observed spectral energy distri-
butions (SEDs) of each Herschel galaxy. A multicomponent SED-fitting decomposition is
performed to decouple the emission due to star formation from that due to AGN accretion,
and to estimate both host-galaxy parameters (such as stellar mass, My, and star formation
rate, SFR), and nuclear intrinsic bolometric luminosities. A statistical analysis has been
developed to evaluate the relative incidence of the AGN component in each observed SED,
and to distinguish between galaxies with or without a significant AGN contribution within
our sample.

We use the individual estimates of AGN bolometric luminosity obtained through SED-
fitting decomposition to reconstruct the redshit evolution of the AGN bolometric luminosity
function since z~3. The resulting trends are used to estimate the overall AGN accretion
rate density at different cosmic epochs and to trace the first ever estimate of the AGN
accretion history from an IR survey.

Later on, we focus our study on the connection between AGN accretion and integrated
galaxy properties. The main scientific goal that we want to address is to measure the level
of AGN accretion as a function of different galaxy properties of their host galaxies. We
cross-match our Herschel sample with X-ray data taken from Chandra observations across
the same fields mentioned above. The average X-ray luminosity (by combining both X-ray
detected and stacked sources) is used as a proxy to estimate the average AGN accretion
rate of Herschel galaxies. Iterating this analysis in different bins of SFR, M, and specific
SFR (sSFR), we analyse the relationships of AGN accretion with galaxy properties in the
SFR-M, plane and at different cosmic epochs. Finally, we infer what is the parameter
that best correlates with AGN accretion, comparing our results with previous studies and
discussing their physical implications in the context of current scenarios of AGN /galaxy

evolution.
This Thesis is structured as follows.

1. Chapter [l summarizes the main physical and observational properties of AGN with
respect to their hosts. Widely used diagnostics are described to identify “active”
and “inactive” galaxies, according to different selection wavelengths. We introduce
the reader to the most widely accepted AGN /galaxy evolutionary pictures of the last
decade, intentionally focusing on the state of the art before the advent of the Herschel
satellite.

2. We introduce the main Herschel surveys in Chapter [2| including the cross-match
with multi-wavelength data-set. A discussion on the recent progresses made possible
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by Herschel is also presented, highlighting the main discoveries and challenges that
motivate the study carried on in this Thesis.

3. A detailed analysis of the SED-fitting decomposition performed in this Thesis is
provided in Chapter [3] We also present the analysis done to evaluate the statistical
significance of the AGN emission component in each observed SED. Later on, we
compare our results with those obtained from independent AGN diagnostics. Finally,

we describe some useful applications of this powerful technique, such as hunting for
highly obscured AGN.

4. In Chapter[d] for each Herschel galaxy hosting an AGN, we show how we use the AGN
bolometric luminosity to trace the AGN accretion history since z~3. Our derivation
is compared with previous estimates from the literature inferred from independent

selection criteria (e.g. X-rays).

5. In Chapter 5| we investigate the mutual relationships of AGN accretion with inte-
grated galaxy properties in a sample of Herschel-selected galaxies at 0<z<2.5. In
particular, we map the average AGN accretion rate in the SFR-M, plane, as a func-
tion of SFR, M, and offset with respect to the “star-forming main-sequence”.

6. We present our concluding remarks and future prospects in Chapter [0}
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Chapter

AGN vs star formation: the current
evolutionary picture

During their lifecycle, galaxies may cross some “active” phases in which transient processes
take place, producing great amounts of energy. These episodes may include gas accretion
onto the central super massive black hole (SMBH), which is then revealed as an active
galactic nucleus (AGN). On the other hand, cold molecular gas clouds may collapse and
generate new stellar populations: these episodes are generally referred as “star formation
activity”. It is currently believed that these two processes are intimately connected, despite
the largely different spatial scales at which they operate. Still debated is the role of
AGN activity in shaping the integrated properties of the host galaxies. On the one hand,
theoretical models and hydrodynamical simulations require a powerful AGN phase as “deus
ex machina” to stop subsequent star formation in the host. This scenario is also supported
by several observations of massive AGN-driven outflows that could potentially shut down
the galaxy star formation. On the other hand, studies of statistical samples of AGN host
galaxies argue that the vast majority of known AGN are placed in star forming galaxies,
showing somewhat enhanced star formation activity with respect to non-AGN hosts. These
apparently conflicting statements reflect the fact that the physical mechanisms responsible

for triggering and quenching these emission processes are still poorly understood.

Though this Thesis does not provide a conclusive explaination of these issues, we pro-
ceed to investigate the integrated properties of AGN and their hosts through a panchro-
matic approach. Indeed, both AGN and galaxy emission processes cover a wide range of
the electromagnetic spectrum (from radio to hard X-rays). Therefore, exploiting multi-
wavelength data is crucial to understand the physical and evolutionary properties of AGN
host galaxies. In this Chapter we describe the panchromatic properties of galaxies hosting
an AGN, introducing the reader to the current AGN/galaxy evolutionary picture inferred
from optical, X-ray and infrared (IR) studies of these objects. We stress that the state-
of-the-art picture discussed in the next Sections will intentionally overlook recent studies
based on Herschel observations, as their contribution will be properly addressed in Chapter
and in the rest of this Thesis.
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1.1 Active galactic nuclei: a panchromatic overview

“Active” galaxiesE] are characterized by the fact that a significant fraction of their bolo-
metric luminosity does not arise from emission processes related to star-formation activ-
ity. Detailed studies of large samples of AGN started in the early 1960s, when the first
quasi-stellar objects (hereafter Quasar or QSOs) were discovered. Though the detailed
mechanisms that are the source of the powerful nuclear activity are still debated (Rees
1978}, [Lodato & Natarajan|[2007} |Devecchi & Volonteri|[2009; [Volonter1 & Begelman![2010;
Ball et al.2011; Natarajan|2011)), it is believed that it is mainly due to mass accretion onto
a SMBH (Salpeter||1964; Lynden-Bell [1969; [Shakura & Sunyaev||1973; Soltan||1982; Rees
1984)), allowing them to be revealed as AGN.

In the following we briefly describe the inner structure of a typical AGN (Section m
and . Later on, we recall widely used nomenclatures to classify AGN (Section ,
and discuss different multi-wavelength diagnostics that are commonly adopted to identify
active galaxies (Section |[1.1.7] [1.1.8] and [1.1.9)).

1.1.1 Super massive black hole

The central engine of an AGN is believed to be a SMBH. The term “black hole” originally
indicates a region of the space-time whose escape velocity exceeds the speed of light ¢. These
extreme objects are described in the theory of general relativity through three parameters:
mass (Myp},), charge (@) and angular momentum (.J). The best evidence for the existence of
a SMBH can be found in the centre of the Milky Way galaxy, where the mass of the Sgr A*
source was established to be ~4.4x 10 M, (Genzel et al[1997). The mass of SMBHs spans
a wide range, from 10% up to 10'° My, (Lynden-Bell[1969; Lauer et al.[2007). Interestingly,
some extremely massive BHs, as large as 10° M, have been found even at redshift z~7
(Mortlock et al.|2011), where the Universe was less than 700 Myr old (assuming a standard
flat cosmologyﬂ). This raises important questions related to the formation and the mass
assembly of SMBHs since early epochs (e.g. [Volonteri & Silk||2014) and references therein).
Before growing their mass, there must be some pre-existing BH seeds. Largely recognized
scenarios propose the BH seeds to generate from either remnants of Pop III stars (Haiman
& Loeb [2001)), or direct halo gas collapse (Begelman et al.|2006). The first hypothesis
allows to get ~10% Mg, seeds, while the latter one ends up with ~10% M BHs. Later on,
these seeds need to increase their initial mass to become SMBHs. Plausible mechanisms
postulate cold gas flow or hot gas accretion via major mergers. Current predictions of the
SMBH mass function suggest that SMBHs are nearly ubiquitous in galaxies, but only a
small fraction of them (~10%, e.g. |Soltan|[1982, Merloni et al.|2004)) are accreting, while
the rest are quiescent.

Here below we introduce a few simple concepts on gas accretion onto a SMBH that

may benefit the following discussion (see [Peterson|(1997| for a comprehensive review).

'In this Thesis the terms “active” and “inactive” will be used in a broad sense to identify galaxies with
or without AGN, respectively.
2In this Thesis we assume a flat cosmology with Q,, = 0.30, Qa = 0.70, and Ho = 70 km s~ Mpc~!.
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Gravitational radius (Rgy) — The size of a non-rotating black hole with mass Mpy, is:

M
R, = ~1.48—20 10%cm (1.1)

The gravitational radius Rg measures the last stable orbit of a BH, that is the min-
imum distance at which a photon (or whatever particle) is allowed to escape the
potential well of the SMBH.

Matter-to-radiation conversion efficiency (€) — It represents the fraction of gravitational
energy involved in the gas accretion that is translated into photons. This parameter
generally ranges between 5% and 10% (e.g. Marconi et al. 2004), but may formally
reach 42% in case of maximally rotating (i.e. Kerr) BHs (J=1).

Eddington luminosity (Leqq) — It represents the maximum luminosity allowed for an object
with mass Myy that is powered by spherical accretiorﬂ The Eddington luminosity
is dependent on My, only, according to the expression:

M
Ledd ~ 1.26 x 1038 <M'21> [erg s™1] (1.2)

which implies a maximum threshold of the accretion rate Medd:

o Ledd Mpn €\ ! 1

There is a general consensus that most of the SMBH growth takes place during the
AGN phase (Sanders et al.|1988). The inflowing material is arranged in a disky structure
that surrounds the SMBH.

1.1.2 Accretion disc

The most efficient accretion processes are associated with accretion discs, which can provide
the necessary mechanisms to transfer angular momentum outward and track the gas inward
onto the vicinity of the BH. The first accretion disc model has been developed by |[Shakura &
Sunyaev] (1973) and is widely known as “optically thick geometrically thin accretion disk”.
This simplified representation predicts the following radial profile of the gas temperature

M —U4A T
T(r) bh Mbh

which returns T'(r = 6 Ry) ~ 10°K if assuming a BH mass as high as 108M. The optical
and ultraviolet (UV) radiation emitted by the accretion disc is generally interpreted as

in the disc:

1/4

O

a multi-colour black-body, therefore a superimposition of different Planckian curves, each

3The Eddington luminosity becomes a physical threshold only in the (not realistic) case of steady-state
spherical accretion of fully ionized plasma, in a completely optically thin regime.



4 1. AGN vs star formation: the current evolutionary picture

one corresponding to a given gas temperature. The following expression describes the
monochromatic surface brightness of a black body at a given temperature T":

2hv? 1
Bu(T) = =5 S 1 (1.5)

The (radiative) bolometric output of the AGN is:

Lol AGN = € My, ¢ [erg s7'] (1.6)

1

and can reach up to 108 erg s~!, covering 10 orders of magnitude in wavelength.

1.1.3 Broad and narrow line regions

Part of the radiation field originated from the accretion disc may pass through excited or
ionized gas clouds (T =~ 103~* K) located from pc to kpc distances from the center (e.g.
Peterson et al.|[2004). These regions are commonly known as "broad line regions* (BLRs)

and "narrow line regions“ (NLRs).

e BLRs are clumpy structures made of ionized (T ~ few 10* K) gas clouds. They
are characterized by very broad (103 < FWHM <10* km s~!) emission lines, un-
ambiguously ascribed to large scale motions of high electron density gas (n, ~ 10°-
10 em™3) in the vicinity (0.1-1 pc scales) of the SMBH. The broad lines emitted
in these regions are mainly due to recombination or de-excitation of photo-ionized
atoms, while thermal broadening has a negligible effect. Common features include
lines from the Balmer and Lyman series (see Section [L.1.8).

e NLRs are constituted by clouds of ionized gas (T ~ 10* K) emitting narrower lines
(FWHM < 10% km s~!, both permitted and forbiddenED compared to BLR. They
are commonly associated to gas at lower densities (n, ~ 10*-10° cm™3) orbiting at
larger distances (from 100 pc to kpc scales) from the SMBH. The typical morphology
of NLRs has been found to resemble two opposite ionizing cones centered into the

nuclear source (e.g. Wilson et al.||1985).

1.1.4 Classification of AGN

In this Section we briefly recall a few important distinctions between classes of AGN, based
on historical studies of optical and radio selected samples of AGN. As usual, on the basis of
the properties considered it is also possible to associate the same object to different classes.
We refer the interested reader to |[Peterson (1997) for a comprehensive review of the AGN

taxonomy.

Radio galaxies

Radio-galaxies are usually identified with massive elliptical galaxies and characterized by
the presence of radio-emitting jets and lobes extending up to Mpc scales from the central

4The terms “permitted” and “forbidden” lines refer to typical timescale at which the transition producing
a given line occurs, with respect to the Hubble time.
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region. Different classifications have been proposed in the past decades to distinguish
between radio-emitting sources, mostly based on radio power and morphological properties.
Fanaroff & Riley (1974, FR hereafter) claimed that radio-luminous AGN consist of two
apparently distinct types of sources, referred to as FR types I and II, with prominent
differences in both radio morphology and luminosity.

FR I have L4 §1025 W Hz~!. Their radio morphology shows core dominated structures,
with symmetric radio jets.

FR II have L1 4 =102 W Hz~!. They are edge-brightened with highly collimated large-
scale jets.

An alternative way of classifying radio AGN is based on the level of excitation of their
optical emission lines (Hine & Longair|1979; Laing et al.[[1994)). Smol¢i¢ et al.| (2009) distin-
guished radio galaxies between high-excitation and low-excitation radio AGN (HERAGN
and LERAGN;, respectively). They found that LERAGN are more common at low radio
luminosities: almost all FR I radio galaxies are LERAGN, while optical hosts of the most
powerful radio sources, i.e., FR IIs, usually have strong emission lines.

Radio quasars

Historically, the term “quasar” indicates a point-like source (“quasi-stellar radio-source”, or
“quasi-stellar object”, QSO), and it is currently associated to extremely luminous objects.
In the radio, they are classified according to the radio loudness parameter, R = F,./F,, that
is defined as the ratio between radio (5 GHz) and optical (B-band at 4400A) flux densities.
The nominal threshold is set to R~10 (Kellermann et al.|1989).

Radio-loud quasars, are characterized by a strong radio emission and an unresolved lumi-
nous nucleus (My < -23). Their optical spectra show very broad (FWHM>10? km s~1)

emission lines.

Radio-quiet quasars, constituting 90% of the global quasar population, show optical spectra
similar to radio-loud quasars, but intrinsically lower radio power. This is the reason why

they are considered as scaled-down analogs of radio-loud quasars in radio power.

Optical classification

Type-1 AGN are characterized by the presence of both (permitted) broad (FWHM>10?
km s~!) and (permitted and forbidden) narrow emission lines in their optical/UV spectra.
This class includes Seyfert-1 galaxies (Seyfert| 1943; Khachikian & Weedman||1974) and
the brighter type-1 QSOs, that are distinguished on the basis of their intrinsic power (i.e.
My < -23). As a consequence, Seyfert-1s appear as a quasar-like nucleus, but with the
host galaxy clearly detectable (Peterson|1997). X-ray spectra of type-1 AGN typically show
prominent soft-excess at &1 keV likely originated from the accretion disc, overimposed to
a Comptonization power-law.
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Type-2 AGN show only narrow lines (FWHM<103 km s~!) in their optical /UV spectra,
both permitted (e.g. Balmer series) and forbidden (e.g. [O III], [Ne III] and [O IIJ),
with similar strengths compared to type-1 objects. The QSO-to-Seyfert dichotomy still
separates type-2 QSOs from Seyfert-2 on the basis of their intrinsic luminosity. X-ray
spectra of type-2 AGN are flatter (i.e. harder) than those observed in type-1 AGN.

Blazars

Blazars identify a class of highly polarized and/or rapidly variable AGN (t ~ days), in-
cluding:

BL Lacertae objects, which are very bright sources in the radio band, typically found in
elliptical galaxies. They show weak (or absent) emission and absorption lines in the optical
spectra. They are highly variable in optical, radio and X-ray bands (t ~ days).

Optically Violent Variables (OVVs), similar to the BL Lacertae objects, except for the
presence of broad emission lines in their optical spectra, although fainter than those found

in QSOs.

LINERs

Low Ionization Nuclear Emission-line Regions (LINERs) identify a class of active galaxies
with intrinsically low nuclear luminosity, but showing strong, low-ionization, emission lines
in their optical spectra. LINERs share most of the properties shown by Seyfert galaxies,
except for the higher intensity of narrow lines with lower level of ionization.

1.1.5 The Unified model of AGN

Several authors have discussed the need for a self-consistent picture to explain most of the
observational differences mentioned in Section [[.1.4] that come out of different classifica-
tions. Some formulations of the “unified model of AGN” have been presented by |Antonucci
(1984), |Antonucci & Miller| (1985)), Urry & Padovani (1995) for optically-identified AGN
(but see also |Barthel |1989 for an equivalent unification in the radio among radio galaxies
and quasars). The main argument is that Seyfert-1 and Seyfert-2 galaxies are intrinsically
the same sources, but seen under different viewing angles with respect to the line of sight.
As a consequence, the observational differences are purely ascribed to orientation effects
relative to an obscuring medium absorbing part of the nuclear emission. The first strong
argument in support of this scenario was presented by Antonucci & Miller| (1985), who
surprisingly discovered the presence of broad optical lines in the polarized spectrum of the
Seyfert-2 galaxy NGC 1068. Broad lines had never been observed before in type-2 AGN: in
the case of NGC 1068, the presence of these lines in the polarized spectrum was attributed
to scattering of free electrons.

As shown in Fig. a toroidal structure (of ~ a few to 100 pc in size) was the
simplest configuration that could be postulated to be able to obscure the BLR, but not
the NLR, and to explain the differences between type-1 and type-2 AGN simply in terms
of orientation angle.
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Figure 1.1: Spatial structure and components of a typical AGN (M. Polletta’s PhD Thesis,
Polletta96, adapted from Urry & Padovani9s), according to the Unified model of AGN (Section
1.1.5).

Studies based on IR and X-ray observations of AGN have argued that the “dusty torus”
should be made of cold gas and dust to explain the attenuation of the optical/UV and
soft (0.5-2 keV) X-ray emission. Indeed, hard (>2 keV) X-ray observations of AGN have
detected most of local type-2 AGN that were missed in the soft-band (0.5-2 keV), where
photo-electric absorption from cold gas is more important. X-ray spectral analysis of these
objects have also shown very strong Fe Ka line at rest 6.4 keV with large equivalent
widths (EW =500 eV, Matt et al.[1999), interpreted as due to Compton reflection from a
neutral and optically thick medium. On the other hand, studies based on mid-IR (MIR)
spectra of local Seyfert-2 galaxies (Siebenmorgen et al.[2005; Netzer et al. 2007) have

shown compelling evidence for the presence of optically thickEl dust along the line of sight,
through the detection of the 9.7 mum silicate feature in absorption. The depth of the
silicate feature is observed to correlate (although with large scatter) with the hydrogen
column density (Ny) measured from X-ray spectra, suggesting that cold gas absorbing
X-rays and circumnuclear dust might be co-planar. A more detailed description of the
radiation processes that are necessary to interpret dust emission in the IR is provided in

Section [LT.0

5This means that the optical depth measured at visual wavelengths v >1.
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Torus geometry

The torus geometry that was first implemented in models of AGN tori (e.g. Barvainis||1987;
Pier & Krolik(|1992; |Granato & Danese||1994; Efstathiou & Rowan-Robinson|1995)) was a
“smooth” structure, meaning that the planar distribution of circumnuclear dust grains was
assumed axisymmetric and their properties (temperature, density) had to follow monotonic
radial profiles. On the other hand, more complex and realistic models (Nenkova et al.|[2002,
2008; |Schartmann et al.[2005|, [2008) have proposed “clumpy” structures, which arrange dust
grains in several clouds with substructures along the line of sight.

Observations based on NIR and MIR interferometry have provided the direct imaging
of the torus structure (Swain et al.|2003; Wittkowski et al.|2004; \Jaffe et al.|2004). These
studies have proved unambiguously that AGN tori indeed exist, and that their geometry is
consistent with a clumpy structure. Moreover, the fact that the 9.7 pum silicate feature is
observed also in emission (typically in Seyferts 1, but also in a few Seyferts 2, Siebenmorgen
et al.|2005)), is predicted if assuming a clumpy absorbing medium.

Nonetheless, recent studies (e.g. [Feltre et al. 2012, 2013) comparing smooth vs clumpy
models to multi-wavelength dataset (both spectroscopic and photometric) in non-local
(z> 0.1) AGN have claimed that none of these two configurations is significantly favoured

with respect to the other.

Torus size

Conversely to the original torus size postulated in AGN models (<100 pec, see |Pier & Krolik
1992} |Granato & Danese||1994)), recent observations have constrained the torus size to be
much more compact than expected before. Estimates obtained with the MID-infrared
interferometric Instrument (MIDI) mounted on the Very Large Telescope Interferometer
(VLTI) and the VLT Imager and Spectrometer for mid Infra Red (VISIR) camera, have
suggested the outer radius Roy to be equal or less than 10 pc. A few benchmark cases
include: the Circinus galaxy (Rout < 1 pc, [Tristram et al. 2007); NGC 1068 (Royt ~1-2
pc, Jafte et al|2004; Raban et al.[2009); Centaurus A (Rous < 0.3 pe, [Meisenheimer et al.
2007)); NGC 3281 (Rout < 11 pc, Sales et al.[[2011). This compilation has been recently
extended to other 23 nearby galaxies (Burtscher et al.|[2013), showing comparable sizes (0.1
< Rout < 10 pc). Further constraints on the torus geometry have been inferred through
high-resolution spectroscopy at ~12 pm obtained with the VISIR spectrograph. These
observations have allowed to constrain the inner radius Ri, of the torus (Kishimoto et al.
2007; Honig et al|2010) for about 20 Seyfert galaxies, suggesting Ri, measurements of
the order of ~0.1 pc, which imply Rout/Rin of the order of 20-30. We stress that these
measurements are currently available for nearby Seyferts, but they do not necessarily hold
in high-redshift quasars.

1.1.6 Challenging the Unified Model

The unified model of AGN has been debated in the recent literature, as several observations
appear to be in conflict with some fundamental predictions of the unified model, e.g.
questioning that type-1 and type-2 AGN are intrinsically the same sources seen at different
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viewing angles. Several studies are suggesting that a self-consistent picture of the AGN
taxonomy does not depend only on orientation effects, but also on the intrinsic luminosity
of the source and on the redshift.

X-ray based studies claim that nuclear obscuration is a strong function of nuclear
luminosity (Ueda et al. [2003; Steffen et al.| 2003} |La Franca et al|2005; [Hasinger |2008;
Burlon et al.|2011; [Lusso et al. 2013). The covering factodﬂ of the torus may play an
important role. While the original unified model postulates the torus covering factor not
to change among type-1 and type-2 AGN, recent studies have shown a clear dependence on
the intrinsic luminosity of the source. This interesting finding has been interpreted within
the context of the so-called “receding torus” scenario (Simpson 2005). This model predicts a
luminosity-dependent covering factor, due to the recession of the sublimation radius Rgyp; of
the torus. Circumnuclear dust recedes in presence of a more luminous heating source, that
sublimates circumnuclear dust at increasing radii, following the relation Lo agn o< Rg{lel
(Lawrence|/1991)).

While such luminosity-dependence is well established from recent X-ray observations,
its possible evolution with redshift is still debated (La Franca et al.||2005; Hasinger||2008;
Hiroi et al. |2012; Merloni et al.|[2014). Observations of low-luminosity AGN (LLAGN,
Lporaan < 10*? erg s~1) seem to confirm the trend predicted by the receding torus model.
Indeed, the fraction of unobscured sources has been found to decrease at low AGN accretion
rates (Nicastro et al.|[2003; [Hopkins et al. 2009). A possible explaination for the absence
of broad lines could be the disappearance of the BLR at low AGN accretion rates (e.g.
Elitzur & Shlosman|2006).

In the near future, the Atacama Large Millimeter Array (ALMA) is expected to address
these issues through high-angular resolution observations in the sub/mm regime. Indeed,
ALMA will be able to detect emission from cold (T~10 K) dust clumps in AGN tori

(Maiolino|[2008), therefore enabling to discriminate between smooth and clumpy models.

In the light of these studies, it has become clear that the structure of a typical AGN
(see Fig. is complex and includes different components. Therefore, a multi-wavelength
study of AGN emission is necessary to interpret their physical properties. In the following
paragraphs, we describe panchromatic diagnostics and spectral features that allow to char-
acterize the spectral energy distributions (SEDs) of AGN host galaxies. Fig. shows
a broad-band SED of a radio-quiet QSO (black solid and coloured dashed lines). Dif-
ferent colours mark specific emission processes that arise from different spatial regions of
the AGN, as shown in Fig. The light-grey curve represents a typical spectrum of a
starburst galaxy (M82, taken from Silva et al.|1998]) for comparison.

1.1.7 X-ray observations of AGN hosts

AGN are nearly ubiquitous X-ray emitters (Elvis et al.[|1978|). Chandra and XMM-Newton
observations at 0.5-10 keV have truly revolutionized our current view of AGN, by revealing
up to ~7000 AGN deg~2 in the deepest pointings (at flux limits of ~2.5x10717 erg s~!

5The covering factor is the fraction of the entire solid angle that is occupied by the torus structure.



10 1. AGN vs star formation: the current evolutionary picture

3cm  300um  3um 300A  4keV  400keV

L) | | |
2 I cm/mm MIR-NIR Soft X-ray = Gamma]
N >N N NS NS NS NS
7N 7 N 7N 7N 7N 7N 7N
" Radio Sub-mm/FIR Optical-UVv Hard X-ray 1
O -

loguFy (relative)
|
N)
1

-4 i —— - ' Accretion disc -
L Hot corona .
-------------- Fgaflf?ction
A IETLICTE eI "Soft excess" .
—_— | ——_————— Dusty torus
s Non thermal radio 1
—6 PN EEEPI B B ST R R
10 12 14 16 18 20
logv (Hz)

Figure 1.2: Schematic representation of a multi-wavelength AGN SED, from radio to y-rays (black
solid line). Different colours mark specific emission processes that arise from different spatial
regions. The light-grey line identifies a typical spectrum of a starburst galaxy for comparison.
Taken from C. Harrison’s webpage: http://astro.dur.ac.uk/"cpnc25/research.html|

cm?, see Bauer et al.[2004). Fig. highlights that the AGN X-ray spectrum shows
several features. While the soft (<2 keV) X-ray spectrum is dominated by the thermal
emission of the accretion disc (also referred as “soft-excess”), non-thermal processes are
necessary to reproduce the observed hard (2-100 keV) X-ray spectrum. Hard X-ray emission
is attributed to “seed” photons emitted from the accretion disc (or from outer regions),
subsequently up-scattered through Inverse Compton (cyan dotted line) from the electrons
placed in the surrouding “hot corona”. This process reproduces the observed power-law

spectrum with a cut-off at ~100 keV:
F, oc 7t (1.7)

where F,, is the monochromatic X-ray flux and I" is the photon index, that is on average
I' = 1.84+0.2 (Tozzi et al.|2006}; [Mainieri et al.2007). In addition, photo-electric absorption
may drop down the X-ray emission at softer energies, producing a flatter observed X-ray
spectrum. The comparison between the observed and the expected photon index is widely
adopted to estimate the hydrogen column density (Ny) of the source along the line of sight
(e.g. Luo et al|2008; Xue et al.2010). Part of the radiation reprocessed by the “hot
corona’ may be back-scattered to the accretion disc or to neutral gas regions, producing
other features such as the Ka fluorescence Fe line (at rest 6.4 keV) and the Compton
reflection bump (peaking at ~30 keV, green dashed line of Fig. .

X-ray observations provide reliable identification of AGN, since they are weakly affected
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by the host galaxy light. Typical AGN diagnostics that are used to identify AGN in X-ray
selected samples are described in Xue et al.| (2011), where a source is classified as AGN if

it satisfies at least one of the following criteria:

1. the full-band X-ray luminosity L(0.5-8 keV) is larger than a typical threshold, such

042 1

as 3x1 erg s~-. This value is safely unaffected by the potential X-ray emission

due to star formation (i.e. X-ray binaries);
2. the X-ray-to-optical flux ratio log(Fx/Fr) > —1 in one X-ray band at least;
3. the observed photon index I" < 1.0, which identifies an obscured AGN;

4. the full-band X-ray luminosity exceeds by a factor of >3 the average X-ray emission
expected from an “inactive” starburst galaxy (Alexander et al.|[2005));

5. the presence in optical/UV spectra of broad (FWHM>10% km s~!) optical emission
or absorption lines (see Section [1.1.8)).

These AGN diagnostics provide robust indicators of AGN activity. However, as stated
by the authors, these criteria might fail in identifying heavily obscured AGN, for which a

complementary approach is necessary (see Section and [3.6.4)).

1.1.8 Optical/UV continuum and emission lines

The continuum emission observed in the UV spectrum of type-1 quasars is generally called
“big-blue bump”, or “UV-excess (Shields||1978]|), which is interpreted as thermal radiation
from the accretion disc, with gas temperatures around 10° K (Malkan & Sargent|[1982).
This emission component irradiates the bulk of the bolometric output of the AGN, even
outshining the entire luminosity of the galaxy in quasar hosts. As a consequence, the shape
and intensity of the optical continuum has been extensively used as an effective selection
criterion to identify relatively bright and unobscured QSOs (Richards et al.|2009)). Fig.
from [Richards et al.| (2006]) shows the mean SEDs of radio-loud (solid line) and radio-quiet
(dashed line) quasars (from |Elvis et al.[[1994]). Different coloured lines highlight spectral
indices at different wavelengths, according to the sign convention adopted in Eq. with
a=I'-1. This plot shows that a noticeable scatter exists among intrinsic quasar SEDs. For
instance, the relative amount of X-ray and optical emission, that is parameterized by the
X-ray-to-optical slope aox (Zamorani et al.|1981),

Loxev/Las0o (Lakev/Lasoo )
o = — log [ 22keV/Z2500 ) _ _p, (Lokev /L2500 ) 1.8
“ o8 ( VokeV / V2500 ©8 2.605 (1.8)

typically ranges between 1.2 and 1.8, with a mean value of ~1.5.

It is worth mentioning that the observed slope of the optical/UV continuum could be
significantly altered by attenuation due to both interstellar dust of the host galaxy and
intrinsic obscuration of the source. In addition, except for bright quasars, the host galaxy
light might significantly contaminate the estimate of the AGN bolometric luminosity at
these wavelengths. Because of these aspects, optical /UV selection of AGN is used only for

very bright and unobscured quasars.
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Figure 1.3: Quasar SED diagnostic plot. The same SEDs are shown in monochromatic flux (top
panel) and integrated flux (bottom panel), as a function of frequency, wavelength, temperature
(of the emitting medium, in case of thermal radiative process) and energy. Light-grey curves are
the [Elvis et al.| (1994) radio-quiet (solid) and radio-loud (dashed) mean SEDs. The colored lines
indicate typical spectral indices in the radio, optical, and X-ray using the same sign convention.
See the text for details.

Physically motivated diagnostics often rely on optical spectroscopy to identify AGN.
As mentioned in Section [I.1.3] very broad emission lines emitted by the BLR enable to
unambiguously identify an AGN. Nonetheless, in most cases these broad lines are not
detectable from optical spectra (due to obscuration, low-quality spectra, intrinsically low
nuclear luminosity). This is the reason why several optically-based AGN diagnostics rely
on narrow line spectroscopy. However, individual narrow lines themselves do not allow to
distinguish between active and inactive galaxies, as the ionizing continuum may originate

from both star formation and AGN activity.

A step forward was made by Baldwin et al.| (1981), who introduced the widely-known

BPT diagram. They suggested to use emission line ratios between lines with a small
separation in wavelength to minimize the effect of differential extinction. Among the most
useful emission line ratios there are: [O III|/|O II] that is sensitive to the ionization level,
and |O I]/Ha that measures the hardness of the radiation field. The combination of these
line ratios provides a powerful tool to distinguish between inactive and active galaxies.
Later on, Kewley et al.| (2006) applied this technique to Sloan Digital Sky Survey (SDSS)
galaxies, complemented with other emission line ratios, such as [O III|/HS, [N II]/Ha and
[S II]/He (see Fig. [1.4). These additional features have refined and extended the original
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Figure 1.4: BPT diagrams to identify pure star forming galaxies and AGN hosts on the basis
of their rest-frame optical emission lines (Kewley et al.|2006]). Black dots are SDSS galaxies with
S/N>3. The red lines mark the Kewley & Dopital (2002) extreme starburst line; while the dashed
line identifies H IT-region like galaxies, according to Kewley et al.| (2004).

BPT technique to studies of higher redshift and lower luminous AGN;, including LINERs.

Nevertheless, these emission lines diagnostic are very time demanding and need typical
AGN-like spectral features, that are available only for relatively bright and nearby objects.
In addition, optical spectroscopy can detect the above-mentioned narrow lines up to z~0.5,
reaching at most z~1 objects if supplemented with near-infrared (NIR) spectra. Other
diagrams, using only lines in the blue part of the optical spectra (e.g. [O II], [O III], HP)
have been proposed as alternative diagnostics for higher redshift (z<1) galaxies (e.g.

1997).

1.1.9 Infrared observations of AGN hosts

In this Section we briefly discuss the primary emission mechanisms that contribute to the
global IR emission of star forming AGN hosts. Later on, we proceed to discuss some
commonly used IR-based diagnostics to identify AGN. Additional aspects of IR SEDs of
star forming galaxies, both with and without an AGN component, will be described in
more detail in Section 2.4.1] and [3.2]

Modelling the IR SED in star forming galaxies

The IR spectral window covers the range 1-1000 gm. The IR domain can be split in NIR
(1-3 pm), MIR (3-30 pm) and far-IR (FIR, 30-1000 pm).

While the emission at NIR wavelengths is mostly originated from evolved (>1 Gyr)
stellar populations, MIR and FIR observations are more sensitive to reprocessed radiation
from dust grains. In galaxies with on-going star-formation, young stellar populations are
generally enshrouded in dense dust clouds (also called "birth clouds), in turn surrouded
more diffuse inter-stellar medium (ISM). Studies of the Milky Way and nearby galaxies in
the Local Group have allowed to constrain the physical and chemical properties of dust
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Figure 1.5: Example of IR SED template of a typical star forming galaxy (taken from
. The black curve indicates the integrated IR emission in the range 2< A <1000 pm,
which is the sum of the emission components marked with the red and green curves. In particular,
the red curve shows the contribution of dust emission placed in the ISM. The green solid curve refers
to the dust emission from the stellar birth clouds, in turn decomposed (dashed curves) between
PAHs, hot MIR continuum and warm dust in thermal equilibrium.

grains, and to calibrate models to interpret the origin of dust emission (e.g.
et al|2008; [Noll et al.|[2009; [Casey et al.|[2012), see also the comprehensive review by
et al|[2014). Here we describe the simple model presented by [da Cunha et al. (2008) (see
Section , that reproduces the total IR (1-1000 pm) emission in star forming galaxy
SEDs as the sum of different emission components.

(1) polycyclic aromatic hydrocarbons (PAHs, Leger & Puget|[1984; Puget & Leger||1989;
‘Allamandola et al.||1989) produce very strong emission features at 3.3, 6.2, 7.7, 8.6, 11.3

and 12.7 um. These molecules are probably placed in the outskirts of HII regions, where

they can still survive the ionizing radiation field from young stars (Cesarsky et al.|[1996)).

(11) MIR continuum emission due to hot (T~100-200 K) and small dust grains (typical
sizes reach 0.01 pm), that are stochastically heated by the absorption of a single UV
photon (Sellgren|1984)). They reproduce a smooth continuum emission at MIR wavelengths
(3< A <40 pm).

(111) FIR continuum emission from colder (T~15-60 K) dust grains in thermal equilibrium.
This emission component typically contributes for most of the total IR luminosity. The
FIR continuum is typically modelled using two types of dust grains: warm grains placed
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both in birth clouds and spread in the ISM, with temperatures of T~30-60 K; cold grains
only placed in the ISM and with temperatures of T~15-25 K.

The most simplistic way of modelling dust emission is the blackbody fit (Eq. , which
is simply a function of the temperature. However, a more realistic parametrization, that
accounts for the non-perfect reflection and non-uniform opacity of galaxy’s dust, describes
the flux density S, as a grey-body spectrum (or “modified black-body”) of the form:

S, (1 B efT”)Bl,(T) _ (1 — e_Tu)y3

ehv/kT _ 1 (19)

where S, is in units of erg s~' cm™2 Hz~!'. B,(T) is the perfect black-body curve, which
applies under the limit 7, — +o0o. The optical depth 7, scales as v (Draine & Allaf-
Akbari 2006), where (3 is the spectral emissivity index, and typically ranges between 1 and
2.5 (Casey et al.|2011]).

Fig. shows a typical IR SED template in the range 2< A <1000 pm, computed
by considering the emission components mentioned above. The black curve represents the
integrated IR emission of the galaxy, that is divided in different sub-components. The red
curve shows the IR contribution of the diffuse ISM, from both PAHs (at A ~3-10 ym) and
cold dust emission, which peaks at A 2100 ym and dominates the IR energy output of the
galaxy. The green solid curve refers to warmer dust emission coming from the stellar birth
clouds, while green dashed curves show the breakdown of this contribution in different
components: PAHs (peaking at A ~7.7 um), hot MIR continuum (peaking at A ~20 pum)
and warm dust (peaking at A ~50 gm) in thermal equilibrium.

In active galaxies, an additional dust emission component has to be taken into account
in modelling the IR SEDs. Indeed, the thermal emission originated from the accretion
disc, peaking at optical/UV wavelengths and rapidly decreasing at A >1um (Richards
et al.|2006)), can be partially (around 30%, e.g. Risaliti & Elvis||2004; [Treister et al.|[2008)
reprocessed by warm (T~300-1000 K) dust grains placed at circumnuclear (~a few pc)
distances from the SMBH (Glikman et al|2006), and re-emitted from 3 to 100 pym as a
grey-body spectrum peaking at A ~10-20 pum (Nenkova et al. [2002; [Fritz et al. [20006).

IR observations and diagnostics to identify AGN

The complex IR SED of (active) galaxies has motivated several studies with the purpose
of developing MIR-based diagnostics that could be used to identify AGN. Here we briefly
discuss the AGN selection criteria proposed by Donley et al. (2012) and the comparison
with previous MIR diagnostics.

Fig. shows composite (AGN+starburst) SEDs constructed by |Donley et al.| (2012),
using stellar templates by Dale & Helou| (2002]), the starburst M82 and the QSO1 templates
from the library of Polletta et al. (2007), scaled to give 1-10 pm AGN contributions of
0% (red) to 95% (purple). The final SEDs have been normalized at 1.6 pm. Upper and
lower panels show the same templates but changing the extinction of the QSO1 model
from Ay =0 to Ay=2. While luminous unobscured and obscured AGN have very different
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Figure 1.6: Composite SEDs from Donley et al. (2012), obtained by combining the QSO1 and M82
templates of [Polletta et al.| (2007}, other curves) with the stellar templates taken from [Dale & Helou
(2002)) to build self-consistent UV-to-FIR SEDs. The same AGN+starburst template, normalized
to 1.6 pm, is scaled to give a 1-10 um AGN contribution from 0% (red) to 95% (purple). Upper
and lower panels show the same templates but changing the extinction of the QSO1 model from
Ay =0 to Ayy=2. The four IRAC bands at z=0 are shaded.

optical/UV SEDs, they are expected to show a so-called “mid-IR excess” irrespectively of
the level of nuclear obscuration (Daddi et al. 2007; |[Fiore et al.[2009). The detection of
this extra hot-dust component is a widely used diagnostic to isolate AGN from inactive
star-forming galaxies. NIR emission due to stellar light generally peaks (in vF,) at rest-
frame 1.6 pum, decreasing at longer wavelengths, as shown in Fig. Most of IR-based
criteria to identify active galaxies use the InfraRed Array Camera (IRAC) wavebands at
3.6, 4.5, 5.8 and 8.0 um, as well as the Multiband Imaging Photometer for Spitzer (MIPS)
at 24 pym.

Fiore et al. (2008, [2009) used these filters to unveil a large population of Compton-
Thick AGN candidates. They studied the X-ray properties of a sample of galaxies with
high MIR-to-optical flux ratio (Fa4/Fr >1000) and extremely red colours (R — K >4.5).
Interestingly, only 25-30% of Fa4 >0.55 mJy sources had a counterpart in the Chandra-
COSMOS catalogue (Elvis et al.|2009; Civano et al.[2012)). X-ray stacking confirmed that
most of them (~80%) were consistent with being intrinsically obscured AGN (Fiore et al.
2009; Treister et al. |2009)). This technique is very powerful in chasing highly obscured
AGN, but is efficient for relatively bright sources in the MIR. Another major issue related
to IR-based AGN selection techniques is that star forming galaxies can be very luminous
at IR wavelengths and can outshine the central emission, affecting the reliability of the



1.1 Active galactic nuclei: a panchromatic overview 17

o AGN= 0% - AGN=20% -~ AGN=40%

109(Sg0/Ss5)
o
3]

0.0F

1.0F

10g(Sg.0/S4s)

-0.2 0.0 0.2 0.4 0.6 0.8 -0.2 0.0 0.2 0.4 0.6 0.8 -0.2 0.0 0.2 0.4 0.6 0.8
10g(Ss.6/S3.) 10g(Ss.6/S3.6) 10g(S5.6/S3.)

Figure 1.7: Tracks of different galaxy template SEDs with colour coded redshift. Different panels
simulate how SED templates with increasing 1-10 pm AGN emission move across the IRAC colour
space with increasing redshift.

IR-based classification (Cardamone et al.|2008).

Other IR-based AGN diagnostics adopt IRAC colours to identify powerful and MIR-
dominated AGN hosts (Lacy et al|[2004, 2007; |Stern et al.|[2005). Fig. (taken from
Donley et al|[2012) shows the wedge in the colour-colour diagram traced by
to identify AGN. Different panels mark the location of MIR, colours of galaxy SEDs
(shown in Fig. with increasing AGN emission. Coloured lines simulate the tracks
of each SED template as a function of redshift (in colour-coding). This plot shows that

luminous AGN occupy a well-defined region in the IRAC colour space. However, also star-

forming galaxy templates (first panel) fall in the same selection wedge (Lacy et al.||[2004]

2007, |Stern et al.|2005). This contamination issue gets worse with increasing redshift, since

the galaxy stellar emission is shifted into the IRAC bands, producing similar IRAC colours
to those of AGN at lower redshifts.

Donley et al| (2012)) revisited the previous AGN selection criteria to minimize the
contamination from “pure starbursts” without an AGN. Fig. shows the
(2007) wedge (thin solid line) superimposed to the locus identified by Donley et al.| (2012)
in the IRAC colour space (thick solid line). Among the AGN so identified by
criterion, the fraction of them entering the Donley wedge is only ~17%, but the
contamination from non-AGN sources si strongly reduced. This conservative diagnostic
identifies about 75% of AGN with QSO-like luminosities (Lx >10%* erg s71) and also
unveils highly obscured sources up to z~3, but is less complete at lower X-ray luminosities
compared to Lacy et al. (2007).

Redshift



18 1. AGN vs star formation: the current evolutionary picture

L s s s sy B ey e e
I «/+ X—ray/Non X—ray sources that meet the new AGN criteria
| In AGN region, but IRAC SED does not rise monotonically
- /- X—ray/Non X—ray sources
= Stern—only X-ray
1.0F * Stern—only non -X-ray
—~ L
n
<+
»n 05
N
S L
1 J
)
~
o
o
0.0
-0.5 T
e by b b by by 14

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8
10g(Ss.8/S36)

Figure 1.8: Revised AGN selection criteria by Donley et al.| (2012) (thick solid lines) and
(thin solid lines). Small points represent IRAC-selected galaxies, both X-ray detected
and undetected. Different colours mark IRAC subsamples that eventually meet either
(2005)) or Donley et al.| (2012) criteria.

1.2 Evidences for AGN/Galaxy co-evolution

In the last 20 years, extensive broad-band observations of AGN host galaxies have greatly
improved our understanding of AGN and galaxy evolution. It is now well-established that
AGN activity and star-formation in their hosts are related processes. This interplay has

been proved by a number of evidences.

1. Several studies highlighted empirical correlations between black hole mass and galaxy
properties: galaxy stellar mass bulge My, yge, stellar velocity dispersion o, dark mat-
ter halos (e.g. Magorrian et al.|1998; Gebhardt et al.|2000} |[Ferrarese|2002; (Giiltekin

2009). According to [Fabian & Iwasawal (1999), this relationships could be
reasonably expected, in case an active SMBH is growing at its Eddington limit, bal-

ancing the outward radiative force with the inward gravitational force. The relatively
small scatter (1o ~ 0.3 dex) of these relations suggests that a causal connection ex-
ists between fueling mechanisms of AGN accretion and star-formation in the galaxy

bulge (but see e.g. [Jahnke & Maccio|2011| for an alternative interpretation).

In addition, several studies (Decarli et al.|2010; Merloni et al.|2010) argue in favour of

a positive evolution of this relationship with redshift, suggesting that Mpn/Mpylge o
(142)%3. This trend would predict over-massive BHs at high redshift, compared to
their hosts. However, theoretical implications are currently limited by observational

biases and uncertainties on host/BH mass measurements (e.g. [Shen & Kelly 2010;
[Volonteri & Stark 2011)).

2. Observations have suggested a tight AGN /starburst connection through the “down-
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sizing” scenario, first proposed to explain the evolution of the observed galaxy lu-
minosity functions (Lilly et al.|[1996; Madau et al.||1996; Cowie et al.|1996, Bell
et al. 2005; |Juneau et al|2005; Bundy et al.[2006; Wall et al.|2008). The same
argument has been validated for AGN: most luminous SMBHs accrete earlier, faster

and with more extreme accretion rates than less luminous ones (Ueda et al.2003;
[Fiore et al|[2003; [Le Floc’h et al|[2005; Barger & Cowie|[2005; [Pérez-Gonzalez et al |
12005; [Hasinger et al.|[2005} Silverman et al.|2008). The similarity between AGN and
galaxies’ anti-hierarchical growth is also reflected to the parallel evolution between

volume-averaged cosmic star-formation history and black hole accretion history, both

peaking at z~2 and declining towards the local Universe (Boyle & Terlevich [1998;
[Merloni et al|[2004; Marconi et al.|[2004} [Silverman et al|2008; [Shankar et al.|[2009}
Madau & Dickinson|2014)).

3. Unlike most semi-analytical models predicted, observations have shown that the lo-
cal galaxy stellar luminosity function and the dark halo mass function have different
shapes, with the former showing a break at low and high luminosities. This required
some mechanisms to reduce the efficiency of star-formation at high and low masses.
Stellar feedback from Supernovae can reproduce the inefficient star-formation at low-

luminosity regimes, removing large amounts of gas (Bolatto et al. 2013} |Cicone et al.|
12014bj; [Sakamoto et al.[2014). Nonetheless, semi-analytical models have shown that
stellar processes on their own struggle to reproduce the break at high galaxy lu-

minosities (L~10'2 L), as well as the observed distributions of galaxy properties,

without adding a further source of energy (Benson et al.[2003; Bower et al. 2006}
|Schawinski et al. 2006 Gabor et al.|[2011). Still open remains the question whether
such extra injection of heat might come from the central active black hole (known as

“AGN-driven feedback”) or from stellar processes (e.g. winds or Supernovae).

Despite the mutual dependence of galaxy star-formation and AGN activity on cold gas
supply, the co-evolution scenario is challenging, since the vastly different spatial scales at
which star-formation (many kpc) and AGN (sub-pc) operate. In Section[L.5|we mention the
most recognized mechanisms that have been proposed to explain the observed AGN /host
correlations, while in Section we summarize the main AGN host galaxy properties
derived from observations of statistical samples.

1.3 What triggers SMBH activity?

Semi-analytical models suggest that the observed correlations between AGN activity and
galaxy properties might result from a long-lasting self-regulation process between the
SMBH and its host. It is well established that both AGN accretion and star-formation in
galaxies required supplies of cold gas, but the detailed mechanisms responsible for tracking
the gas inward onto the SMBH are still poorly understood. Two main scenarios have been

suggested, as discussed in the following.

e Major mergers are violent interactions between two or more colliding galaxies.
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Stellar orbits are distrupted, cold gas is compressed and funnelled to the common
center of mass. Major mergers between gas rich galaxies are thought to activate
rapid episodes of SMBH accretion close to the Eddington limit. These processes are
used as a means to explain the rapid growth of the most luminous Quasars at high
redshift (z>3).

e Secular evolution postulates stochastic accretion episodes, due to internal and ex-
ternal processes that can remove significant amounts of angular momentum and track
the gas inward onto the SMBH (Kormendy & Kennicutt 2004). Internal processes
encompass gas instabilities, galaxy bars and large-scale gravitational torques, while

external processes may include galaxy interactions (i.e. minor mergers).

Major mergers were first postulated by |Sanders et al.| (1988), claiming that these vi-

olent interactions between gas rich galaxies might trigger the central SMBH close to the
Eddington limit. This scenario is well supported by hydro-dynamical simulations (e.g.
Matteo et al|2005; Hopkins et al.[[2006; [Menci et al. 2008; Hopkins & Quataert|2010a))
and it is widely recognized to reproduce galaxy colours, the high-luminosity break in the

local galaxy luminosity function and the Mpy—My,yge relation in the nearby Universe (see

comprehensive review by |Alexander & Hickox]|2012]).

Nonetheless, recent observations are challenging this merger-driven picture, and sup-
porting the predominance of the stochastic accretion scenario. For instance, extensive
morphological studies of X-ray selected samples of AGN have shown that AGN hosts do
not appear to be merging/interacting more frequently than control samples of inactive
galaxies, either at z~1 or z~2 (e.g. |Grogin et al.|2005; Gabor et al|2009; |Cisternas et al.|
2011; |Schawinski et al.|[2011], |2012; Kocevski et al[2012; Simmons et al.[2012).

This picture suggests that, whatever the mechanisms that trigger distant SMBH growth,

they also trigger distant galaxy growth (e.g. |Cisternas et al.|[2011; Kocevski et al.|[2011}

Schawinski et al. 2011). However, most of the galaxies in these studies are associated

to intermediate disturbance classes, characterized by irregular (i.e. clumpy) morphologies
and/or disturbed disks, which are hard to distinguish from mergers, if using broad-band

morphological information only. Furthermore, [Kocevski et al. (2012)) claimed that a signif-

icant fraction of major mergers might be hidden by nuclear obscuration. New techniques
(e.g. SINS/zC-SINF and KMOS-3D, Mancini et al. 2011; Forster Schreiber et al.|[2011}
2014; Wisnioski et al.|2014) using near-IR integral field spectroscopy (IFS) to obtain rest-
frame optical imaging and 3D-spectroscopy will be essential to resolve the internal kine-

matics of these sources, therefore providing new insights on fueling mechanisms of AGN
activity.

Actually, the most accepted scenario is that merger-driven AGN accretion is the dom-
inant mode at high AGN luminosities (Lpo,agn >10'? Lg, Hopkins & Hernquist| [2006;
Hasinger| 2008; [Kartaltepe et al.|2010; Hopkins et al.[2013). On the other hand, gradually
varying processes, such as internal secular evolution (i.e. large-scale disc instabilities and

bars), external secular evolution (galaxy interactions) and inflow of recycled cold gas from
old stellar populations (Ciotti & Ostriker|[2007; |Ciotti et al.|2010), are expected to domi-
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Figure 1.9: Left panel: colors VS R-band luminosity of AGN host galaxies selected with different
criteria (Hickox et al|[2009). Top-right panel: same colour-mass space for radio AGN classified
as either HERAGN or LERAGN (SmolGi¢ et al|[2009, see Section [[.1.4). Bottom-right panel:
Colour-mass plane for X-ray AGN (Schawinski et al[[2009). The general consensus is that AGN
in radiatively efficient states are mostly found in blue cloud and green valley galaxies, while low-
Eddington (Agpp < 1072) AGN populate the red sequence.

nate at lower AGN luminosities (Kormendy & Kennicutt|2004; Garcia-Burillo et al.|[2005;
Simoes Lopes et al.|2007; |[Hopkins & Quataert|2010b; |Storchi-Bergmann!2010)).

1.4 The variety of AGN host galaxies

Galaxies show a well established bimodality in the optical colour-magnitude diagram

(CMD, [Strateva et al|2001), that separates the “red sequence” of luminous, passively

evolving galaxies, from the “blue cloud” of less luminous, star-forming systems. In this
paragraph we briefly summarize the most relevant properties of AGN host galaxies in-
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ferred from studies of X-ray, radio and IR-selected AGN.

Fig. shows the location of AGN host galaxies in the CMD according to different
selection criteria (taken from Hickox et al.|2009). Radio-selected AGN (top-left panel)
AGN host galaxies are preferentially found in the red sequence, with spheroidal-like mor-
phologies (Dunlop et al.|[2003; McLure et al.|2004; Herbert et al.2011)) and hosted in very
massive hosts (M, ~10"1712 M)). X-ray AGN host galaxies mostly lie in the “green valley”,
with intermediate optical colours between blue and red galaxies (e.g., |Nandra et al. [2007;
Georgakakis et al.|2008; |Silverman et al.|2008; Hickox et al.[[2009). They show similar mor-
phologies with respect to those inferred from a control sample of mass-matched inactive
galaxies (Pierce et al. [2007; |Gabor et al.|[2009; |Georgakakis et al. [2009) and their hosts
have stellar mass M, ~ 0.3-3x10'" Mg (Alonso-Herrero et al|2008; Bundy et al.| 2008}
Brusa et al.[2009; Hickox et al.|2009; Xue et al.|2010). IR-AGN selected with IRAC-based
colour-colour criteria show an optical colour distribution similar to that of X-ray AGN,
though more pronounced towards the blue cloud and hosted in less massive galaxies with
disky-like morphology (Hickox et al. [2009). This suggests that, on average, IR-selected
AGN are preferentially hosted in dusty galaxies with on-going star-formation.

Studies focusing on clustering have highlighted systematically different AGN accretion
rate distributions as a function of the environment (see Fig. left). Radio AGN have
relatively low Eddington ratiosﬂ (Aepp < 1073) and typically live in strongly clustered,
luminous red galaxies. In addition, Smolci¢ et al. (2009) found radio AGN with high-
excitation optical spectra preferentially live in the green valley, while those with low-
excitation spectra commonly lie on the red sequence (Fig. top right). Conversely,
IR-selected AGN have higher Eddington ratios (Agpp >1072) and live in more weakly
clustered environments (Hickox et al. 2009). X-ray AGN have intermediate to high Agpp
and reside preferentially found in overdense regions similarly to the most massive elliptical
galaxies (e. g.,|Georgakakis et al.|2007}; Silverman et al.2009; Hickox et al.|2009; |Coil et al.
2009)).

These results indicate that samples of AGN selected with different criteria represent
intrinsically separate populations, with systematic difference in their colours, environments
and AGN accretion modes. In Section we discuss some challenging models to reconcile
all the pieces of the puzzle within a single, self-consistent picture of AGN /galaxy evolution.

1.5 Evolutionary scheme of AGN /galaxy evolution

Observations of high-z galaxies (Elmegreen et al. 2007)), complemented with numerical
models (Hopkins et al.|2009) suggest that the first galaxies in the early Universe were, on
average, more gas-rich than today’s systems and mainly supported by rotation. Following
a hierarchical evolution, galaxies (as well as their seed BHs) have become progressively
more massive with cosmic time (likely through minor mergers), and a similar growth oc-
curs for their dark matter halos. Since most QSOs are generally found in halos with mass
My ~10'2Mg), regardless of redshift, this value has been interpreted as a sort of critical

"The Eddington ratio Agpp is simply defined as the fraction of the emitted bolometric luminosity
compared to its Eddington limit
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Figure 1.10: Cartoon adapted from Hickox et al.| (2009) to illustrate possible evolutionary schemes
of AGN and their hosts through the cosmic time, according to the initial dark matter halo mass.

halo mass. More massive halos are expected to grow faster than less massive ones, therefore
reaching the critical ~10'2M, at earlier times. On this basis, a plethora of AGN /galaxy
evolutionary models have been suggested. Here below we discuss the model first proposed

by Hickox et al.| (2009), which is widely recognized and extensively supported by panchro-

matic observations of AGN host galaxies (see also [Hopkins et al.|2008; Hasinger| 2008)).

As mentioned above, the cosmic growth of the most massive halos (and galaxies) follows
different stages with respect to less massive ones. Fig. provides a schematic view of
the various evolutionary stages as a function of the initial halo mass My,.

The cosmic evolution of the most massive halos (My, >10'2Mg,, see left /middle schemes)

encompasses four different stages.

1. rapid and efficient (Agpp >107!) SMBH accretion is triggered. Possible mechanisms
include major merger of gas rich galaxies, while also disk instabilites or recycled gas
from evolved stars might play a role. Whatever the mechanisms triggering QSO
accretion, they also switch on rapid star-formation in the host galaxy. This short-

lasting (~10% yr, e.g. Hopkins et al|2008) phase is characterized by the presence of

powerful star-formation enshrouded in dense dusty environments and fueled by huge
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amounts of cold gas/dust. These systems are commonly identified as sub-millimeter
galaxies (SMGs, [Sanders & Mirabel [1996]). Observations of high-redshift SMGs or
Ultra Luminous InfraRed Galaxies (ULIRGs) often show disturbed kinematics con-
sistent with galaxy mergers (Alexander et al.| 2003 [2005; [Tacconi et al.|2008; [Engel
et al.|2010; |Laird et al|[2010). The majority of them have X-ray properties consis-
tent with luminous X-ray AGN, most of which ( approz80%) are heavily obscured
(Ng >10%3 em~2, |Alexander et al.[2005).

. subsequently, this rapid AGN accretion reaches its Eddington limit and crosses a

very short-lasting (~107 yr) “blow-out phase”’, where large amounts of gas flowing
onto the central BH get efficiently converted to ionizing photons, therefore swept
away up to kpc-scales. Possible scenarios invoke powerful winds driven by the AGN,
that should appear as unobscured, as a means for removing large amounts of cold
gas or to heat it up. This so-called “Quasar mode” is required to regulate the SMBH
mass in order to explain the not runaway growth of today’s SMBHs. This scenario is
supported by hydro-dynamical simulations, since the radiation pressure of the central
SMBH might prevent further episodes of galaxy star-formation (Croton et al.[[2006;
Hopkins & Quataert||2010a)), tracking the host galaxy from the blue cloud to the
red sequence of the CMD, therefore naturally reproducing the observed bimodality
in galaxy colours. Testing this paradigm is challenging, as this is supposed to be a
quick transition from highly accreting to fading AGN. Some studies finding “smoking
guns” of AGN-driven feedback, such as massive, large scale (>10 kpc) molecular
outflows (Feruglio et al.[2010, Cicone et al.|2012} 2014a), might also explain how the
star-formation of the galaxy has been “quenched”.

. Soon after the blow-out phase, the lack of cold gas supply makes the accretion onto the

central SMBH less radiatively efficient (Agpp <1072) and progressively dominated
by X-ray emission. For the same reason, AGN host galaxies at this stage generally
show co-existing young and old stellar populations, producing “green-like” integrated
galaxy colours. This phase is suppose to last ~10° yr to explain the fact that most
X-ray selected AGN hosts are found to have intermediate optical colours.

. Accretion onto the central SMBH becomes radiatively inefficient (Agpp 510_3). To

justify the lack of massive (M, >3x10'" M) galaxies in the local Universe, some
mechanism preventing the gas in the halo to cool down and collapse must be in place.
This so-called ‘“radio-mode” is required to last much more time than the previous
phases, in order to maintain the galaxy “clean” and explain the formation of red and
dead spheroidal galaxies in the local Universe. Models of mechanical feedback invoke
either powerful radio jets driven by the central SMBH, or stellar-driven winds, or
both phenomena (e.g. Hopkins et al. [2008| Hopkins & Quataert|2011)).

As mentioned above, dark matter halos with lower initial mass reach the critical halo

mass at later times. Therefore, galaxies residing in the least massive halos should have never

hosted luminous Quasars, as illustrated in Fig. [1.10| (right scheme). These galaxies are



1.5 Evolutionary scheme of AGN/galaxy evolution 25

believed to smoothly increase their stellar mass and SMBH mass through stochastic fueling
of cold gas (e.g. Hopkins & Hernquist [2006) driven by minor-mergers and/or funnelled
into the central SMBH via galaxy-scale processes (e.g. galaxy bars). According to the
“downsizing” scenario, the number density of moderately luminous AGN (Lx <10 ergs—1)
is expected to increase at low redshift, therefore supporting this scenario. Nevertheless,
hunting for LLAGN is challenging, since their emission is generally outshined from the
host galaxy, unlike for the upper tail of their accretion rate distribution, which make them
detectable in moderately deep X-ray surveys.

Evolutionary models based on these prescriptions have successfully reproduced, in broad
terms, luminosities, colors, and clustering of galaxies and AGN (e.g., Bower et al.||2006}
Croton et al.|2006}, Hopkins et al.[2008; |Merloni & Heinz|2008a).

On the other hand, AGN activity could result also in positive feedback (Silk & Norman
2009, Silk et al.[[2013]), therefore triggering new star formation episodes. This alternative
picture is motivated by the evidence for AGN triggering on star-formation by compressing
dense gas clouds. This over-pressure caused by the AGN radiation field may exceed the
dynamical pressure that keeps gas clouds bound (e.g. through shocks). As predicted by the
Kennicutt-Schmidt law, larger cold gas surface density implies larger SFR density, which is
linked to on-going star-formation. This positive feedback hypothesis is motivated by recent
simulations (e.g. [Silk| 2005} [Zubovas et al.|2013) and also supported by observations of jet-
induced outflow in radio galaxies showing enhancement of star-formation (Morganti et al.
2007} |Gaibler et al.[|2011; Tadhunter et al.2014). In line with these arguments, |Hasinger
(2008) discussed a more complex scenario where the “quenching phase” likely operated by
AGN-driven feedback might be followed by sporadic accretion episodes. Possible inflows
of cold gas might fuel and rejuvinate the central SMBH, as well as new star-formation in
the galaxy. According to this picture, the “green valley” identifies a subsequent stage with
respect to the “red sequence”, where stochastic, low-Eddington (Agpp <1072) accretion
triggers SMBHs as LLAGN. This picture provides an alternative scenario, predicting the
intermediate optical colours effectively found in most X-ray AGN host galaxies.

All these scenarios reproduce equivalently well several observables (clustering, optical
colours, Eddington ratios) of AGN hosts, whereas discriminating among them is tricky, as
well as to determine whether AGN are aftermaths or precursors to star-formation, or both.

Though it is today well established that the evolution of active SMBHs is connected to
the evolution of their hosts, the underlying mechanisms explaining their mutual connection
are still poorly constrained. In this Chapter we have discussed the physical and observa-
tional properties of AGN, including different diagnostics to identify AGN from “inactive”
galaxies. We have also argued that a panchromatic study of this class of objects is manda-
tory to constrain their properties and their cosmic evolution. As mentioned in Section
in the present Chapter we have intentionally overlooked the recent results achieved from
Herschel-based studies in the framework of AGN /galaxy evolution, since their contribution
will be mostly emphasized in Chapter [2] and in the rest of this PhD Thesis.






Chapter

The Herschel view of AGN/galaxy

evolution

In this Chapter we discuss the relevance of IR observations in the framework of AGN /galaxy
evolution, primarily focusing on the profound advances made possible by exploiting data
taken from the Herschel satellite. In the first part we introduce Herschel and the most
relevant surveys in the context of this Thesis. Next we provide a selection of recent Her-
schel-based results that have improved our knowledge of AGN/Galaxy evolution and also

motivate the subsequent work accomplished in this Thesis.

2.1 The road to Herschel

It has now become clear that extragalactic surveys in the FIR represent a key tool for
understanding galaxy formation and evolution. Since star formation typically occurs in
dusty molecular clouds, dust is responsible for attenuating most of the optical /UV starlight
generated in the Universe and subsequently re-emitted in the IR domain (i.e. Genzel &
Cesarskyl|[2000). For these reasons, FIR data are essential to reconstruct how galaxies have
evolved since their formation epoch.

About 30 years ago, the InfraRed Astronomical Satellite (IRAS, |[Neugebauer et al.|1984)
provided the first MIR and FIR observations (at 12, 24, 60 and 100 ym) of local star-forming
galaxies and AGN (Sanders et al.[[1986} [Soifer et al. [1987), essential to construct the first
templates to model the galaxy/AGN IR emission (e.g. Rowan-Robinson & Crawford 1989).
The Infrared Space Observatory (ISO, Kessler et al.|1996) provided the first IR observations
of non-local galaxies, reaching up to z~1-1.5 and obtained MIR spectra for modelling
different dust emission components in the range between 2.5 and 200 pym (Efstathiou &
Rowan-Robinson|1995; [Moorwood|1999). ISOCAM observations at 15 pum first discovered
an excess in MIR number counts (Aussel et al.|1999; |Gruppioni et al.2002) with respect to
the predictions for a non evolving popilation. This supported an intrinsic evolution with
redshift of the energy density released by star-forming galaxies (e.g. [Franceschini et al.
2001). First IR-based derivations of the star formation rate density (SFRD) obtained with
ISO showed a good agreement with those inferred from the optical (e.g. Madau et al.

27
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Figure 2.1: Artistic impression of the Herschel satellite. Credit: ESA.

, at least up to z~1. A higher redshift, the latter showed a steep decrease, in tension
with the flat trend derived from ISO data. This discrepancy suggested that average dust
attenuation in galaxies was stronger at earlier times rather than in the present epoch
(e.g. [Flores et al|[1998). Futher investigations were addressed by Spitzer
through observations at NIR and MIR wavelengths, that allowed for the first time
to characterize different populations of star-forming galaxies and to trace the evolution of

the SFRD up to z~3. These studies corroborated previous results, finding a peak at z~1,
followed by a flattening up to z~2.5-3 (Pérez-Gonzalez et al.|[2005; Caputi et al.|[2007;
Reddy et al.|2008).

2.2 Herschel surveys and observing strategy

The Herschel Space ObservatoryEl (Pilbratt et al[2010)), equipped with a 3.5 meter diameter
reflecting telescope and instruments cooled to close to absolute zero, it is the only space

facility ever developed to cover the FIR part of the spectrum (55-672 pm). Moreover,
thanks to the large size of the primary mirror (3.5 rather than 0.7 meters of ISO and
Spitzer), Herschel observations enabled to reach unprecedented sensitivities in the FIR.
During its operation time (from May 14" 2009 to April 29t" 2013), Herschel has been
designed to provide broad band imaging in six bands centered at 70, 100, 160, 250, 350 and

500 pm and spectroscopy over the entire Herschel coverage, using the following instruments.

e The Photodetector Array Camera and Spectrometer (PACS, |Poglitsch et al.[2010): a
camera and a slow to medium resolution spectrometer for wavelengths in the range

between 55 and 210 um. Totally it includes four detector arrays: two bolometer
arrays dedicated to wide-band photometry and two Ge:Ga photoconductor arrays

employed exclusively for spectroscopy.

"http://herschel.esac.esa.int/, http://herschel.cf.ac.uk/
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Figure 2.2: Survey area and point source depth (including confusion noise) reached by most
extragalactic surveys with PACS (top panel) at 100 ym and SPIRE (bottom panel) at 250 pm.

Adapted from .

e The Spectral and Photometric Imaging REceiver (SPIRE, Griffin et al.|2010), a cam-
era and a low to medium resolution spectrometer complementing PACS for wave-

lengths in the range between 194 and 672 um. It employes an imaging photometer
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and a Fourier Transform Spectrometer (FTS), both using bolometer detector arrays,
which include three arrays dedicated to photometry and two for spectroscopy.

e The Heterodyne Instrument for the Far Infrared (HIFI,|de Graauw et al.|2010)), is a
very high resolution heterodyne spectrometer covering the pass-bands at 157-212 pym
and 240-612 pm.

These instruments are devoted to address a number of scientific objectives: studying
the molecular composition of planetary atmospheres, comets and the interstellar medium,
as well as to investigate the formation of galaxies in the early Universe and their subse-
quent evolution. This Thesis focuses on this latter point by exploiting photometric surveys
covered by the PACS (70, 100 and 160 pm) and SPIRE (250, 350 and 500 pm) instruments.
Fig. gives an overview of area and depth of guaranteed time and open time Herschel
key programmes. Here below we list some of the major projects providing data used in
this Thesis.

e the PACS Evolutionary ProbeE] (PEP, Lutz et al.|[2011) is a guaranteed PACS sur-
vey covering popular multi-wavelength fields, such as GOODS-South, GOODS-North,
COSMOS, Extended Groth Strip (EGS), Extended Chandra Deep Field South (ECDFS),
Lockman Hole and two galaxy clusters. Sky areas covered by PACS are also comple-
mented with SPIRE observations taken from the HerMES survey (see below). This
project totally covers 2.7 deg?, equivalent to 550 hours of observing time.

o the Herschel Multi-Tiered Extragalactic Surveyﬁ (HerMES, |Oliver et al|[2012)) is
guaranteed survey structured as a wedding cake. Observations are done with both
SPIRE and PACS instruments, surveying ~70 deg? for a total of 900 hours observing

time.

e the Great Observatories Origins Deep Survey—HerschelE] (GOODS-H, [Elbaz et al.
2011)) is an open-time survey, providing with deep PACS and SPIRE observations of
the GOODS-North and ultradeep PACS coverage of part of the GOODS-South.

PEP and HerMES large key programmes are structured as “wedding cakes” (i.e., with
large area shallow surveys and smaller pencil beam deep surveys) and include many widely
studied blank and lensed extragalactic fields. In the following we will focus on the GOODS-
South (GOODS-S), the GOODS-North (GOODS-N), which are also coordinated with
more recent GOODS-H observations, and the COSMOS field. The sky area covered by
PEP /HerMES observations is about 2 deg? in COSMOS, while in each GOODS field it
reaches around 300 arcmin?. As it will be discussed in Section the sub-area covered
by multi-wavelength ancillary data in each GOODS field is limited to about 190 arcmin?
(17x11 arcmin?). In addition, GOODS-Herschel observations cover the entire GOODS-N

and only partially the GOODS-S (the inner ~100 arcmin?). Magnelli et al. (2013) have

®http://www.mpe.mpg.de/ir/Research/PEP/index . php
3http://hermes.sussex.ac.uk/content/hermes-project
“http://hedam.oamp.fr/GO0DS-Herschel/


http://www.mpe.mpg.de/ir/Research/PEP/index.php
http://hermes.sussex.ac.uk/content/hermes-project
http://hedam.oamp.fr/GOODS-Herschel/
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Figure 2.3: GOODS-H detection limits and total IR luminosities of the Herschel sources as a
function of redshift (filled dots: spectroscopic, open dots: photometric) taken from [Elbaz et al.
2011). The right axis is the SFR derived from the Kennicutt| (1998) scaling factor using a [Salpeter;
1955) IMF. These limits were computed assuming the local library of template SEDs of |[Chary &
Elbaz| (2001). For comparison, the Spitzer MIPS-24 um detection limit is represented as well as
the knee of the total IR luminosity function, as derived by Magnelli et al.| (2009, 2010).

combined PEP observations at 100 and 160 gm obtained in the GOODS-S and GOODS-N
fields with deeper GOODS-H observations. The final PEP/GOODS-H catalogues cover
the entire 11x17 arcmin? in both fields. In particular, PEP observations in the GOODS-S
cover 11x17 arcmin?, and are replaced by the deeper GOODS-H data only in the inner
10x10 arcmin?. In the GOODS-N, new GOODS-H data are available over the whole 11x17

arcmin? area.

The different sensitivities reached in these fields (see Table allow us to probe
wide and complementary ranges of infrared luminosities up to z~3. The combination
of PACS and SPIRE observations is paramount to probe directly the rest-frame peak of
interstellar dust emission at ~100 pym over a wide range of redshifts. Due to the fact
that the peak wavelength is not dramatically dependent on the adopted SED template,
intrinsic IR luminosity and redshift (Symeonidis et al.[2013} [Lee et al.|2013), this causes
a positive K-correction to enter filters at longer wavelengths, thus gaining some extra-
IR flux with increasing redshift. With the sensitivity limits of GOODS-H, Fig[2.3] shows
that the minimum Lig detectable by Herschel in the local Universe is much lower at

shorter wavelengths. Moving at higher redshifts, longer wavelengths (e.g. SPIRE) become
comparably sensitive to shorter ones (e.g. PACS) with increasing redshift. In the following

we provide a short description of the Herschel-selected catalogues in the above-mentioned
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Table 2.1: Main properties of the Herschel surveys used in this study. We list PSF beam, central
point and 30 flux density limits for each field used in this Thesis, spanning from 24 to 500 pm.
“...” indicate that observations in a given band are not available.

24 pm 70 pm 100 pm 160 pm 250 pm 350 pm 500 pum

FWHM (arcsec) 5.7 5.8 6.7 11.0 18.1 24.9 36.6
Field Central point Depth (30)

nly mJy mJy mJy mJy mJy mJy
GOODS-8 03h32™, —27°48' 20 1.1 1.2 2.4 7.8 9.5 12.1
GOODS-H (South) 03"32™, —27°48' 20 .. 0.8 24 . o ..
GOODS-N 12236™, +62°14' 21 .. 3.0 5.7 9.2 12 12.1
GOODS-H (North) 12"36™, +62°14’ 21 . 1.1 2.7 5.7 7.2 9.0
COSMOS 00"00™, +02°12’ 45 - 5.0 10.2 8.1 10.7 15.4

Figure 2.4: RGB composite images of COSMOS (left) and GOODS-H South (middle) observed
with Spitzer /MIPS at 24 pum (blue) and with Herschel /PACS at 100 pm (green) and 160 pym (red).
The composite image of the GOODS-H North (right) includes observations with PACS at 100 pym
(blue) and 160 pm (green) and with SPIRE at 250 pm (red).

fields. We refer the interested reader to the offical PEP and HerMES releases, publiclyﬂ
available at http://www.mpe .mpg.de/ir/Research/PEP/public_data_releases.php and
http://hedam.lam.fr/HerMES/index/download, respectively.

2.3 Data handling

The best suited observing mode for covering Herschel surveys is the scan map, where
the telescope moves along parallel paths, scanning also along orthogonal lines to ensure a
uniform coverage of the entire area. This strategy ensures relatively flat background maps.
Before the extraction of source counts, an accurate determination of the total noise level
is required, particularly of the “instrumental noise” and the “confusion noise”. We refer the
reader to [Lutz et al|(2011), Oliver et al. (2012) and [Magnelli et al.| (2013)) for a detailed
description of the observing strategy adopted in the PEP, HerMES and PEP/GOODS-H

®The HerMES Data Release 2 for the GOODS and COSMOS fields includes the bright (>50) HerMES
catalogues only, while the full version (>3c) is not currently accessible to the public.


http://www.mpe.mpg.de/ir/Research/PEP/public_data_releases.php
http://hedam.lam.fr/HerMES/index/download
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Figure 2.5: Postage stamp images of the same 4x4 arcmin? region in the Hubble Ultra-Deep
Field North (HUDF-N). Data are from the GOODS project (24 pm), the combined PEP and
GOODS-Herschel data (70-160 pm), HerMES (250-500 pm), and the groundbased LESS survey
(870 pm, Weik et al.| (2009)). Adapted from |Lutz (2014)).

surveys, respectively.

Instrumental and confusion noise

The instrumental noise is linked to the imperfect detector capabilities of identifying a “real
source” from a “spurious signal”. This source of uncertainty can be accounted for through
Monte Carlo simulations, but is generally not as much relevant as the confusion noise. This
latter relates to the (stochastic) fluctuations of the background sky brightness below which
sources cannot be detected individually. The confusion limit is dependent on the telescope
aperture, observation wavelength and the position on the sky. Due to the limited telescope
diameter compared to the observed wavelength, these fluctuations may particularly affect
the total noise budget in FIR and sub-mm observations. As a consequence, SPIRE obser-
vations get more rapidly limited by confusion than those obtained by PACS. In Fig.
we show some postage stamp images of the same sky area taken at different wavelengths,
from 24 to 870 pm. Looking at those related to Herschel filters (all but the upper-left
and the bottom-right panels), these images show an increasing degradation with observed
wavelength. |Nguyen et al.| (2010) measured the confusion noise from SPIRE observations
taken in the GOODS-N. They estimated a 3o confusion noise of 14.4, 16.5 and 18.3 mJy at
250, 350 and 500 pm, respectively. Berta et al. (2011) and Magnelli et al.| (2013)) measured
a confusion noise of 0.6 and 2.0 mJy (30) at 100 and 160 pm, respectively. GOODS-H
observations in both South and North deep fields are always limited by confusion, except
for PACS-100 pm in the GOODS-N (Elbaz et al|]2011). SPIRE sensitivities reported in
Table 2.1 in the GOODS-S and the GOODS-N include also confusion noise]

5We caution that SPIRE sensitivities listed in Table for GOODS-H (North) observations apply only
to the sub-sample of “clean” galaxies, located in isolated regions of the 24 pm maps, so they should be
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Flux extraction

Due to confusion issues, SPIRE flux densities at 250, 350 and 500 pm were derived with a
point spread function (PSF) fitting analysis guided using the position of sources detected
in deep 24 um observations from the MIPS onboard Spitzer (Magnelli et al|2009). The
underlying assumption is that all the sources detected at the reference (longer) wavelength
have been observed at the prior (shorter) wavelength. This is true for almost all (>95%)
MIPS-24 pm sources, since Spitzer observations are much deeper than Herschel ones with
respect to an average MIR-to-FIR SED (Magdis et al.[2011]). The “prior” extraction signifi-
cantly reduced blending issues and provides reliable association between MIPS and SPIRE
sources (Roseboom et al.|2010)). An alternative approach is called “blind” extraction, which
allows to extract flux densities using a blind PSF—ﬁttinéZ]7 i.e., without taking as prior in-
formation the expected positions of sources. The advantage is that this method can be
used regardless of whether a source is detected or not at shorter wavelength, but it is more
affected by blending issues. However, checks have been made by Lutz et al.| (2011) and
Magnelli et al.| (2013) in the PEP survey, reporting a satisfactory agreement between these
two techniques.

In all the fields studied in this Thesis (i.e. the GOODS-S, GOODS-N and COSMOS),
we make use of the “blind” versions of the PACS catalogues, while SPIRE fluxes are taken

from the “prior” catalogues centered on MIPS-24 pum positions.

Multi-wavelength cross-match

The cross-match with photometry at different wavelengths can be accomplished through
various approaches. The neighbour method depends on the angular distance between the
reference source and its presumable counterpart observed at another wavelength. The
counterpart is selected to have the minimum projected distance from the source of inter-
est. A more suitable method is the likelihood ratio algorithm (Sutherland & Saunders
1992; |Ciliegi et al. 2001), which selects the most probable counterpart for a given source,
according to a statistical analysis that accounts for the magnitude distribution of the back-
ground sources close to the presumable counterpart, their angular distances, and the local
background levels. A more detailed description of the multi-wavelength identification with

ancillary photometry will be presented in Section [3.1.1]

2.4 An unbiased tracer of galaxy star formation

In this Section we focus on the Herschel capabilities of measuring the total IR budget
related to galaxy star formation, which is essential to calibrate dust-insensitive tracers of
SFR.

considered as underestimates. See |Elbaz et al.| (2011) for details.
"The PSF-fitting is performed by using the Starfinder tool (Diolaiti et al.[2000).
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2.4.1 Total (8-1000 pm) IR emission from dust

Probing the total IR luminosity (Lig computed in the rest-frame 8-1000 pm) of galaxies
before the advent of the Herschel satellite was not trivial. Previous estimates of Lig
had to rely on large corrections for dust attenuation (Meurer et al. 1999)), or near-IR
SED fitting (Polletta et al. [2007), or MIPS-24 pum photometry (Elbaz et al. [2007), or a
combination of these methods. Subsequently, |[Elbaz et al. (2010) demonstrated that the
required extrapolations of Lig from the MIPS-24 pum passband, based on the assumption
that the IR SEDs of star forming galaxies remained the same at all epochs, provided good
Lig determinations (1o dispersion around 0.15 dex) up to z~1.3. At higher redshift, these
methods required strong and uncertain extrapolations that were calibrated locally, but
insufficiently tested at z>1.3.

Studies focused on Spitzer z~2 ULIRGs (Papovich et al.|2007; [Daddi et al.|2007)), sub-
sequently confirmed by Herschel (Elbaz et al.|2010, 2011; Nordon et al.|2012)), pointed out
that estimates of SFR based on extrapolations of 24 ym photometry from local templates
were overestimated by a factor of ~5. This discrepancy has been observed in galaxy sam-
ples at z~2, where the potential rest-frame emission from PAHs enters the MIPS-24 pym
filter. Possible explainations of this “mid-IR excess” invoked an intrinsic evolution of the
MIR-to-FIR SEDs of galaxies, or the presence of extra-dust emission due to warmer (few
100 K) circum-nuclear dust heated by an AGN. However, thorough analyses of InfraRed
Spectrograph (IRS) spectra of z~2 ULIRGs (Nordon et al.[2012) have disclaimed AGN
activity from explaining this discrepancy.

More recently, using deep GOODS-H observations in the FIR, Elbaz et al.| (2011)) argued
that no intrinsic SED evolution was responsible for explaining the observed discrepancy.
They found that z~2 ULIRGs are simply analogs of local “normal” galaxies, scaled up in IR
luminosity. On the other hand, these studies have shown that galaxies on the star forming
“main-sequence” have more extended star formation, and exibit intrinsically different SEDs
compared to compact “starbursts” that lie above the main-sequence. This result suggests
that the most appropriate parameter to distinguish among galaxy SEDs is the offset from
the star forming main-sequence. We refer the reader to Section and for more

details about this distinction.

2.4.2 Measuring dust-insensitive SFRs

In the context of galaxy formation and evolution, “calorimetric” rest-frame FIR measure-
ments obtained with Herschel allow to get direct and reliable measurements of the galaxy
SFR. At FIR wavelengths, the emission from galaxies is generally dominated by dust grains
in thermal equilibrium at low temperatures (T~20 K). The grain temperatures depend sen-
sitively on the intensity of the interstellar radiation field. This is the reason why the peak
of the FIR SED of a galaxy is a good indicator of its current SFR.

As a consequence, the measurement of the SFR can be inferred by integrating Lig
through commonly adopted conversion factors. One of the most widely used is that in-
troduced by Kennicutt| (1998): SFR [Mg yr~!] = 10719 (Lig/Lg), scaled to a (Chabrier
(2003) initial mass function (IMF).
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Whatever relation is used to translate Lig to SFR, it typically relies on some basic
assumptions. Below we demonstrate that most of them are justified in studies dealing with
samples of Herschel galaxies.

1. Typical Lig-to-SFR relations assume that the dust luminosity is totally attributed
to young stars. However, the fraction of dust heating from young stars varies by
a large factor among galaxies. While in bulges of local spirals with low sSFR, this
fraction can reach ~90%, in starburst galaxies nearly 100% of the dust heating arises
from young (<1 Gyr old) stars (Kennicutt & Evans||2012)). This implies that such an

assumption is safely applicable to samples of Herschel galaxies.

2. Translating Lig to SFR assumes that the global star formation of the galaxy is totally
obscured by dust. Indeed, the estimate of SFR computed by integrating the total
IR luminosity of a galaxy template is a tracer of the obscured star formation. Short
wavelength tracers (e.g. UV slope, Ha, see Dominguez Sanchez et al.|2014) have been
used to quantify the escaping fraction, in order to evaluate the fraction of obscured
vs unobscured star formation. For instance, |Magnelli et al| (2013)) compared the
evolution of the obscured vs unobscured SFRD at different cosmic epochs. They
found that the unobscured SFR density accounts for about ~25%, ~12% and ~17%
of the total SFRD of the Universe at z~0, z~1 and z~2, respectively. The difference
is even larger if considering massive (M, >10'! M) star forming galaxies detected
by Herschel, where the obscured-to-unobscured SFR can reach typical values of 5-10.

3. No AGN heating of dust is usually taken into account. Herschel studies of X-ray
AGN hosts have demonstrated that in more than 90% of PACS-selected galaxies,
FIR fluxes are dominated by emission related to star formation in the host (Shao
et al. [2010; [Mullaney et al. [2012b; |[Rosario et al. 2012, |2013). As a consequence,
this assumption is believed not to affect the derived SFRs. However, only decoupling
the AGN emission from that related to the host in the IR domain enables to remove
any potential systematics in measuring SFRs. We refer to Section [3.2] for a detailed

description of this approach.

The validity of these assumptions make Herschel data particularly powerful to measure
the global SFR in galaxies. A number of studies confirm that, as long as one of the either
PACS or SPIRE bands is near the star formation FIR peak, the derived IR luminosities are
solid within 0.1-0.2 dex uncertainties (Elbaz et al.|2011, Nordon et al. 2012, Berta et al.
2013al, Magnelli et al.|[2013). It is now well established that Herschel-based SFRs are the
most robust ones, followed by a hierarchy of alternative estimates, spanning (in order of
decreasing SFR) from MIR, NIR SED-fitting and finally to UV-corrected measurements.

Moreover, the robustness of Herschel measurements has allowed also to establish impor-
tant correlations with radio luminosity (Ivison et al.[2010; [Magnelli et al.|[2014} [Maglioc-
chetti et al|2014) and X-ray luminosity (Symeonidis et al. 2014)), that are commonly
applied as alternative tracers of the galaxy SFR.
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2.5 Herschel insights on the evolution of AGN
and star forming galaxies

In this Section, we describe the innovative aspects and the scientific impact of the Herschel
satellite. The combination between unprecedented sensitivity and reduced beam size at
FIR wavelengths, makes Herschel a unique tool to measure the IR emission of star-forming
galaxies and investigate the evolution of the cosmic star formation history (CSFH) up
to z23. In this Section we describe recent results based on Herschel data which have
significantly improved our knowledge of galaxy properties and their evolution across the
cosmic time. These pieces of work introduce several aspects that will be analysed in the
context of this Thesis.

2.5.1 Two modes of star formation

First suggested by studies based on Spitzer photometry (Brinchmann et al.|2004; Noeske
et al. [2007; Daddi et al. [2007; Elbaz et al.[2007), star-forming galaxies up to z~2 have
been shown to follow a remarkably tight (1o scatter ~ 0.3 dex) relation between SFR and
M,, frequently called “star formation main-sequence” (MS hereafter). This relation shows
a positive trend of the type SFRxM$, with a ~0.6-1, and its normalization evolves with
redshift as SFR/M, o (142)2573, at least up to z~2. This relation has been intepreted as
the evidence that most of galaxies evolve in steady-state, spending much of their lifetime
getting fueled by continuous inflows of cold gas and/or other secular processes (Dekel et al.
2009; (Ciotti et al.[2010). Starburst galaxies stand out from the MS relation, while passive
systems populate the region below the MS, closely resembling the distribution of galaxies
in the colour- mass diagram into blue cloud and red sequence (Section .

More recent Herschel-based studies (Elbaz et al.|2011) have confirmed the previous
trends, uncovering the evolution of the MS relation at least up to z~3 (Magdis et al.|2013).
The combination between Herschel-selected samples and the existing star forming BZKﬁ
galaxies with lower SFRs has allowed to investigate for the first time the contribution of
starbursts to the cosmic SFRD. |Rodighiero et al.|(2011) estimated that starburst galaxies,
defined to have > 4 times larger SFRs compared to the MS rate at a fixed M, (see Fig.
1 of [Rodighiero et al.2011)), only contribute for ~10% to the global SFRD. By applying
a smoother parametrization (a double gaussian rather than a single threshold) to distin-
guish among these two populations, |Sargent et al. (2012) have validated previous findings,
claiming that these outliers contribute up to 20% of the global SFRD.

In summary, studies based on Herschel data have shed light on the cosmic incidence
of these two-fold galaxy populations in tracing the global star formation history since
more than 10 Gyr ago. A relatively steady state rate in disks galaxies, which defines
the star formation main-sequence, and a starburst mode in outliers of this relation. As
mentioned in Section powerful starburst galaxies are generally interpreted as regulated

by major mergers, especially in the local Universe. However, only direct measurements of

8The BzK technique has been introduced by [Daddi et al.| (2004). Requiring BzK = (2 — K)ap —
(B — z)aB > —0.2 enables to select highly complete samples of star forming galaxies in the redshift range
1.45252.5.
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cold molecular gas content inside these galaxies, such as CO line observations at mm
wavelengths with ALMA and/or IRAM (see comprehensive review by Carilli & Walter
2013) can help us testing the merger-driven paradigm for these outliers and finally establish
the primary mechanism responsible for fueling galaxies evolving steadily on the MS or
starbursting well above it.

2.5.2 A census of the cosmic star formation history

A comprehensive understanding of the global evolution of the SFRD through cosmic time
requires to apply different, but complementary methods to take a census of both obscured
and unobscured star formation in galaxies.

A reliable way of measuring the obscured CSFH is by looking at the evolution of the IR
luminosity function and luminosity density. Pre-Herschel studies required to extrapolate
locally determined galaxy templates up to the total IR regime, and were also significantly
limited in terms of Lig range spanned by observations. A great improvement has been
achieved through the combination of PEP /HerMES and GOODS-H surveys covered by FIR
observations (Gruppioni et al.[2013; [Magnelli et al.[2013)). Employing Herschel photometry
from both PACS and SPIRE instruments allows to sample the rest-frame peak of star
formation at least up to z~3. In addition, combining rest-frame FIR observations in
deep GOODS fields, as well as in the shallower and wider ECDFS and COSMOS, makes
possible to span an unprecedented range in Lig, with highly reliable measurements of SFR.
Gruppioni et al.| (2013]) used PACS-selected galaxies at 160 pm supplemented with SPIRE
observations up to 500 um to derive the total IR luminosity function up to z~4 (due
to the selection at rest-frame A <200 pm, the highest redshift bin may be a mild lower
limit), while Magnelli et al.| (2013)) exploited the deepest PACS data from the combined
PEP/GOODS-H observations. Fig. shows (left panel) the evolution of the total IR
luminosity function derived from Gruppioni et al. (2013)), as well as the corresponding dust-
obscured SFRD (right panel), including also consistent derivations obtained by [Magnelli
et al.| (2013)).

As expected given the significant overlap in terms of sample selection and statistical
approaches, both studies claim a combined luminosity and density evolution of the total
IR luminosity function with increasing redshift. This finding implies a strong evolution of
the obscured SFRD up to z~1.1, reaching ~6 times higher values with respect to the local
determination from [Sanders et al.| (2003). At higher redshift, the global SFRD flattens up
to z~3, where incompleteness effects prevent accurate determinations. Importantly, these
works have also quantified the increasing importance of ULIRGs with redshift to the total
IR luminosity density, passing from 0.4% at z~0 to 50% at z~2. On the other hand, the
SFRD due to luminous infrared galaxies (LIRGs, L<10'!'L) peaks at z~1.

An estimate of the unobscured part of the global SFRD has been derived from [Cucciati
et al. (2012) through the rest-UV luminosity function. |Burgarella et al| (2013) compared
their derivation with the obscured SFRD from |Gruppioni et al| (2013)). The IR-to-UV
luminosity density ratio provides at any epoch the average level of dust obscuration of the
underlying galaxy populations. This ratio is found to increase by a factor of a3 from the
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Figure 2.6: (Left panel): cosmic evolution of the total IR luminosity function, as derived from
Gruppioni et al| (2013). Right panel: evolution of the obscured SFRD obtained from
et al.| (2013, red), Magnelli et al.| (2013, blue), Casey et al.|(2012, black) and the local measurement

given by Sanders et al.| (2003, green). Taken from .

local Universe to z~1.2, decreasing at higher redshifts. This finding is interpreted as due to
an intrinsic evolution of the average dust attenuation in galaxies with a peak around z~1.2,

suggesting that dust is dominant at 1<z<2, but less important at high (z>4) redshift.

2.5.3 Hunting for heavily obscured AGN

The heavily obscured (Ng >10% ¢cm~2) AGN population holds a great relevance in the
context of AGN/Galaxy evolution. According to several evolutionary models (see Section
, heavily obscured AGN might witness a key stage of AGN/Galaxy evolution, where
both the central SMBH and its host galaxy grow rapidly, enshrouded in dense environments

of dust and gas, probably fueled by major mergers (e.g. Hopkins et al.[2008). In the extreme

case of optically thick (Ng >10%* cm~2) gas clouds, these systems are not accessible even by

the deepest X-ray surveys (Brandt & Hasinger|[2005a)) and are commonly called Compton
Thick AGN. Detecting large samples of CT-AGN would allow us to constrain the AGN
duty-cycle and test several models to explain the empirical evidences of AGN/Galaxy co-
evolution observed in the nearby Universe (Section .

It has become clear that a panchromatic approach is invaluable to detect this elusive

AGN population. Some progresses have been made by performing stacking on Chandra

X-ray images at the positions of luminous z~2 BzK galaxies (Daddi et al.2007) or MIR-
excess sources (Fiore et al.2009). An alternative approach to identify “bona-fide” CT-AGN
candidates is through optical spectroscopy (e.g. [Ne V]; |Gilli et al|2010; [Vignali et al,
2010; Mignoli et al[2013)) or MIR spectroscopy (Bauer et al.|[2010; Alonso-Herrero et al|
2012). However, identifying heavily obscured AGN remains a considerable challenge, since

significant gas and dust absorption might originate from both the host galaxy and the
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Figure 2.7: Relation between AGN luminosity and mean FIR luminosity computed at rest-frame
60 pm, as taken by Rosario et al| (2012)). Black points are taken from Swift-BAT observations
of nearby hard X-ray AGN, while coloured points identify X-ray selected AGN in the GOODS
and COSMOS, binned along both axes and split in 5 different redshift bins. The grey shaded
area identifies the locus in the Lig-to-Lagn plane corresponding to AGN dominated SEDs. The
black dashed line marks the Netzer| (2009)) relation (Ligr o< L&), while the coloured lines are the
functional fits to the mean measurements in various redshift bins.

AGN itself.

A significant improvement can be achieved through Herschel data. Despite Herschel-
PACS/SPIRE photometry alone is not much sensitive to the presence of a possible warm
dust component heated by an obscured AGN (peaking around 10-20 um), a combination
with Spitzer data would significantly improve the accuracy of AGN and galaxy SEDs,
therefore allowing the AGN emission component to be isolated (Juneau et al.[2013; |[Berta,
et al.2013b)). Several works have been applying this panchromatic approach (e.g. |Fritz
et al.|2006; [Mullaney et al.|2011; [Lusso et al.|2012; [Pozzi et al.||2012}; [Del Moro et al.|[2013}
Feltre et al.|[2013)), including that presented in this Thesis (see Chapter .

2.5.4 Does AGN activity suppress or correlate with galaxy SF?

The Herschel capabilities of measuring the galaxy SFR are particularly useful to derive
robust estimates of SFR in AGN hosts. As discussed in Section [2.4] this implicitly assumes
that the rest-frame FIR spectrum is weakly affected by a possible AGN emission compo-
nent. Despite the large scatter in star-forming galaxies and AGN SEDs published in the
literature (e.g. Polletta et al.[2007; Mullaney et al. 2011; Berta et al.[2013b), all of them
consistently support the FIR as the spectral domain where the contrast between galaxy and
AGN emission stand out most clearly. To test this hypothesis, one possible approach is to
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decompose the broad-band AGN+host SEDs (e.g. Netzer et al. 2007; Mullaney et al.[[2011}
Mor & Netzer|2012)), combining multi-wavelength photometry with Spitzer-IRS spectra in
the MIR regime, to disentangle dust emission due to heating from either star formation or
AGN activity. An alternative approach that can be applied to larger statistical samples
(where IRS spectra are not available) is to compare rest-frame FIR colours of (z<3) active
galaxies to those taken from a control sample of inactive galaxies at similar redshift and
M, (e.g. Hatziminaoglou et al.|2010; Rosario et al.||2012)), selected on the basis of their
X-ray luminosity. All these studies point out that the average FIR content of AGN hosts
arises primarily from the host galaxy emission. This is the main reason why several works
exploit Herschel data to investigate the link between star formation and AGN accretion in

active galaxies.

Studies from optical and X-ray selected samples

Different studies of X-ray selected samples of luminous (Lx >10%* erg s~') AGN indicated
the presence of a correlation with the global SFR of their hosts. Netzer| (2009)) analysed
low-redshift (z<0.2) optically-selected type-2 AGN, finding that SFR L%OSL AcN over four
orders of magnitude in AGN luminosity. They interpreted this correlation as driven by
galaxy major mergers, as proposed by [Lutz et al.| (2008) for bright QSOs at z~2. The
improved sensitivity and statistics inferred by Herschel data allowed to uncover charac-
teristic trends between mean SFR and AGN accretion in less luminous AGN and in less
star-forming hosts (Shao et al. 2010; Rosario et al|2012). Fig. shows the relation
between AGN luminosity and rest-frame FIR luminosity vL, at rest 60 pum (related to
galaxy SFR) studied by [Rosario et al.| (2012)). They considered a sample of X-ray selected
AGN at 0.2<z<2.5 in the GOODS and COSMOS fields, both detected and stacked on
Herschel-PACS maps. The observed relations are found to depend on both luminosity and
redshift. At z<0.8, they identified a positive correlation for luminous AGN (Lagn ~10%
erg s~ 1), validating previous analyses of local hard X-ray AGN from Swift-BAT (Cusumano
2009). On the other hand, less luminous AGN at the same redshift are weakly dependent
on the mean galaxy SFR. The authors intepreted this observation as a sign of an increasing
relevance of major-mergers in driving both the growth of SMBHs and global star formation
in their hosts at high AGN luminosities. At 0.8<z<2.5 the mean SFR steeply evolves with
redshift, but with no significant dependence on the AGN luminosity, suggesting that the
role of mergers is less important at these epochs. This lack of trend confirms independent
results found in moderately luminous (Lx <10* erg s~!) X-ray selected AGN (e.g. [Shao
et al|[2010; [Mullaney et al. 2012a; Rovilos et al. 2012)). These results support a two-fold
mechanism scheme to explain the observed trends of AGN accretion with galaxy star for-
mation, where galaxy mergers dominate in the QSO regime, and secular processes regulate
SMBH growth at lower AGN luminosity.

As reported in Section [2.5.1] it is generally believed that star formation in galaxies on
and above the MS relation is triggered and fueled through different mechanisms. It is rele-
vant to ask whether these two-fold schemes, for both SMBHs and their star-forming hosts,
are somewhat connected one to the other. Moreover, this implicitly relates to the question
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of whether AGN accretion quenches or triggers star formation in galaxies. Enlightening
results have been obtained by analysing Herschel-based SFRs in samples of X-ray selected
(Lx <10* erg s7!) AGN hosts.

1. The average SFR is enhanced in X-ray AGN hosts with respect to a control sample
of mass-matched inactive galaxies at the same epoch (Santini et al.|2012), including
both quiescent and star-forming systems.

2. The same analysis leads to consistent mean SFRs if comparing to a reference sample
of mass-matched MS galaxies only (Mullaney et al.[2012b; [Santini et al.|2012; Rosario
et al.[2013)).

3. The fraction of X-ray AGN hosts at 0.5<z<2 detected by Herschel-PACS observa-
tions is systematically higher than what obtained from a control sample of inactive
galaxies (Rosario et al.|2013)), suggesting that X-ray AGN hosts are preferentially
found in star-forming systems, therefore less likely to be “quenched” than inactive

galaxies.

4. Most (=80%) of X-ray selected AGN hosts lie on the main-sequence, while the rest of
the sample are placed roughly half above and half below the MS relation (Mullaney
et al. 2011). This suggests that active galaxies are preferentially hosted in star-
forming systems (Rosario et al.|2013)).

5. The comparison between mean SFRs of obscured AGN are consistent with those
inferred for unobscured AGN, on the basis of X-ray and optical spectra (Rosario
et al.|2012; Rovilos et al.|[2012; Merloni et al. [2014]).

Though these studies do not allow to establish to what extent the AGN activity is
connected to global star formation, they strongly argue against an overall suppression of
star formation in X-ray selected AGN hosts (Harrison et al.|2012). These findings are
further supported by morphological studies of AGN hosts that did not find any evidence
for an increasing merger fraction in AGN hosts compared to a reference sample of inactive
galaxies (e.g. [Cisternas et al.|2011; see Section .

These trends apply to large statistical samples, therefore may still leave some room for
quenched SF in a fraction of luminous AGN hosts. Compelling Herschel-based evidence
for possible AGN-driven quenching has been suggested in some massive radio-excess AGN
(Del Moro et al.|2013)), that showed lower SFRs compared to inactive galaxies at the
same redshift. In addition, sub-mm CO observations of fast (~1000 km s~1) and massive
(outflow rates up to ~1200 My, yr—!) molecular outflows (e.g. [Feruglio et al.[|2010; Sturm
et al.[2011; |Veilleux et al.[2013; |Cicone et al.[2014b]) might be considered interesting cases
of “smoking-gun” (perhaps AGN-driven) quenching, where the cold gas is rapidly (10%-108
yr) swept outward but not yet depleted.

Studies from IR selected samples

The above-mentioned Herschel-based studies have significantly reinforced the idea that
most of the SMBH growth takes place in star-forming systems. This argument has been
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reversing the way of investigating the AGN/Galaxy evolution, e.g. by selecting samples
of star-forming galaxies and probing their mean AGN accretion activity through X-ray
observations.

Studies exploiting Herschel-selected galaxies at z<1 have found that SFR of AGN hosts
correlates with the average My, (Rafferty et al)[2011; |Chen et al|[2013). [Mullaney et al.
(2012al) analysed a sample of star forming BzK-selected galaxies at z~1 and z~2 in the
GOODS-South field, finding that SFR and mean AGN accretion correlate linearly with
galaxy M, in both epochs. These trends are consistent with the existence of the so-called
“AGN main-sequence” in which SFR and AGN activity are tightly linked one to the other
since z~2. Though this simple picture fits well the similarity between CSFH and SMBH
accretion history (Madau & Dickinson! 2014])), this interplay is not probed for individual
galaxies, as reported also from studies of X-ray selected AGN hosts (e.g. |[Rosario et al.
2012).

A possible explaination (Mullaney et al. [2012aj; Hickox et al. 2014)) is that the AGN
main-sequence is “hidden” behind different variability timescales between accretion onto
the central BH (=10°-10° yr) and the global SFR of its host (=108 yr). Indeed, deriving
properties from samples of AGN implies that the resulting AGN accretion rates are aver-
aged over galaxy evolution timescales, which are much longer compared to AGN activity
(Aird et al|[2012). Since the distribution of AGN Eddington ratios does not depend sig-
nificantly on the properties of AGN hosts (Bongiorno et al|2012), studying the average
AGN luminosity of a population allows to smooth over the variations of individual sources,

studying the long-term Mbh) in any sample of galaxies.

In light of the above-mentioned studies exploiting IR and X-ray observations of z<2
AGN hosts, it has becoming progressively clear that AGN are preferentially hosted in
galaxies with on-going star formation and that are mostly placed on the star forming
main-sequence. Detail mechanisms for fueling AGN accretion and galaxy star formation
are not yet well constrained. However, it is generally believed that major mergers might

0* erg s~!) AGN, while secular

play some role in low-redshift, high-luminosity (Lx >1
processes and rapid AGN variability may explain the lack of correlation between SFR and

AGN luminosity in moderately luminous (Lx <10%* erg s7!) AGN.

According to these findings, studying AGN accretion and star formation processes in
Herschel-selected galaxies allows to investigate the interplay between these two emission
components without strong biases against obscured star formation or obscured AGN ac-
tivity. In this Thesis, we take advantage of FIR data taken from Herschel observations
of large samples of star forming galaxies, combined with multi-wavelength ancillary data
down to the optical /UV. This allows us to infer robust measurements of the total IR budget
for each source, paving the way to isolate the possible AGN emission from that related to
the host galaxy (see Chapter [3)).






Chapter

SED-fitting decomposition

In this Chapter we present our broad-band SED-fitting decomposition analysis, that is
devoted to isolate the AGN energy contribution from that related to the host galaxy across
the electromagnetic spectrum. Distinguishing between these two emission components is
extremely useful for many applications. The most robust and related to the present work
are:

1. to derive integrated galaxy properties, such as SFR and M,, both corrected for the
contribution due to the presence of a possible AGN (Section [3.2));

2. to calculate AGN bolometric luminosities for both unobscured and obscured AGN

(Section and ;

3. to identify star forming AGN hosts from “inactive” galaxies, on the basis of the sta-
tistical incidence of the AGN emission component across the observed SED (Section

39).

FIR photometry taken from PACS and SPIRE instruments onboard Herschel gives an
invaluable contribution to assess the star formation content of each galaxy, since FIR data
are sensitive to the star formation rest-frame peak over a wide range of redshifts. How-
ever, an additional contribution can arise from warmer nuclear dust heated by material
accreting onto the SMBH rather than stellar processes. The combined Spitzer and Her-
schel capabilities are paramount to reach a complete assessment of the dust content at
different temperatures stored across the IR domain. This is the reason why a broad-band
photometric coverage down to the optical /UV regime is necessary to fully characterise each
observed SED and to constrain galaxy templates towards a meaningful best-fit solution.

In Section we describe the sample of Herschel-selected galaxies that we have ex-
ploited from PEP, HerMES and GOODS-H surveys in the GOODS-S, GOODS-N and
COSMOS fields (see Section . Here we focus on the multi-wavelength identification
and redshift measurements of our sources. Subsequently, the SED-fitting decomposition
technique is presented and discussed in Section [3.2] and 3.3 We performed a statisti-
cal analysis to classify Herschel sources between AGN host galaxies or “inactive” galaxies
(Section , investigating also how the fraction of sources identified as AGN evolves with

45



46 3. SED-fitting decomposition

redshift and IR luminosity (Section [3.5)). Different tests have been made in Section
to compare AGN luminosities and SED-fitting classification with those inferred from in-
dependent AGN diagnostics. Finally, the use of SED-fitting decomposition to search for
heavily obscured AGN is discussed in Section and

3.1 The parent sample

Our parent sample exploits Herschel-PACS (Data Release 1) and SPIRE observations in
the GOODS-N (a190 arcmin?), GOODS-S(~190 arcmin?) and COSMOS (about 2 deg?)
fields. In the following we present our Herschel-selected sample and briefly mention the
cross-match with multi-wavelength ancillary photometry, referring the reader to|[Lutz et al.
(2011)); Berta et al. (2011)); |Oliver et al.| (2012)) and Magnelli et al. (2013) for a detailed
explaination of data reduction and construction of multi-wavelength catalogues.

3.1.1 Multi-wavelength identification

In both GOODS fields, the Herschel-selected sample includes all sources with >30 flux
density in at least one PACS band. FIR data are taken from the blind catalogues described
in Magnelli et al.| (2013)) that combine the data of PEP (Lutz et al.[2011) and GOODS-H
(Elbaz et al.2011) surveys. In the COSMOS field, we consider all sources with >30 flux
density in at least one PACS band. In addition, our sample also includes SPIRE-250 pum
selected galaxies (Oliver et al.|2012) without a counterpart in PACS observations. We
exploited this double selection only in COSMOS, since SPIRE-250 pum observations in
this field reach similar sensitivities to those achieved by PACS (see Section [2.3)). We also
checked that the redshift distribution and the average Lir obtained from SPIRE-selected
sources without PACS detection closely resembles that of PACS-selected galaxies. As a
consequence, the inclusion of SPIRE-selected sources in COSMOS allows roughly to double
our sample of star forming galaxies in this area without introducing a significant bias in
our analysis.

The cross-match between FIR data and the extensive broad-band photometry available
in all these fields has been accomplished via a likelihood ratio algorithm (Sutherland &
Saunders||1992; (Ciliegi et al.|2001). FIR-to-MIR associations have been made by starting
from the longest PACS wavelength available, and progressively matching with PACS de-
tections at shorter wavelengths, down to MIPS-24 pym (see Lutz et al.[2011). In all fields,
MIPS-24 pm positions have been used as priors to extract SPIRE fluxes up to 500 pm
(Roseboom et al. [2012]).

In both GOODS fields, the cross-match from MIR to optical/UV wavelengths is de-
scribed in detail by [Berta et al.| (2010, 2011)) and Magnelli et al.| (2013). Briefly, MIPS-
24 pm fluxes have been cross-matched with Spitzer-IRS fluxes at 16 pum (when available)
and Spitzer-IRAC detections down to 3.6 um, using the latter positions as priors. PSF-
matched photometry at shorter wavelengths connects IRAC fluxes with those at NIR (J,
H, Ks), optical (b, v, ¢ and z bands with HST-ACS) and UV (WFI 3500 and 3800A in the
GOODS-S; U-band with CFHT in the GOODS-N) wavelengths, collecting up to 21 and 19
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pass-bands in theGOODS-Sand GOODS-N, respectively. These catalogues provide with
892 (GOODS-S) and 850 (GOODS-N) FIR-selected sources with broad-band photometry
down to the optical/UV.

An extensive ancillary photometric is available also in COSMOS, where MIPS-24 ym
fluxes of PEP /HerMES sources have been cross-matched to the optically-based catalogues
(Capak et al.[[2007; [[Ibert et al.2009), via a nearest neighbour method. These associations
allow to collect up to 19 pass-bands, spanning MIR (MIPS-24 ym and IRAC bands), NIR
(J, Ks bands from CFHT), as well as optical/UV (U, b, g, v, r, i, z imaging taken from
CFHT) wavelengths. Totally, the number of FIR sources in COSMOS with either PACS
or SPIRE-250 pum detections is about 17000. This sample has been limited to the sub-area
covered by Chandra-COSMOS (Elvis et al.|2009; Civano et al.|2012) observations (i.e. 0.9
instead of 2 deg?), since our sample will be cross-matched with available X-ray data in the
common area (see Section [5.2). This cut leads to a total number of 7272 sources.

3.1.2 Spectroscopic and photometric redshifts

We collect a total number of 8964 Herschel-selected galaxies across all fields, out of which
8948 at z<4. Extensive redshift compilations are publicly available in COSMOS and in the
GOODS-S/N fields. In Fig. the redshift distributions for the GOODS and COSMOS
samples are shown, distinguishing between spectroscopic (red) and photometric (blue)

measurements. We defer the reader toBerta et al.|(2011)) for a careful description of redshift

catalogues. Here below we provide a list of references of redshift measurements. The
redshift completeness for our Herschel sources with counterpart in optical /near-infrared
catalogs reaches 100% in all fields.

e GOODS-S: we extended the original spectroscopic sample presented by [Grazian et al|
20006| and |Santini et al.|2009|in the GOODS-MUIti-wavelength Southern Infrared Cat-

alog (GOODS-MUSIC) using redshifts from public spectroscopic databaseﬂ including
more than 3000 sources (Cristiani et al|2000; (Croom et al.|2001; Bunker et al.|2003;

Dickinson et al.[2004; [Stanway et al.|[2004alb} [Strolger et al.][2004; [Szokoly et al.[2004}
[van der Wel et al.[2004; [Doherty et al|2005; [Le Févre et al.[2005; Mignoli et al.[2005}

Vanzella et al.|[2008} [Popesso et al.|[2009; [Santini et al|2009; Balestra et al.[2010}
|Cooper et al.|[2012; Kurk et al.[2013). We used this database to enrich the GOODS-

MUSIC spectroscopic catalogue, replacing photometric redshifts with the up-to-date

spectroscopic ones in the case of “secure” redshift determination (according to the

scale adopted by Balestra et al.|(2010). The final spectroscopic fraction reaches 67%.
In this field, uncertainties on photometric redshifts have been estimated by
(2006), who determined an average absolute scatter (|Az/(1 + z)|) = 0.045 over
the whole redshift range 0<z<®6.

e GOODS-N: photometric redshifts have been derived by Berta et al. (2011) by us-
ing the EAZY (Brammer et al[2008) code, as described in [Wuyts et al| (2011a). In

'Publicly  available  at: http://www.eso.org/sci/activities/garching/projects/goods/
MasterSpectroscopy.html


http://www.eso.org/sci/activities/garching/projects/goods/MasterSpectroscopy.html
http://www.eso.org/sci/activities/garching/projects/goods/MasterSpectroscopy.html
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Figure 3.1: Redshift distribution of 8948 Herschel galaxies in the COSMOS (top panel) and in
the GOODS-S/N (bottom panel) fields at z<4. Spectroscopic and photometric redshifts are shown
in red and blue, respectively, while the black line is the sum of the two. Note that the scale of the
y-axis is logarithmic.

addition, Berta et al.| (2011) integrated photometric measurements by adding spectro-

scopic redshifts from Barger et al.| (2008) for about 64% of the sample. Photometric

redshift uncertainties were inferred by Berta et al.| (2011), who estimated a median
absolute deviation (MAHEI) of ~0.04, while the expected fraction of outliers, defined
as objects having (|Az/(1+ z)|) > 0.2, is as high as ~6%.

e COSMOS: we used photometric redshifts from [Ilbert et al| (2010) and [Wuyts et al,
(20114). For Herschel sources that are detected by Chandra observations (see Sec-
tion , we cross-matched our dataset with photometric redshifts presented by
Salvato et al.| (2011)), which are more suitable for AGN dominated sources. We re-

trieved spectroscopic measurements from the zCOSMOS survey by |Lilly et al.| (2007,
2009), both the public zCOSMOS-bright and the proprietary zCOSMOS-deep data
base. We also browsed the most recent public spectroscopic surveys, replacing our

photometric redshifts with spectroscopic ones in case they are flagged as “secure”
Ahn et al| (2014), from Data Release 10 of the Sloan Digital Sky Survey (SDSS);
|Coil et al.| (2011) from the PRIsm MUIti-object Survey (PRIMUS) catalogue;
from the COSMOS-Magellan spectroscopic catalogue. Globally, about
50% of the COSMOS FIR-selected sample have a spectroscopic redshift.
evaluated the (JAz/(1+ z)|) of photometric redshifts to range from 0.008 (for

MAD(z) = median(|(z) - median(z)|), where z represents the difference between spectroscopic and
photometric redshift.
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I < 22.5) t0 0.053 (for 24 < I < 25), while the more up-to-date photometric redshifts
provided by Berta et al. (2011) have a MAD around 0.01. The expected fraction of
outliers in this database reaches ~2%.

3.2 Fitting broad-band SEDy

In this section we present the SED-fitting analysis performed for the Herschel sample
described above. Each observed SED has been fitted making use of the MAGPHYS codd]
(da Cunha et al.[2008]) and a modified version of this code presented by Berta et al.|2013b).

3.2.1 SED-fitting with MAGPHYS

MAGPHYS is a public code which uses physically motivated templates to reproduce the ob-
served SEDs from the ultraviolet to sub-mm wavelengths. It has been developed especially
to fit star-forming galaxy SEDs, so that it is well suited for our purposes (see [Smith et al.
2012 for an extensive application of MAGPHYS on Herschel data). The MAGPHYS code is
easily applicable to any modern galaxy survey: indeed, the model technique is particu-
larly versatile for constraining galaxy SEDs in a wide range of star formation histories,
since the input stellar synthesis template library can be adjusted accordingly. Through
broad-band SED-fitting, the MAGPHYS code enables to interpret in a consistent way the
UV, optical and IR SEDs of galaxies. Indeed, the basic recipe that MAGPHYS relies on is a
self-consistency between the energy originating from stars, which is partially absorbed by
dust, and the infrared light due to re-emission by the dust itself. Briefly, the stellar and
dust component are computed as follows (see lda Cunha et al.| 2008 for details).

e The Bruzual & Charlot (2003) library of templates is used to compute the integrated
light produced by stars in galaxies. These models predict the spectral evolution
of stellar populations at A < 10 um and ages between 10° and 100 yr, starting
from a Chabrier| (2003) IMF and combining parameters representative of different

metallicities, star formation histories and dust contents.

e Each stellar template is modified by the effect of dust extinction, which is parametrised
as the cumulative attenuation produced by interstellar medium (ISM) and dusty
molecular clouds, according to the angle-averaged model of [Charlot & Falll[2000]

e The global dust emission is ascribed to three main constituents of interstellar dust:
polycyclic aromatic hydrocarbons (PAHs, in the range 3—12um); mid-IR continuum
from hot (130—250 K) dust grains; and thermal emission, both from warm (30—60
K) and cold (15—25 K) dust grains in thermal equilibrium, according to |da Cunha
et al.| (2008)) prescriptions.

The analysis of each single observed spectral energy distribution with MAGPHYS starts
by building up a large library of templates at the same redshift of the source. Given the
set of parameters incorporated in the code, as well as the wide range of values adopted by

3MAGPHYS can be retrieved at http://www.iap.fr/magphys/magphys/MAGPHYS.html
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each of them, in the end 50 000 stellar and 50 000 independent dust emission models are
computed for each source. Only about 30% of the IR templates can be combined with each
stellar model, because of the underlying assumption that all the absorbed UV and optical
stellar radiation has to be accounted for in the integrated infrared emission. As a result of
such selection, tipically 109 different self-consistent (i.e. stellar+dust) model combinations
are created to reproduce each observed SED from the UV to the FIR. Then, each model
combination is compared to the observed SED and the stellar-+dust model normalization
is rigidly scaled to fit the data as well as possible.

Uncertainties on output parameters

A Bayesian approach is implemented to build a marginalised likelihood distribution (or
probability distribution function, PDF) for each parameter. This function is given by the
distribution of values of a given parameter across the whole library of templates. This
statistical analysis accounts for the degeneracy level in the parameter space, which occurs
when a relatively small set of data points is compared with such a large range of models.

According to the Bayes Theorem, it is possible to write the probability P(M/D) to
select the model M as the best-fit to the observed data D as:

P(M/D) = P(M) x P(D/M) (3.1)

where P(M) is the frequency of sampling the model M, while P(D/M) is the “likelihood
function” that weights the goodness of the fit obtained from the model M on the basis of
the resulting x2. This function is generally parametrised as e X2,

3.2.2 Fitting with MAGPHYS + AGN

MAGPHYS does not consider a potential AGN contribution, but only star formation pro-
cesses are involved in building the SEDs. Since we are interested in probing the possible
AGN contribution to the observed SEDs, we make use of a modified version of the code
(Berta et al.|2013b)), which accounts also for a possible nuclear heating source.

The code by Berta et al.| (2013b) includes the AGN component and differs from the
original MAGPHYS in the model normalization approach. The stellar-+dust normalization
is not scaled to fit the data, but is allowed to float within a range of normalization values
(the same range adopted by the original version of MAGPHYS). For each normalization, the
stellar+dust model is subtracted from the observed photometry, and the AGN emission is
then added to reproduce what is left out from this subtraction. Thanks to the MAGPHYS
structure, the dust emission remains self-consistently connected to the stellar optical com-
ponent. This approach results in a simultaneous 3-component model, where the quest for
the best-fit solution is still based on x? minimization.

AGN library of templates

The AGN templates implemented by |Berta et al| (2013b) in the MAGPHYS code have
been developed by [Fritz et al. (2006) and Feltre et al. (2012). Their library of templates
includes around 2376 AGN models, each one analysed for ten different orientation angles
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with respect to the line of sight, #, which is uniformly distributed from edge-on to face-
on (for a total of 23760 AGN templates). This set of templates is widely used in the
literature, since it is physically motivated and suitable in reproducing a wide variety of
AGN features, such as hot circumnuclear dust in mid-IR dominated SEDs (e.g. Mrk3, see
Mullaney et al.[[2011) and the silicate features at 9.7 and 18 pm (see Feltre et al.|2012]).
Each AGN template includes both the contribution from the central engine (i.e. accretion
disc) and the reprocessed emission from the sorrounding dusty torus.

The intrinsic luminosity of the central AGN, AL,, is modeled as a broken power law
with four wavelenght-dependent spectral indexes:

AL2Zif 0.001 < A <0.03 [um]
AV if 0.03<A<0.125 [um]
AL if 0125 <A <20.0 [um]
A3 f A>20.0 [pm]

The adopted spectral indices are motivated by the comparison with observations.

ALy (3.2)

1. 0.001 < XA < 0.03 pm: the spectral index is chosen to match theoretical models for
accretion discs built by Hubeny et al.| (2000);

2. 0.03 < A < 0.125 pm: the adopted value comes from the comparison with observed
optical /NIR slope for Radio Quiet AGN (Zheng et al.|[1997));

3. 0.125 < X < 20.0 pm: this slope is determined from the analysis of broad-band SEDs
in SDSS galaxies (Hatziminaoglou et al./[2008);

4. At longer wavelengths, the emission scales as a Planck spectrum in the Rayleigh-Jeans

regime.
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Figure 3.2: Schematic representation of the smooth torus geometry used by [Fritz et al.| (2006
and [Feltre et al.| (2012).

The torus model has a flared-disc geometry (Efstathiou & Rowan-Robinson!|1995} van
Bemmel & Dullemond|2003) depicted as two concentric spheres which set the inner and
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the outer radii, without the polar cones (Fig right). The inner radius Ryin, generally
identified as the dust sublimation radius, depends on the accretion luminosity Lbol,AGNﬁ
ascribed to the central engine, according to the following expression:

Runin = 1.3y/Loracy - Tisgspel (3.3)

where Lagy is in units of 1046 erg s~! and T1500 corresponds to the dust grains sublimation
temperature, in units of 1500 K (Barvainis 1987). The chemical composition of dust grains
is a mixture of silicates and graphite. Emission from silicates is necessary to reproduce the
spectral feature at 9.7 um. Graphite is used to reproduce circum-nuclear dust emission
close to the sublimation radius, with temperatures up to 1500 K.

The dusty structure here considered is thought to be a “smooth” torus (Fig[3.2] left).
This implies that the mixture of dust grains follows monothonic density profile, both on
the equatorial plane and from different lines of sight #. FEach torus model is univocally
identified by a set of six different parameters: the outer to inner radius ratio Rout/Rinn;
the opening angle ©; the equatorial optical depth at 9.7 um 797; the radial and height
slopes of the density profile (3, v); and the viewing angle 6 of the line of sight.

During the AGN fitting procedure, 100 different AGN templates are randomly selected
for each source and for each stellar+dust realization. This allows to optimise the random
sampling by exploring a wider range of the AGN parameter space for each source.

By solving the radiative transfer equation for a smooth dusty structure irradiated by
the accretion disc, a bolometric correction (BC) value is available for each AGN template.
Such information allows us to calculate the AGN bolometric luminosity (Lyoacn) directly
from the infrared (1-1000 pm rest frame) luminosity of the best-fit AGN model, according

to the following expression:
Ebol = % (3.4)
1-1000
Our Ly acn estimates are derived without double counting the dust-reprocessed contri-
bution arising from the accretion disc, since the radiative transfer recipe performs a self-
consistent re-distribution of the input energy at all wavelengths, according to the adopted

set of templates.

Reduced library of templates

The set of possible model combinations included in the original version of MAGPHYS is very
large (around 10° possible configurations, see Section , as well as the set of physical
parameters that the stellar+dust emission models rely on. The range of values spanned
by each parameter is physically reasonable, but the computational time taken by the code
strongly increases when the AGN component is added to the SED-fitting procedure. For
these reasons we take advantage of a reduced grid of stellar+dust templates, as described
by Berta et al.| (2013b)).

The reduced grid has been built up by randomly selecting 1000 stellar models and 1000
dust emission models for each stellar template, giving a total of ~3x10° self-consistent

4The terms “accretion” and “bolometric” AGN luminosity adopted throughout this Thesis are assumed
to have the same physical meaning.
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Figure 3.3: Comparison between the values obtained with the full (x-azes) and reduced (y-azes)
MAGPHYS library of templates for three different integrated parameters: stellar mass and infrared
(8-1000 pm) luminosity due to star formation. The full grid uses all the available templates of
galaxy SEDs encoded in MAGPHYS, whereas the reduced grid accounts for a small fraction of them
resulting from a random selection (see text for details). Red triangles are the best-fit values of
each parameter as taken from the GOODS-S sample. The black solid line is the bisector, while
the dashed lines represents the + 1o confidence regions. The resulting 1o uncertainties related to
these parameters are 0.13 and 0.11 dex, respectively.

templates for each source (after the 30% cut required by the energy balance argument).
Such selection uniformly spans the parameter space covered by the original library, without
introducing any significant bias in the adopted grid. In Fig. [3.3] we compare the values
of some integrated physical quantities (stellas mass and IR luminosity) obtained using the
full and the reduced grid of MAGPHY{L The plots show that mostly the integrated physical
parameters inferred by adopting the full and the reduced grids are reasonably consistent.

As described in Section [3.2.2] each AGN template is defined by the combination of
six physical parameters. We limit the torus library of templates by restricting the multi-
dimensional volume of the parameter space. In particular, we removed the largest optical
depth value at 9.7 pum (797=10, see e.g. |[Pier & Krolik |1992) and the most extended
geometries (Rout/Rinn >100), as no evidence for such large structures has yet been found
(Jaffe et al|2004; Tristram et al. (2007, [2009).

After this cut, the torus grid includes 504 templates, each one computed at 10 different

lines of sight. As mentioned before, a random selection of 100 / 5040 AGN configurations
is performed for each source and stellar+dust model combination. This reduced library
spans several values of the ratio Royt/Rinn (10, 30, 60 and 100), the opening angle © (40°,
100° and 140°), the equatorial optical depth 797 (0.1, 0.3, 0.6, 1, 2, 3 and 6) and the slopes
of the density profile (-1, —0.5 and 0 for ; 0 and 6 for ). The resulting library turns
out to be similar to the one used by [Pozzi et al.| (2012)) and Hatziminaoglou et al.| (2008,

5Since the SED-fitting procedure using the full MAGPHYS library of templates is very time demanding,
this check has been limited only to sources in the GOODS-S.
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2009)), which we refer to for a detailed description of the degeneracy level drawn by torus
parameters.

Since the only crucial parameter in the following analysis is the AGN bolometric cor-
rection (kpo), used to convert the total infrared AGN emission into AGN bolometric lumi-
nosity, we show in Fig. how much our restrictions modify the shape of the distribution
of the bolometric corrections. In particular, the reduced grid of AGN templates reaches
kbol values around 60, while the full grid samples up to kpo ~ 150. The largest values are
mostly representative of the most obscured AGN (797=10). Despite the existing cut in
knol, we point out that the the missed values (i.e. kpo > 60) constitute a negligible number
of AGN templates with respect to the full grid (~ 0.3%).

3.3 AGN Bolometric Luminosity and Bolometric corrections

For every observed SED, a PDF is created for each parameter to trace its confidence
range. As mentioned before, among the physical parameters returned by the code, we
have focused on the AGN bolometric luminosity only (computed by accounting for the
rest-frame 1-1000 pm AGN emission and adopting its related bolometric correction).

We stress that each Lo agn value is not properly a bolometric luminosity, since the
input (i.e. accretion) energy of the central engine is limited to the range 1072 — 10%um
(i.e. 1071 — 1077 keV). This means that the X-ray emission is supposed to be negligible in
terms of input energy. Such an assumption relies on the fact that large ko values have
been found in hard X-rays, of the order of 20—30 (Risaliti & Elvis|[2004; |Marconi et al.
2004; Hopkins et al.|2007; [Pozzi et al.|2007; Vasudevan & Fabian||2009; Lusso et al.[2012),
increasing as a function of Ly agN.

In Fig. we show a comparison between distributions of bolometric corrections
computed in various bands. On the one hand, Hopkins et al.| (2007) derived their kpo
values by assuming different amounts of obscuration applied to an average, unobscured,
type-1 AGN SED (Richards et al. [2006). They found kpo to depend on the input AGN
luminosity, in agreement with other works (e.g. Marconi et al.|[2004; Lusso et al.[2012).

We derive the distribution of kpo by integrating the best-fit AGN model of each source
(if it fulfills the criterion imposed by the Fisher test, as explained in Section over
the whole IR domain (1-1000 um, rest-frame). Each black circle represents the median
knor value on different luminosity bins (= 0.3 dex wide). Error bars correspond to +1o
uncertainties and are centered on the median value of the respective bin. We find that kpq
does not change significantly with increasing AGN bolometric luminosity Lo agn. This
result could suggest that the fraction of the input energy coming from the central engine
which is absorbed by the obscuring structure and re-emitted in the IR does not change
significantly as a function of Ly agn-

The average bolometric corrections derived from the IR are much lower than those
derived from X-ray measurements (see Fig. . Indeed, the distribution of 1-1000 pm
bolometric corrections has a median value of ~3.8 over the whole range of Ly, agn covered
by our sample, ranging on average from 2 to 5.
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Figure 3.4: Bolometric correction (1-1000 pm, rest-frame) distributions to turn the infrared AGN
luminosity into bolometric luminosity. The red area traces the full grid of the library by
let al| (2012) and [Fritz et al| (2006). The green area represents the reduced library that is adopted
in this work.

3.4 Testing the AGN incidence

In order to evaluate the impact of an additional AGN component on a “pure” star-forming
galaxy SED, for each source we run both MAGPHYS and MAGPHYS+AGN. As mentioned
in Section [3.2.2] a reduced grid has been adopted in both fitting procedures. First, we
run the code version including the AGN and during the random selection of stellar and
dust templates their template identification numbers are registered. Once the SED-fitting
with MAGPHYS-+AGN is accomplished, we run the MAGPHYS code for each source by using
the same set of stellar+dust templates previously extracted for the same source. This
implementation allows us to test if the fit provided by similar star formation templates
improves when accounting for an additional nuclear emission component.

In Fig. [3.6] three different examples of best-fits are shown as a result of this SED
decomposition. The integrated emission has been decomposed into three emission contri-
butions, according to the recipe previously described. The expected stellar light (green
line) is partially absorbed by a mixture of dust grains and re-distributed in the MIR/FIR
domain (blue line). The AGN emission is the red curve. The respective x? values are then
used to estimate the significance of the improvement of the fit occurring when a nuclear
component is added.

Around 98% of the Herschel sample fitted with the MAGPHYS+AGN code includes an
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Figure 3.5: Distributions of AGN bolometric corrections. The regions traced by solid lines
represent various trends of kpo computed in different bands by Hopkins et al.| (2007). Black circles
(with +10 uncertainties) come from the sample analysed in this work, only including sources with
relevant signatures of nuclear activity (see Section for details).

AGN component in the best-fit model. However, the addition of the AGN component does
not always significantly improve the best-fit. For instance, the last source shown in Fig.
turns out to exhibit negligible signatures of AGN activity over the entire wavelength
range. To pinpoint the significance of the AGN component on the global SED we apply a
Fisher test (F-test) to the two SED-fitting runs, as presented by Bevington & Robinson

(2003):

Xro agn — Xa
Ftest = W > Fthreshold(CL) (35)
v, agn

with 2, agn and ngn being the x? values of the best-fit without and with the AGN,
respectively, whereas X?/, agn 15 the reduced x? value referred to the best-fit with an AGN
component. If this ratio exceeds a given threshold, then the source of interest is included
in the following analysis, otherwise it is ruled out and a null AGN contribution is assumed
for its specific SED. The threshold value depends on the number of degrees of freedom as
well as on the required confidence level (CL).

The overall fraction of > 99% significant AGN reaches 37%, while it increases to 45%
and 55% at > 95% and > 90% confidence levels, respectively. We label as AGN only
those sources satisfying the F-test at the > 99% confidence level, as this threshold is
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Figure 3.6: Three examples of SED decomposition performed without AGN (left panels) and
with AGN (central panels). The corresponding PDF of the AGN bolometric luminosity is shown
in the right panels. The red circles represent the observed data points. The green line shows
the integrated unextincted emission originating from stars. The blue solid line represents the star
formation contribution for dust absorption, partially redistributed across the MIR/FIR range in
a self-consistent way. The red line reproduces the AGN contribution and incorporates both the
accretion disc and the torus emission, according to the adopted library of templates. The sources
shown in the upper and middle panels are classified as AGN at >99% confidence, while one example
of source will no significant AGN contribution is shown in the bottom panel.

fairly conservative and reliable in terms of AGN contribution to the observed SED. In
Fig. the upper and middle panels represent sources with a > 99% significant AGN
contribution, while that shown in the bottom panel has a no significant AGN contribution,
hence classified as a “purely star-forming galaxy”. However, we stress that the average
fraction of IR luminosity ascribed to an AGN component is around 10%, even for sources
classified as “AGN” at >99% CL. This implies that the total IR luminosity, as well as the
SFR of the host galaxy, is not significantly affected by the presence of the AGN.

We have verified that the star-forming galaxy SEDs adopted in the code were physi-
cally motivated. For instance, we found that our best-fit galaxy SEDs well reproduce the
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Figure 3.7: AGN detection rate in the Herschel-selected sample, as a function of the total IR
(1-1000 gm) luminosity and redshift. In each redshift bin, the sample has been split into similarly
populated luminosity bins. Error bars along the y-axis correspond to 1o confidence limits, while
downward arrows show 20 upper limits. The dashed line is a linear fit to the data of the second
redshift bin to highlight the evolution of the AGN detection rate with redshift.

“IR8” relation, presented by |Elbaz et al.|(2011)), within +1¢ uncertainty. This finding also
removes possible systematics related to the treatment of PAH emission component with
respect to the total IR luminosity. We also checked the potential degeneracy between AGN
and Starburst emission components when fitting the rest-frame mid-IR (3 < A/um < 8)
data points. Indeed, we note that the inter-stellar medium (ISM) emission in the MAGPHYS
star-forming SEDs includes dust and PAH emission down to 3 um (see |da Cunha et al.
2008)). An excess above the pure stellar continuum will thus not be automatically ascribed
to AGN. Besides, given the redshift distribution of our sources in Fig. the rest mid-IR
continuum is sampled at least by two filters in almost all observed SEDs (four IRAC bands,
MIPS-24 pm, and IRS-16 pm in GOODS-S). Such a rich spectral coverage allows us to
better constrain the rest mid-IR emission through the available templates.
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3.5 AGN detection rate and evolution with L;_1(g

The fraction of sources fulfilling the F-test at >99% confidence is as high as 37%. Our
finding settles in an open debate concerning the fraction of AGN which are detected through
independent selection methods. In the following we check the consistency between our
results and the most recent estimates inferred from the analysis of different IR galaxy
samples.

In the local Universe, [Yuan et al. (2010) found the percentage of sources hosting an
optically identified AGN to depend on the total infrared luminosity (8-1000 pm)f] This
fraction ranges from 20-30% up to ~60% in local LIRGs (Lig ~10* L) and ULIRGs,
respectively. Consistent results have been obtained by Imanishi et al.| (2010) and Alonso-
Herrero et al. (2012) through Akari-IRC and Spitzer-IRS spectroscopy of local LIRGs
and ULIRGs. These authors independently found that the AGN detection rate increases
with increasing Lig, from 25% (LIRGs) up to 70% (brightest ULIRGs), strenghtening the
previous results of [Lutz et al| (1998) based on ISO data (from ~15% at Lig < 2x10'2
Lo up to 50% for brighter ULIRGs). The spectral decomposition has also been useful
to effectively identify AGN: through detection of IR fine-structure lines, PAH equivalent
widths and mid-IR continuum, several works (e.g. |Sajina et al.|2009; Nardini et al. 2010;
Sajina et al|[2012) claimed the presence of a significant AGN in 60-70% of local and distant
ULIRGs, as well as evident signatures of coexisting star formation.

At higher redshifts, the situation is more controversial. Olsen et al.| (2013)) analysed a
mass-selected sample at z ~2 within the Chandra Deep Field-South (CDF-S) and ended up
with a high fraction (43-65%) of star-forming galaxies likely hosting an AGN, according to
the X-ray classification taken from |Xue et al.| (2011). |Pozzi et al|(2012) studied a sample
of 24 ULIRGs at z ~2 (see Fadda et al.|2010) within the GOODS-South field and selected
to have faint 24 pm flux densities (0.14 < Sa4pum/mJy < 0.55). They ended up with a
smaller fraction (~35%) of ULIRGs featuring signatures of AGN activity and claimed that
their IR luminosity emission is dominated by starburst processes.

We split our Herschel sample into six redshift bins (0.1<2<0.3; 0.3<2<0.7; 0.7<2<1.2;
1.2<2<1.8; 1.8<2<2.5 and 2.5<2<3.8) and into different IR luminosities. We check for the
evolution of the AGN detection rate with total (AGN+starburst) 1-1000 pm luminosity
L1 1000 at different redshifts, as shown in Fig. Error bars along the y-axis show
the £10 uncertainty (following Gehrels |1986| and (Gerke et al.|2007)), while the error bars
along the z-axis set the bin width. Downward arrows represent 20 upper limits to the
expected AGN detection rate when only “inactive” galaxies are detected in that bin. We
find an overall increase of the AGN detection rate as a function of Lq_1ggg, except in the
lowest redshift bin. At z < 0.3 the AGN hosts are mainly “normal” (L; 1900 < 101 L)
star-forming galaxies. At this redshifts, the average AGN detection rate is ~ 5-10% and
we do not find any clear trend with 1-1000 pgm luminosity. This is likely due to the fact
that the comoving volume covered by COSMOS is not large enough to detect sources with

SFor historical reasons, throughout the Thesis the expression “IR luminosity” (or Lir) will refer to the
luminosity integrated over the spectral range 8-1000 pum. If calculated in a different range (e.g. 1-1000 pm)
it will be explicited.
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Li—1000 > 10"Lg,.

At higher redshift (0.3<2<3.8), the AGN detection rate does increase with increasing
L1_1000, consistently with results from previous studies. This finding might suggest that
the probability to find AGN in FIR-selected galaxies increases as a function of Li_1ggo.
Besides the trend with Lq_1000, we point out the evidence for redshift evolution (see Fig.
. Indeed, the AGN detection rate of Ly_1900 ~ 1011L@ does increase from 5 to 30%
up to z ~1; galaxies with 10! < L; 1900/Le < 10'2 host AGN activity with a probability
rising from 25% at z ~0.5 to 60% at z ~2. Brighter (L;_1900 > 10'?Lg) IR galaxies show
an AGN detection rate rising from 55% at z ~ 1 to 70-80% at z ~2-3. We stress that
the observed trends are not significantly affected by selection biases. While the observed
increase of IR luminosity with redshift reflects our Herschel-based selection, we note that
the fraction of 1-1000 pm luminosity related to the AGN is generally negligible (around a
few per cent), therefore poorly related to AGN activity. This check makes us reasonably
confident that the selection at 160 um does not affect the overall increase of the AGN
detection rate with redshift.

3.6 Comparison with AGN diagnostics

In this Section we test the robustness of the SED-fitting decomposition to estimate the
AGN contribution in FIR-selected galaxies. We compare our findings with those obtained

from independent AGN diagnostics taken from the literature.

3.6.1 Comparison with mid-IR colour-colour AGN selection

The mid-IR colour-colour selection has been first introduced by Lacy et al.| (2004}, 2007
by making use of Spitzer-IRAC colours to isolate the AGN candidates, both obscured and
unobscured. However, as already stated by |[Lacy et al.| (2007), a sample of so-called “AGN
candidates” might suffer from a significant contamination from “pure” galaxy SEDs with
similar mid-IR colours. More recently, |Donley et al.| (2012) revisited the previous method
to provide a more reliable AGN selection criterion, although it was less complete at low
X-ray luminosities (L[0.5_8] < 10* erg s71). In Fig. we compare our classification with
that derived from these mid-IR colour-colour diagnostics. We report the comparison with
Donley et al. (2012) in the upper panels and with [Lacy et al. (2007) in the bottom ones.
Left and right panels refer to our AGN and galaxy samples, respectively. Red asterisks
mark the population of sources “inside” the corresponding wedge, whereas blue asterisks
mark sources not satisfying the colour-colour criterion.

As shown in Fig. [3.8 some sources, although inside the black solid wedge of [Donley
et al.| (2012), are labelled as “outside”. This is why, in addition to the requirement of being
inside the wedge, the IRAC colours of each source have to fulfill further conditions on
IRAC fluxes at the same time to satisfy the Donley criteria. E]

"Given the monochromatic fluxes (Sy) at 3.6, 4.5, 5.8 and 8.0 um, the criteria established by [Donley
et al.| (2012)) set the following additional conditions: Ss6 < Si5 < Ss.8 < Ss.0 at the same time, which
make the black solid wedge a multi-dimensional region.
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refer to our Herschel sources classified as AGN and galaxies, respectively. Sources satisfying the
corresponding criteria are marked with red asterisks, otherwise with blue asterisks.

The colour-colour wedge defined by the Donley criteria (black solid line) includes ~12%
of our AGN sample and only ~1% of our galaxy sample. According to our classification,

we confirm that Donley et al.| (2012) selection is very efficient in avoiding contamination

from purely star-forming galaxies. The overlapping fraction of AGN obviously increases
when considering the wider Lacy et al. (2007) region: we find that 70% of our AGN and
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33% of our galaxies are inside the wedge.

We checked the average integrated properties of sources classified as AGN, falling either
inside or outside the colour-colour AGN selection criteria. As expected, objects satisfying
the Donley criterion are mostly AGN-dominated systems in the mid-IR (both obscured and
unobscured in the optical) and populate the highest luminosity tail of different luminosity
distributions. Indeed, typical values for the 1-1000 ym AGN luminosity reach ~10?Lg),
as well as for the 1-1000 pum luminosity due to star formation. Moving towards the area
delimited by the [Lacy et al. (2007) criteria and outside the Donley et al|(2012) selection,
the typical properties become less and less extreme, with Seyfert-like SEDs (i.e. dominated
by the host galaxy light in the optical/NIR domain) being more common than QSO-like
ones.

In summary, we find the colour-colour criterion by Lacy et al. (2007)) to be in reasonably
good agreement with our classification and to represent an acceptable compromise between
reliability and completeness. In addition, the Lacy wedge effectively rules out sources with
1-1000 pm SF luminosity Li_1000 < 10''Lg, where the AGN contribution to the IR
becomes negligible (~ few %) and also the probability to pick up AGN is generally lower
(see Section and Fig. [3.7)).

Herschel sources identified as AGN through SED decomposition lie in different regions
in the mid-IR colour-colour diagram, compared to those classified as “inactive” galaxies.
This finding, together with the fraction of our AGN sample fitting with the Donley and
Lacy criteria discussed above, further supports the robustness of our classification.

3.6.2 Comparison with X-ray AGN samples

Another check to verify the reliability and completeness of the SED-fitting decomposition
is to compare our IR classification with that inferred from X-ray observations. The fraction
of Chandra sources that are detected by Herschel in the same fields reaches ~20% for the
full X-ray sample. We isolate X-ray AGN from sources with X-ray emission consistent
with being “inactive” galaxies, on the basis of their observed X-ray luminosity Lx (in the
rest-frame 0.5-8 keV). We apply a conservative threshold of Lx > 3x10*? erg s7! to select
“bona-fide” X-ray AGN (e.g. Xue et al. 2011)|§|. Fig. illustrates the fraction of X-ray
AGN classified as IR-AGN from SED-fitting, as a function of Lx. The trend increases
monotonically, ranging from ~80% at Lx ~ 10%3ergs™' to 100% at Lx ~ 10%ergs™!.
This is due to the fact that X-ray luminous (Lx > 10*ergs~!) AGN typically show up in
the optical (for type-1 sources) and/or in the MIR domain, therefore their identification
becomes more secure and less dependent on the host galaxy luminosity. This implies
that the reliability of this technique is higher for more luminous AGN. More tricky is the
identification of less luminous AGN, where the bolometric output of the SMBH may be
significantly affected by the host galaxy light. Indeed, as shown in Fig. about 1/3
of X-ray AGN at Lx ~ 3 x 102 erg s~! are classified as “inactive” galaxies. This argues

that the reliability of the SED-fitting decomposition is a function of the AGN-to-galaxy

8This threshold can be safely applied to the vaste majority of star forming galaxies, but is not suitable
for powerful starbursts with SFR>500 Mg yr~ ! (e.g. Mineo et al.|2014; Symeonidis et al[/2014), which
correspond to ~1% of our Herschel sample.
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Figure 3.9: Fraction of X-ray selected AGN (detected also by Herschel) that are classified as

AGN from SED-fitting decomposition, as a function of the 0.5-8 keV luminosity. Numbers are
added for completeness.

luminosity ratio. As a consequence, this technique does not provide with a complete sample
of AGN (a more detailed analysis of the incompleteness of our IR-AGN sample will be given
in Appendix .

Nonetheless, SED-fitting decomposition can be very powerful in identifying heavily
obscured AGN, even missed by deep X-ray surveys, and evaluating their bolometric lu-

minosity Lpoagn. Here below we emphasize this important aspect by mentioning two

different applications of our technique (see Sections and for details).

3.6.3 AGN luminosity in CT-AGN candidates

In a recent work, Lanzuisi et al| (2014) exploited X-ray data at 2-10 keV in the XMM-
COSMOS survey (Hasinger et al.[2007, Cappelluti et al.2009)), which covers the entire
2 deg? of the COSMOS area. By performing a thorough X-ray spectral fitting analysis,
they have identified a sample of 39 heavily obscured (Ng >10?* cm~2) AGN, including
10 CT-AGN candidates at 0.1<z<2.5. For these 39 sources they derived reliable X-ray
intrinsic (i.e. unobscured) luminosities, then converted into AGN bolometric luminosities
after the application of X-ray bolometric correction kpo x (Lusso et al.|[2012). This ap-
proach amplifies the uncertainties on the resulting AGN bolometric luminosity, since the
obscuration-corrected X-ray luminosity is strongly dependent on the estimate of Ny, and
typical kpox values to apply for these sources range from ~10 to ~100.

A valid approach is to estimate the AGN bolometric luminosity from SED-fitting de-
composition, using the IR luminosity due to the AGN is an indirect probe (through ab-
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Figure 3.10: Comparison between X-ray based (z-azis) and SED-fitting based (y-azis) AGN
bolometric luminosities, taken from Lanzuisi et al| (2014]). Datapoints represent 19/29 C-thin
(green) and 9/10 C-thick (red) candidates identified from X-ray spectral fitting. The dashed line
is the bisector, while the dotted lines mark the 1o dispersion from the bisector, of the order of 0.3
dex.

sorption and isotropic re-emission) of the accretion disc optical/UV luminosity. In Fig.
we show the comparison between SED-based bolometric luminositieeﬂ (y-axis) and
those inferred from X-ray analysis (x-axis), for 19 C-Thin (Ng <10** cm~2) and 9 C-Thick
(Ng >10%* cm~2) sources (the remaining sample did not show an AGN component in the
best-fit). This comparison suggests that the two quantities are in good agreement (lo
scatter ~0.3 dex), with no significant systematics. We stress that the contribution of the
X-ray, obscuration-corrected luminosity to the Ly agn inferred from SED fitting is very
small (of the order of ~15%), and therefore these latter estimates are largely independent
of the N measurements derived from the X-rays. We can interpret the good agreement
found between the two quantities (within a factor of 2), as a strong confirmation of the
reliability of the AGN bolometric luminosities inferred from SED-fitting decomposition.
Fig. shows rest-frame SEDs of the 6 CT-AGN candidates by Lanzuisi et al.| (2014])
that are detected by Herschel. We note that in all cases the best-fit solution needs an AGN
torus component, in order to reproduce the MIR photometric points. The best-fit AGN
templates show in most cases a MIR, SED dominated by the AGN emission component,
with a 9.7 pum silicate feature in absorption. Given the best-fit value of the 797, the
corresponding estimate of Ny predicted by a local dust-to-gas ratio (Shi et al.2006) ranges

9Estimates for Herschel detected sources are taken from our analysis (= half of the datapoints shown
in the plot), otherwise from |Lusso et al.| (2012]).
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Figure 3.11: SED-fitting decomposition 6 Herschel-detected out of 10 CT-AGN candidates iden-
tified by |Lanzuisi et al| (2014). Coloured lines are as in Fig. In each plot we report the
estimates of SFR, M, and sSFR inferred from the best-fit model.

from 23 to 23.8 in log(NH)lﬂ

Importantly, we note that the fraction of CT-AGN candidates from [Lanzuisi et al.
(2014) that are detected by Herschel (6/10 = 60%) is much higher than the detected
fraction for the full X-ray sample (~20%) in the COSMOS field. We compared these

10We note that log(N)=23.8 is the upper bound of the available 9.7 values (i.e. 79.7 = 6), given our
set of AGN templates, if assuming a local dust-to-gas ratio.
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fractions also if applying a cut in (intrinsic) X-ray luminosity of Ly >10% erg ~!, where
the full X-ray sample is reasonably complete up to z~2. We found that the difference
remains noticeable (62% vs 19%). This might suggest that most X-ray selected CT-AGN
are likely hosted in star forming galaxies, therefore that the amount of gas obscuring the
AGN on circum-nuclear scales is perhaps connected to the global amount of dust in the
host galaxy.

This study argues that the combined Spitzer and Herschel capabilities are paramount
to disentangle the emission related to the AGN from the host galaxy light even for highly
obscured, CT-AGN. Moreover, the large fraction of CT-AGN candidates observed by Her-
schel motivates the search for this elusive AGN population also from IR-selected galaxy
samples.

3.6.4 Piercing through the dust: a candidate CT-QSO
missed by deep X-ray observations

Given the small fraction (around 10%) of Herschel-selected galaxies that are detected in
X-rays from Chandra observations, it is reasonable to ask whether a fraction of heavily
obscured AGN that might be missed by X-ray observations could be detected by Herschel.

Starting from our Herschel sample, we searched for CT-AGN candidates in the COS-
MOS ﬁeldEl Here below we list the criteria that we required for each source to enter our

selection.

e to be classified as AGN (at >99% confidence level) from SED-fitting decomposition;
e to show a MIR (rest 3-30 um) SED dominated by the AGN luminosity;

e undetected in the deepest 0.5 deg? covered by Chandra-COSMOS (C-COSMOS; [Elvis
et al.|2009} |Civano et al.|[2012)) observations;

e the ratio Lo_10intr / L2—10,map > 50 (Gilli et al.|[2010)). Lao_1¢ intr is the intrinsic 2-10
keV X-ray luminosity predicted by the AGN best-fit model and assuming a set of
X-ray bolometric corrections from Marconi et al.| (2004)). La_10map is the minimum
X-ray luminosity detectable from the survey at a given redshift and flux limit.

Given these constraints, we ended up with 2 CT-QSO candidateﬂlﬂ. Among them, we
chose the only one with a secure spectroscopic redshift: “PEP1096” at z=1.245 (Trump
et al.2007). Fig. [3.12| (upper panel) shows the decomposition of its broad-band SED,
that seems to require a prominent AGN torus component in the best-fit. Interestingly, this
object has been classified as AGN also from other diagnostics:

HyWe focused on the COSMOS fiels to end up with candidates hosted in IR galaxies bright enough to
be detected by ALMA at mm-wavelengths in a reasonable amount of observing time.

2 he predicted La_10,intr for these sources is larger than 10445 erg s_l, therefore suggesting their
intrinsic bolometric power is similar to those of known QSOs.

30ur estimate of the surface density related to this specific subsample of CT-AGN is = 2 sources,/0.5
deg?. Despite the scarce statistics, this number is consistent with that predicted at the flux limit of the
survey by current X-ray background (XRB) synthesis models (Gilli et al.|2007), that reaches 4 sources/deg?.
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Figure 3.12: (Upper): decomposition of the observed SED of the target. The red solid line
represents the best-fit AGN model, the blue solid line shows the emission component ascribed to
star-formation, while the black solid line is the sum of the two components. Red filled circles
represent the observed data-points. The vertical regions show the rest-frame ALMA Bands 8 and
6, where we proposed our observations. (Bottom left): figure adapted from |Gilli et al| (2010),
showing the X/[NeV] vs Ny diagram traced for a sample of SDSS objects. The region covered by
robust CT-AGN candidates is defined by the red line and arrow (X/[NeV] < 15), and comprises
only objects with N > 10°* em™2. Our target is a “bona fide” CT-AGN candidate, since X/[NeV]
<10. (Bottom right): Optical spectrum of our target. The spectroscopic redshift is equal to 1.245
(Trump et al.||2007) and inferred through the detection of [OII[8727 and [NeV]3426 emission lines.
A 87"x 87 HST-ACS image of the source is superimposed to the spectrum.
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1. Radio excess at 1.4 GHz with respect to radio emission expected from star-formation
processes (Schinnerer et al.|2007; |Del Moro et al.|2013)).

2. It fits the “IR-AGN” wedge of the mid-IR colour-colour selection criterion defined by
Donley et al.| (2012).

3. The low X-ray/|Ne V| flux ratio. The [Ne V]3426 emission line has been identified
from the optical spectrum (Fig. bottom right panel). We estimated the X-ray
flux limit for the source at 3o level. We ended up with a flux ratio X/[NeV]| <10.
The region of the X/|NeV| vs Ny diagram covered by robust CT-AGN candidates
(Fig. bottom left panel) is defined by the red line and arrow (X/[NeV] < 15,
Gilli et al.|2010)). The low X-ray/[Ne V] strongly argues the presence of a high degree

of nuclear obscuration.

These independent diagnostics suggest that our target is a robust CT-AGN candidate.
Surprisingly, this object has not been detected in deep Chandra-COSMOS X-ray observa-
tions (with ~140 ks exposure time at the source position). For this peculiar target, we will
propose ALMA high-resolution (=0.01”) observations of both 2CO(2-1) and '2CO(5-4)
line emission, falling in band 3 and 6, respectively (Fig. upper panel). This will allow
us to achieve the following objectives.

(1) Measure the total molecular gas mass (Mg,s) from the 12CO(2-1) line.

(2) Spatially resolve the molecular gas surface density traced by the '2CO(5-4) emission.
This would allow us to constrain the degree of obscuration due to circum-nuclear dust
and gas (on ~100 pc scales), therefore to understand whether this is consistent with that
required to explain the heavily obscured nature of this target, inferred from panchromatic

diagnostics.



Chapter

Black Hole accretion history from Herschel

The joint Herschel and Spitzer capabilities of constraining the MIR-to-FIR observed SEDs
are crucial to isolate the possible AGN emission component in galaxy SEDs. Our SED-
fitting decomposition allows us to get an estimate of the AGN bolometric luminosity
Lpo,agN, as described in Section for each source identified as AGN on the basis on
the F-test (Section [3.4). In the following we make use of this approach to determine the
evolution of the AGN bolometric luminosity function and to constrain the cosmic history
of SMBH accretion since z~3.

This Chapter is structured as follows. After a brief introduction (Section [4.1)), we
introduce the sample of Herschel galaxies used in this analysis in Section In Section
[4.3] we derive the evolution of the AGN bolometric luminosity function up to z ~3. This
has been used to determine the SMBH accretion history (Section over cosmic time,

discussing and comparing our results with previous derivations from the literature.

4.1 Introduction

Recent attempts have been made to trace the SMBH growth over cosmic time (e.g. Marconi
et al.|2004; [Shankar et al.|[2004; Hasinger et al.|2005; [Hopkins et al.|[2006; [Hopkins et al.
2007} [Merloni & Heinz[2008b; |Aird et al.[2010; Fanidakis et al.|2012; Mullaney et al.|2012a)),
supporting the connection between black hole accretion density (BHAD) and SFD up to
z ~ 1-1.5. In particular, [Mullaney et al. (2012a)) found that the ratio SFD/BHAD remains
constant at a value of ~ 1-2 x 103 over the redshift range 0.5 < z < 2.5. In agreement
with observations, semi-analytical models and hydro-dynamical simulations currently hint
at an overall decrease of the BHAD from z ~ 2 down to the present day. At higher redshift
the situation is more uncertain, since direct diagnostics for black hole mass estimates (e.g.
reverberation, time variability, etc.) are no longer available, and indirect measurements
need to be extrapolated up to these redshifts.

Beyond z ~ 1-2, the AGN obscured growth is increasingly uncertain, since even the
deepest X-ray surveys suffer from a decreasing completeness with increasing redshift and /or
increasing obscuration (Brandt & Hasinger||2005b). While the dependence of the hydrogen
column density Ng on the intrinsic AGN luminosity is currently well established (Lawrence

69
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1991}, [Simpson! 2005; [Ueda et al.|[2003; [Steffen et al|[2003}; Barger & Cowie| 2005} [Sazonov

et al.|[2007; [Lusso et al|2013), the evolution with cosmic time is still debated. On the
one hand, a slight evolution with redshift has been suggested by some analyses
let al.|2005}; Treister & Urry|[2006; Ballantyne et al.|2006}; [Hasinger|[2008; [Della Ceca et al.|
2008 Treister et al.2009; Iwasawa et al.[[2012); on the other hand, the space density of the
obscured (log[Ny/cm~2] > 22) AGN population seems to be consistent with a no evolution
scenario, at least for moderately luminous (Lx < 10* erg s™') X-ray AGN
2003; |Akylas et al.|2006; |Gilli et al.|2010; |Vito et al.[2013).

AGN are ubiquitous X-ray emitters (Elvis et al.|1978) and X-ray surveys are only
weakly affected by the X-ray host galaxy light. Nevertheless, recent works
2012; |Schawinski et al|[2012; |Laird et al.2010)) claim that the host galaxies of high-
redshift (z >1-2) AGN could have experienced intense bursts of star formation (e.g. SMGs
and/or ULIRGs), likely hiding heavily obscured AGN with intrinsically high bolometric
luminosities, but enshrouded in dense, cold, optically thick gas clouds (see Alexander et al.|
. IR observations are only mildly affected by obscuration and can detect warm dust
signatures for both unobscured and obscured AGN. This is the reason why IR observations

offer a complementary perspective with respect to studies based on X-ray observations to
constrain the obscured AGN growth across cosmic time. The main purpose of this work is
to trace the evolution of the BHAD from an IR survey through a multi-wavelength analysis

of galaxy SEDs.

4.2 Sample selection and multi-wavelength catalogues

We exploit observations carried out within the PEP (Lutz et al|2011) and the HerMES
(Oliver et al.|2012) surveys in the GOODS-S and COSMOS fields. In the FIR domain,
we take advantage of PACS photometry (100 and 160 pum; 70 pm data are available for
the GOODS-S field only). As a reference sample we use the PEP 160 pm-selected blind
catalogues (internal version 1.2 in GOODS-S and version 2.2 in COSMOS)EI The PEP
sample comprises all sources with >3c detection at 160 um, corresponding to nominal flux
density limits of 2.4 and 10.2 mJy in the GOODS-S (782 objects) and COSMOS (5105
sources) fields, respectively.

The cross-match between PEP-selected sources and the multi-wavelength ancillary data

has been executed using a likelihood ratio technique (Sutherland & Saunders 1992; |Ciliegi
, as done in Section from PACS wavelengths down to MIPS-24 pm detec-
tions. We exploited SPIRE data at 250, 350 and 500 pm, if available. In both fields, the
cross-match between SPIRE and 24 pm is based MIPS-24 pm positional priors, according
to the method described in Roseboom et al.| (2012).

In GOODS-S we have matched the PACS area in common with the inner region covered
by multi-wavelength observations in UV, optical and near-IR with the GOODS-MUSIC cat-

IThis catalogues were released earlier with respect to those described in Table and in Section m
At the time when this work has been accomplished, these were the most updated PEP catalogues available
in the GOODS-S and in COSMOS. They reach the same flux density limits listed in Table (without
accounting for GOODS-H observations). See the text for details.
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Figure 4.1: Top panel: redshift distribution of the 160 ym PEP sources identified in optical
bands, in GOODS-S (red dashed) and COSMOS (blue dashed). Note that the scale of the y-axis
is logarithmic. Bottom panel: infrared luminosity limit at 160 pm (rest-frame) as a function of
redshift. Open circles represent the luminosity limits for GOODS-S (red) and COSMOS (blue)
sources. The solid curves show the minimum luminosity (corresponding to the limiting flux) versus
redshift for the two fields (GOODS-S in red, COSMOS in blue), obtained for the empirical SED
of the source IRAS 20551-4250.

alogue (Grazian et al.[|2006; Santini et al.|2009). The GOODS-MUSIC area (196 arcmin?)
includes 494 PACS-160 pm sources with optical /NIR identification.
In the COSMOS field, the common sky area covered by Herschel and ancillary observa-

tions at shorter wavelengths is around 2 deg?. PACS-160 pum sources have been associated
with the Spitzer-MIPS 24 pm catalogue (Le Floc’h et al|2009). MIPS-24 pm positions
have been cross-matched to the IRAC-selected catalogue by [Ilbert et al.| (2010)), using a
nearest neighbour method, and subsequently cross-matched to UV, optical and near-IR
photometry taken from Capak et al| (2007) and [Ilbert et al| (2009). By removing PEP
sources within flagged areas of the optical-to-NIR catalogues, we are left with 4118 sources
at 160 pm identified at shorter wavelengths. Around 96.5% of them have a MIPS 24 um
detection in the common area.
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The fraction of PACS-selected sources having at least one SPIRE counterpart (> 30)
reaches 84% in the GOODS-S field (within the MUSIC area) and 86% in the COSMOS
field. Overall, we collect photometry at a maximum of 21 (GOODS-S) and 19 (COS-
MOS) different wavebands, from UV to FIR wavelengths. The numbers of PEP-selected
objects fulfilling the optical identification criterion are 494 and 4118, in the GOODS-S and
COSMOS, respectively.

Redshift distribution

In summary, the GOODS-S PEP sample includes 494 sources with 100% redshift complete-
ness (71% spectroscopic and 29% photometric). The overall redshift completeness reached
in COSMOS is as high as 93% (about 40% spectroscopic), corresponding to 3849 PEP
sources.

The final sample of GOODS-S and COSMOS sources selected at 160 um and with a
redshift estimate includes 4343 objects (494 for GOODS-S and 3849 for COSMOS). The
global redshift distributions of our PACS-160 pm selected sample is shown in Fig.
(top) for both the PEP fields. As expected, because of the higher flux limit, the COSMOS
redshift distribution has a lower median redshift value ({(z) ~ 0.7) than the GOODS-S
((z) ~ 1), although it also extends to high redshift (z > 3). To highlight the range of
infrared luminosities sampled at different redshifts, we show in Fig. (bottom) the
minimum 160 pgm luminosity versus redshift of the (rest-frame) 160 pm luminosity. Red
and blue circles mark GOODS-S and COSMOS sources, respectively. The solid curves
represent the minimum luminosity (corresponding to the limiting flux) versus redshift for
the two fields (GOODS-S in red, COSMOS in blue). This curve is purely illustrative and it
is taken considering the SED template of TRAS 20551-4250, which is a local star-forming
galaxy hosting an AGN (see Polletta et al.|[2007).

4.3 AGN Bolometric Luminosity Function

In this section we investigate the evolution of the AGN bolometric luminosity function (LF)
from the whole joint GOODS-S and COSMOS sample. Globally we collect 4343 objects,
but just the fraction showing a substantial AGN contribution has been considered for the
following analysis (37% at 99% confidence level). The sample of interest has been split
into six different redshift bins (as done in Fig. and 10 luminosity bins, from 10% up to
10% L, with a logarithmic bin-width equal to 0.7.

4.3.1 Method

The computation of the LF relies on the non-parametric 1/V,x method introduced by
Schmidt| (1968]), where Viax represents the maximum comoving volume that allows a source
of a given luminosity to be observable above the flux limit of the survey. Since we consider
sources coming from two different samples (GOODS-S and COSMOS), we use the method
of |/Avni & Bahcall (1980), who extended the previous 1/Vinax method to coherently join
and analyse simultaneously different samples. For each source of our sample we compute
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the Vinax as follows:

Zmax dv
Vinax :/Z = Q(z) dz (4.1)

with zpi, being the lower boundary of a given redshift bin and zy,x the minimum between
the upper boundary of the redshift bin and the maximum redshift value available for the
source of interest to be detected. Here §)(z) represents the effective area of visibility and is
computed as the fraction of the geometrical projected sky area €geom, Where the sensitivity

of the instrument is enough to let the source be observable, according to the formula:

Q(Z) = Qgeom : fc(Z) s (4.2)

where f.(z) is the flux completeness correction obtained from simulations by |Berta et al.
(2010, [2011). For a given luminosity and redshift bin, we computed the luminosity function

as follows:

n

1 1
(L, z) = Riog L z; o (4.3)

max,i

where n is the number of sources falling in the same luminosity bin, while A log L is equal to
0.7, as mentioned before. The COSMOS field has a 93% redshift completeness, regardless
of PACS flux densities, so that we multiply ®(L, z) in COSMOS by a constant factor of
1.07, whereas the GOODS-S field is 100% complete in redshift and therefore no correction
is needed. Moreover, we account for the fraction of the COSMOS sample without a MIPS-
24 pm counterpart inside the MIPS area. Indeed, in the context of a multi-component
SED-fitting, the lack of the 24 pym detection prevents the possible torus component from
being constrained, resulting in low reliability best-fits. This corresponds to ~ 3.5% of the
PEP sample, roughly independent of redshift and AGN luminosity. We take into account
their contribution by uniformly increasing ®(L, z) by a factor of 3.5%.

4.3.2 “Observed”’AGN bolometric LF

In Fig. [£.2] we show our accretion LF in six different redshift bins. Error bars correspond
to + lo Poissonian uncertainties (Marshall/|1985), while in case of one single object in a
given luminosity bin, we provide a 90% uncertainty following the recipe of |Gehrels|1986. We
computed separate LFs for GOODS-S and COSMOS (red and blue areas, respectively), and
the total LF for the joint (GOODS-S + COSMOS) sample (black circles). As expected, in
all redshift bins the GOODS-S field extends down to lower luminosities, whereas COSMOS
tipically samples higher luminosities.

The AGN bolometric LF shown here has been already corrected for incompleteness in
accretion luminosity. We briefly describe our method as follows and refer the reader to the
Appendix [A] for a more detailed explanation.

Our approach to account for the incompleteness in accretion luminosity follows that
presented by |Fontana et al.| (2004)), who built the stellar mass function correcting for the in-
completeness in stellar mass, starting from a K-band selected sample. The same argument
could be in principle generalised, under some assumptions, to deal with the evaluation of
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the incompleteness affecting some unobservable quantity when selecting sources with any
other observable quantity.

Focusing on our analysis, since a not negligible fraction of active galaxies might be
missed by our FIR-based selection, it is necessary to quantify such missed AGN population.
Starting from a FIR-selected sample, the incompleteness in accretion luminosity might be
evaluated by looking at the distribution of the ratio between accretion flux Sucer (defined as
the bolometric flux corresponding to a given Ly agn and redshift) and Sigo, traced by our
AGN population. By assuming that this distribution does not change either with redshift
or with Herschel flux density, it is possible to shift that down in Sacr and to virtually
sample relatively high values of Ly agn in weakly star-forming galaxies, not observable
by Herschel. We iterate this shift down in Sy, as long as the expected number of missed
AGN is equal to the number of observed AGN. The latter step identifies a threshold in
accretion flux Sycerlim, corresponding to a correction for incompleteness by a factor of
two. The curve which parametrises the incompleteness is used to compute the maximum
comoving volume where each source with Sacer > Sacer lim, either detected or undetected
by Herschel, is expected to be placed. We carried out this analysis separately for GOODS-
S and COSMOS fields. As mentioned before, the AGN bolometric LF shown in Fig. [4.2]
already incorporates the correction for incompleteness. This means that our LF is supposed

to account for all active galaxies with Sacer > Sacerlim, €ither above or below the Herschel
detection limit. This allows us to remove the observational bias due to our FIR selection.

In the luminosity bins which are populated by both GOODS-S and COSMOS AGN at
the same time, the two accretion luminosity functions are in reasonably good agreement
one with the other. In the first redshift bin we find a large gap (~1 dex) in the connection
point between the two surveys, but the very low statistics (only two objects per field)
makes the two LF broadly consistent within 20.

A Monte Carlo (MC) simulation has been performed to account for all the uncertainties
in Lyoagn associated to the objects in the same redshift and luminosity bin. For each
object belonging to a given (LpoaaN, 2) bin, we randomly extract an individual Ly agn
value from the whole PDF distribution (obtained through SED-fitting decomposition, see
Section , using the intrinsic shape of the PDF as weight. Then, using these random
values of Lpo agN, we compute the LF for this simulated sample. By iterating the same
MC simulation 100 times, we characterise a range of ®\c(L, z) defining the uncertainty
region associated to each LF datapoint ®(L,z). In Fig. M we show our accretion LF
(black circles, with associated Poissonian error bars) with its related +1o confidence region
(green dashed areas), derived from MC simulation. The size of the uncertainty region is
tipically comparable to the Poissonian error bars, except for the less populated bins (large
Poissonian error bars). The limits drawn by MC simulations have been used to provide an
uncertainty range for the integrated LF (see Section .
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Figure 4.2: Accretion luminosity function (LF) in different redshift bins for the PEP sample. Red
and blue shaded areas trace the +10 Poissonian uncertainties separately for GOODS-S and COS-
MOS observed data points, respectively. The joint (GOODS-S and COSMOS) LF is represented
by black circles, with 4+ 1o uncertainties (black vertical bars) related to the joint sample. The
green dashed areas show the +1o range of ®yc(L, z) obtained through Monte Carlo simulations
(see text for details).

4.3.3 Evolution of the best-fit AGN bolometric LF

We fit our observed AGN bolometric LF making use of a modified version of the Schechter

function (Saunders et al.|1990), as follows:

202

which behaves as a power law for L << L* and as a Gaussian in log L for L << L*. The

L\ 1 L
®(L)dlogL = ®* <L*> exp [— log?, (1 + L*)] dlogL (4.4)

couple of parameters (®*, L*) represent the normalization and luminosity of the knee of
the distribution, respectively. Two other parameters (a, o) are set to shape the low and
high luminosity tails of the best-fit function.

We make use of a non-linear least square fitting routine to find the set of parameters
that best reproduce the observed ®(L, z) through a modified Schechter function. In Fig.
[4:3] the best-fit functions have been overplotted to the data. The black line represents our
best-fit, while the red dot-dashed line is the Quasar Bolometric LF as derived by
hereafter HO7). They used a wide compilation of observed AGN luminosity
functions, from the mid-IR through optical, soft and hard X-ray data to build up a self-
consistent AGN bolometric luminosity function. HO7 adopted a distribution of luminosity
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Figure 4.3: Accretion LF (open circles with 1o Poissonian uncertainties) derived from PEP data.
The black solid line represents our best-fit LF, whereas the red dash-dotted line is the best-fit curve
of the AGN bolometric LF, as derived by Hopkins et al| (2007, hereafter HO7). In each redshift
bin we report the median redshift value of the AGN population, both for this work and for HO7.

dependent bolometric corrections for each selection wave band, as well as a large baseline
of intrinsic (i.e. corrected for obscuration) AGN SED shapes (from Richards et al.|[2006;
Steffen et al|[2006). However, the intrinsic SEDs of [Richards et al|2006| also include an
additional IR (A > 1 pum) contribution arising from the torus reprocessed radiation. This

IR excess (with respect to a blackbody emission in the Rayleigh-Jeans regime) has to be

removed to avoid double counting the input energy of the accretion disc. As already done

by [Merloni & Heinz (2013)), we independently evaluated such an excess to be of the order

of 33%. As a consequence, all the AGN bolometric luminosities taken from HO7 have been
reduced by a factor ~0.33 (~0.18 dex). We split our set of data points in order to sample
similar mean redshifts to HO7.

There are four functional parameters controlling the Schechter function, but not more
than five luminosity bins are sampled per redshift bin (i.e. there is either 0 or 1 degree of
freedom). As a consequence, not all the best-fit parameters could be sufficiently constrained
at the same time. For this reason, we choose to relax the four functional parameters in
the third redshift bin only, where both the faint and the bright-end of the LF are sampled.
In the other bins, we fix a and o at the values obtained in the third redshift bin, except
at z<0.3, where the a value was allowed to vary, since we observed a moderately steeper
slope («=1.97) compared to the a value adopted in the other bins (a=1.48).
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z-bin e o log,y(L*/Lg)  logyo ®* ( Mpe™2 dex™ 1)
0.1<2<03 197£0.25 0.544+0.31 10.91+£1.96 -4.35+0.93
03<2<07 148+0.22 0.54£0.31 11.34+0.14 —4.03+0.31
0.7<2z<12 148%0.22 0.544+0.31 11.96£0.15 -4.474+0.31
1.2 <2< 1.8 1.484+0.22 0.54+0.31 12.61+0.24 —-05.00+0.55
1.8 <z <25 1.4840.22 0.54%+0.31 12.96+0.18 -5.15+0.44
25<2<38 148£0.22 0.54£0.31  12.92+0.22 -0.40+0.61

Table 4.1: List of best-fit parameters of the AGN bolometric LF with related 10 uncertainties.

This configuration implies that the shape of the Schechter function is defined in the
first and third redshift bins and is allowed to scale rigidly along the (x,y) axes to fit the
observed LF in the other redshift bins.

In Table we list all the best-fit parameters achieved through the least squares
fitting, together with their related +1o errors. Since only one object populates the highest
luminosity bin of the first redshift slice, the resulting best-fit does not allow us to constrain
either ®* or L* (see Table [4.1]).

Despite the uncertainties characterising the first z-bin, there is evidence in favour of
an evolution of the parameters (®*, L*) as a function of redshift. As show in Fig.
(top panel), the normalization value has a maximum around z ~0.5, then it decreases to
z ~3. We compare our trends with those obtained by H07, finding a similar evolution of
®* with redshift. In the middle panel, the knee of the modified Schechter LF increases with
redshift, at least up to z ~2. Comparing the LF of our work with Table 2 of HO7 E], the
knee of the LF is systematically at lower luminosities that what was inferred by HO7 in the
respective redshift bins, except at z>1.5, where our L* estimates are consistent with HO7.
This is likely due to the fact that we are biased against early-type (and/or weakly star-
forming) galaxies, which are known to host the most luminous AGN in the local Universe.
Letting the number density of early-type galaxies decrease towards higher redshift, one
might also expect that fewer and fewer passive galaxies host an active SMBH, as predicted
by the major merger evolutionary scenario (e.g. |Sanders et al.|/1988). This would imply
that the bulk of the SMBH growth would be progressively dominated by late-type galaxies,
so that at higher redshift our L* values become consistent with those found by HO7. In
Fig. (bottom panel) we show the evolution with redshift of the AGN number density,
for different luminosity bins. As already pointed out from several works (e.g. Hasinger
et al. 2005; |Silverman et al. 2008) based on X-ray data, we confirm an anti-hierarchical
growth for SMBHs harboured in star-forming galaxies selected by Herschel, with the most
luminous ones evolving faster and peaking at higher redshift.

4.4 SMBH growth across cosmic time

Given the estimated LF, we are able to derive the Black Hole Accretion Rate Density
(BHAD or Upy,,) over cosmic time, from z ~3 down to the present epoch. This quantity is
fundamental for characterising the effective growth of AGN and is defined by the following

2Note that the L* values derived by H0O7 have been corrected in this work by a factor of ~0.18 dex.
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each redshift bin. Bottom panel: AGN number density of different luminosity bins as a function
of redshift.
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expression:
11— €rad
Uhhar(2) = Pl Lyoi.aeN ¢(Lpol,agN) dlog Lo acN (4.5)
0 ra

where all the ingredients are already available. The only parameter that still needs to
be adopted is the radiative efficiency €,,q4, which is set to the canonical value of 0.1, and

assumed constant with redshift and intrinsic AGN luminosity (e.g. Marconi et al.|2004)).

The factor (1 — €.,4) is necessary to account for the fact that not all the accreting mass
falls into the SMBH.

4.4.1 Comparison with previous results

In Fig. we report our BHAD estimate compared with previous findings from the
literature.

Merloni & Heinz| (2008b|hereafter MHO8) estimated the BHAD from the evolution of the
hard X-ray LF taken by [Silverman et al. (2008)), taking a distribution of column densities

Nu (Ueda et al.[2003) and a set of luminosity-dependent X-ray bolometric corrections from

Marconi et al.| (2004). By solving the continuity equation for the SMBH mass function

(assuming its local value from |Shankar et al.|2009)) and combining that with the evolution
of the hard X-ray LF, they were able to trace the BHAD also as a function of black hole
mass and accretion rate. It is worth mentioning that MHO8 show in their Fig. 4 that most

of the local (z ~0.1) SMBH growth is hidden in radiatively inefficient accreting systems,
whose released energy is dominated by kinetic feedback rather than radiative losses. Such
“silent” (Eddington ratio Agqq < 3 x 1072) AGN population probably does not enter our
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Figure 4.6: Evolution with redshift of the BHAD, as a function of different AGN population.
The black solid line is the total curve shown in Fig. while the coloured lines mark different
ranges of AGN bolometric luminosity.

sample and could be responsible for the discrepancy (by a factor of about 1.7) shown in
Fig. [£.5]in the local BHAD between MHO08 and the other estimates reported in the plot. As
mentioned in Section HO7 built up an observed quasar LF by consistently connecting
different LFs, each one computed in a single wave band.

Ueda et al.| (2014, U14 hereafter) used the most updated compilation of X-ray lu-
minosity functions by collecting samples of X-ray selected AGN from different surveys
(Swift/BAT, MAXI, ASCA, XMM-Newton, Chandra and ROSAT). They derived the evo-
lution of the AGN bolometric luminosity function by assuming a set of X-ray bolometric
corrections from HO7 and the AGN absorption function (N distribution) from [Ueda et al.
(2003). The overall BHAD inferred by Ul4 is in good agreement with our derivation,
showing a peak at z~2 and declining at lower and higher redshift.

To guarantee a coherent comparison between our study and other works taken from
the literature, we checked that MH08, HO7 and Ul4 have accounted for the fraction of
missed AGN because of their own selection effects. MHO8 estimated the fraction of highly-
obscured (Nyg > 1.5x10%* cm~2) AGN from the X-ray background (XRB) sythesis models
by |Gilli et al.| (2007). In particular, they calculated the expected fraction between observed
and unabsorbed 2-10 keV X-ray luminosity, by assuming a canonical AGN X-ray spectrum
(absorbed power-law with photon index I'=1.8; |Tozzi et al| (2006), and as a function of
obscuration in the range 21 < log(Ny/cm™2) < 24. For log(Ny/cm~2) > 24 they assumed
that the ratio between observed and intrinsic X-ray luminosity was of the order of 2% (Gilli
et al.|2007)).

HO7 estimated the incompleteness fraction with a set of luminosity dependent Ny dis-
tributions. First, they collected a wide set of luminosity-dependent AGN spectral shapes
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and calculated the bolometric correction distributions, in case of no obscuration. In addi-
tion, they implemented three possible models for obscuration. For each parametrization,
HO7 calculated the expected amount of extinction in X-rays, optical and mid-IR. Finally,
through a convolution between AGN templates, bolometric correction distributions and
Np distributions, they were able to predict the incompleteness fraction of AGN in each
band.

U14 have modelled the AGN absorption function through a likelihood ratio method
to reproduce the count-rate distribution of both Compton-Thick and Compton-Thin AGN
populations. The obscured AGN fraction has been taken into account on the basis of a hard
X-ray (>15 keV) selected AGN sample in the local Universe, for which detailed spectral

information was available.

Our estimates (black circles) have been derived by integrating the best-fit curve of the
LF (already corrected for incompleteness, as explained in Section, down to 108Lg, in
each redshift bin. The red shaded area represents the + 1o uncertainty region. The latter
has been computed by accounting for the 100 different integrated ®yic(L,z) values and
plotting their cumulative distribution at 16 and 84 percentiles in each redshift bin. The
BHAD seems to evolve quickly from z > 3 to z ~ 2, where it shows a peak, then decreases
towards the present epoch. Despite our AGN sample having been selected and analysed
independently of the previous ones, the overall trend is consistent with others taken from
the literature, as shown in Fig. This is reassuring, since both our estimate and that
obtained by HO7 and MHO08 have been already corrected for their own incompleteness
effects and should be in fair agreement as a proof of their mutual consistency. All the
estimates are plotted for the canonical case €,,q =0.1. A different value of €4 simply

results in a change of the BHAD normalization.

Fig. shows the evolution with redshift of the total BHAD (black solid line), splitted
as a function of AGN bolometric luminosity. The coloured lines mark different ranges in

L make

log Lpoiagn. The integrated curve peaks at z~2, where Ly aan > 1046 erg s~
the largest contribution. Lower AGN bolometric luminosities peak at lower redshifts, as a
consequence of the downsizing behaviour already observed in Fig. (bottom panel). As
found by different studies (e.g. [Silverman et al.|2008) this further suggests that most of the
SMBH growth at z~1-2 has been made by Quasars, while in the nearby Universe (z<0.5)

045

Seyfert-like luminosities (Lpoacn < 10%° erg s71) dominate the overall SMBH growth.

An important constraint that allows us to test the consistency of the integrated BHAD(z)
is to deal with Soltan’s argument, i.e. deriving the local BH mass density and comparing
it to the estimate achieved from observations. This represents the overall energy density
released by SMBHs during cosmic time, down to z = 0. One of the most recent estimates
comes from [Shankar et al. (2009), as mentioned before. Tuning the integrated BHAD
evolution in order to reproduce the observed pyy, o is a way to check the range spanned by
the radiative efficiency €;,q. From the standard relativistic accretion theory it is known
that €.aq = 0.06-0.20 (Novikov & Thorne |1973). We integrate the BHAD over the redshift
range from z—6 to z=107° (but taking z—oo as upper boundary would change our result
by a factor < 1%). By assuming €,,q =0.1, as shown in Fig. our local BH mass density
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Figure 4.7: SMBH radiative efficiency €:,q as a function of the local BH mass density predicted
by this work (black solid line, with + 1o uncertainty shown by the dashed lines). The vertical red
dashed line is the estimate of the observed local BH mass density by [Shankar et al.| (2009).

is

pono = 31759 x 10° MgMpc™ (4.6)
which is consistent with previous estimates. Indeed, for a typical matter-to-radiation con-
version efficiency €54 = 0.1, |Yu & Tremaine| (2002) found ppp o = 2.940.5x 10° My, Mpc—3;
Marconi et al.| (2004) reported puno =(4.677%) x 10°Mg Mpe~3; [Shankar et al.| (2009)
achieved a value of pypo = (4.2712) x10°Mg Mpc=3. All these measurements come from
integration of the SMBH mass function by assuming €;,q =0.1.

To fully reconcile the SMBH growth derived here with the observed local BH mass
density (e.g. the one from Shankar et al.|2009), we need to adopt €aq = 0.076J_r8:8%§,
which is in broad agreement with previous measurements. Later on, |Merloni et al.| (2004)
found 0.04 < €rag < 0.12 and HO7 report ppn o = 4.81fé:33><1051\/[@ Mpc—3, which results
in a slightly higher radiative efficiency (€aq ~0.1). In addition, MHO8 ended up with an
intermediate value (~0.07), while Ul4 found €;4q ~0.08f8:8(1)g, which is in good agreement
with our results.



Chapter

Mapping the AGN accretion in the
SEFR-My plane

In this Chapter we study the relation of AGN accretion, SFR and M, using a sample
of about 8600 star forming galaxies up to z=2.5, selected with Herschel imaging in the
GOODS-S, GOODS-N and COSMOS fields. The main purpose is to map the average
AGN accretion rate in the SFR-M, plane at different cosmic epochs, to infer the best
predictor of AGN activity in star forming galaxies observed with Herschel.

The Chapter is structured as follows. We recall previous studies focusing on the
AGN /galaxy connection in Section We briefly present our Herschel-selected galax-
ies (Section [5.2)), and place them in the SFR-M, plane at 0<z<2.5 (Section [5.3). We
derive average X-ray luminosities for Herschel galaxies (both detected and undetected in
X-rays) in Section which are then used as a proxy to measure the average AGN ac-
cretion rate. We present the observed relationships between AGN accretion and galaxy
properties in Section and discuss the implications of this work in Section [5.6]

5.1 Introduction

Studies exploiting Spitzer data, and subsequently corroborated with Herschel (see Section
, have highlighted that more than 95% of star forming galaxies follow the well-known
MS relation between SFR and My, from the local Universe up to z~3 (Noeske et al.||2007;
Daddi et al.|2007; Magdis et al.|2010} [Elbaz et al.|2011; [Whitaker et al|2012} [Schreiber
et al.[2014). This trend is currently thought to reflect a large duty cycle of steady star
formation in galaxies, fueled by a continuous gas inflow (Dekel et al. [2009} [Ciotti et al.
2010). The most massive galaxies have larger gas reservoirs (Tacconi et al.|2013]) and thus
higher SFR. On the other hand, starbursts are outliers with respect to this relation, showing
> 4 times larger SFRs compared to the MS rate at a fixed M, (e.g. Rodighiero et al.|2011]).
This distinction is supported by several studies, claiming a systematic variation of several
galaxy properties with increasing offset from the MS: more compact structures (Elbaz et al.
2011} |Wuyts et al.|2011b)), warmer interstellar dust (Magnelli et al.|2014)), higher gas-to-M,
ratio (e.g. (Gao & Solomon|[2004)), larger Far-to-Mid Infrared flux ratio (Nordon et al.|[2010|
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2012) and higher star formation efficiency (SFEEL Daddi et al.|2010b; Genzel et al.|2010]).
Whether the transition from MS to starburst galaxies is steady or discontinuous remains
an open question.

As discussed in Section [2.5.4] studies based on X-ray selected samples of AGN found
a similar two fold-scheme, where AGN with Lx <10* erg s=! show a weak correlation
with SFR, while bright Quasars seem to follow a positive correlation with SFR at least
up to z~1, probably driven by major mergers (Lutz et al. 2008} Netzer|[2009; Shao et al.
2010; Lutz et al.|[2010; Rosario et al|2012). At z~2 such a correlation seems weak or
even absent (Rosario et al.[2012; Harrison et al.2012)). However, compelling evidences of
AGN-driven feedback (e.g. [Farrah et al|2012) and the apparently controversial inverted
correlation found in smaller samples of luminous z~2 AGN (Page et al. |[2012)), caution
that our current picture of AGN /galaxy coevolution is still incomplete, and dependent on
sample statistics and selection biases.

In contrast to the studies of AGN hosts and to reach a comprehensive understanding
of the cosmic SMBH growth, several recent studies try to take a census of AGN accretion
history on the basis of SFR and/or mass-selected samples of galaxies. Unlike the weak or
absent correlation of star formation and black hole accretion rate (BHARED for individual
AGN hosts, there is clear correlation of average BHAR and key properties of galaxy sam-
ples. Positive and close to linear correlation is found between average BHAR and mean
stellar mass at various redshifts (Mullaney et al.2012a) as well as with SFR (Rafferty et al.
2011} |Chen et al.|2013).

These apparently contradictory results have been interpreted by Hickox et al.[(2014) as
due to different variability time scales between nuclear activity and global star formation.
In this context, all episodes of star formation are accompanied by SMBH growth, but only
when smoothing over the variations of individual sources, the average properties of AGN
and their hosts show a mutual evolution, as stated by [Mullaney et al.| (2012a) and |Chen
et al.| (2013)).

Nevertheless, it is worth mentioning that both these latter studies derived average
trends by binning their parent samples in either M, or SFR. Since their selection techniques
were mostly sensitive to main-sequence galaxies, in principle the resulting correlations
found with average BHAR might be primarily due to one parameter, but reflected into a
correlation with the other one, simply because of the main-sequence relation that holds
between the two. To break this degeneracy and investigate in detail the role of AGN
accretion in the context of galaxy evolution, it is necessary to split the sample as a function
of both SFR and M, and study the evolution of the average AGN accretion properties in
the SFR-M, plane at different redshifts.

ISFE is defined as the ratio between SFR and cold gas mass.
2The terms “AGN rate”, “AGN accretion rate”, BHAR and (M) adopted in the text are assumed to
have the same physical meaning.
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5.2 Herschel dataset and X-ray counterparts

Our sample selection exploits Herschel-PACS and SPIRE observations in the GOODS-N,
GOODS-S and COSMOS fields. We refer the reader to Section[3.1]for a detailed description
of the parent sample and multi-wavelength identifications at shorter wavelengths. Totally
we collect 892, 850 and about 17000 Herschel galaxies in the GOODS-S, GOODS-N and
COSMOS sky areas, respectively.

5.2.1 Cross-match with X-rays

We used optical /near-infrared counterpart positions to cross-match our Herschel-selected
sample with available X-ray data from Chandra observations in COSMOS and in the
GOODS fields.

e In the GOODS-South, we use the 4-Ms Chandra-Deep Field South (CDF-S) obser-
vations (Xue et al.|2011). The X-ray catalogue provides count rates and observed
fluxes for each source in different bands: soft (0.5-2 keV), hard (2-8 keV) and full
(0.5-8 keV).

e In the GOODS-North, X-ray data are available from the 2-Ms Chandra-Deep Field
North (CDF-N) observations (Alexander et al.|2003).

e In the COSMOS field, 200-ks observations from the Chandra-COSMOS (C-COSMOS,
Elvis et al.|[2009; Civano et al.|2012) survey are publicly available but cover only
about 0.9 deg? instead of ~2 deg? scanned by Herschel. Consequently, we limit our
parent sample to the common sky area, which implies a cut of ~55% of the original
population (from 17000 to 7272 FIR-selected galaxies).

After having collected as many spectroscopic redshifts as possible (see Section ,
we cut our original sample at redshift z<2.5, since above this threshold poor statistics
would affect the significance of our resultsﬂ The overall fraction of spectroscopic redshifts
is larger than 60% at z<1.5, while it decreases to 20% at z~2. We stress that, if limiting
our sample to spectroscopic redshifts only, all the results would remain consistent within
lo uncertainty with those that will be presented and discussed in Sections [5.5] and

This cut in redshift leads to 829, 804 and 7011 sources in the GOODS-S, GOODS-N
and COSMOS, respectively, for a total number of 8644 FIR-selected galaxies across all
fields. The cross-match with X-ray detections has been performed by means of a nearest
neighbour algorithm, by assuming 1 arcsec as matching radius between optical positions.
The number of X-ray detections reaches 212/829 in the GOODS-S, 134 /804 in the GOODS-
N and 448/7011 in the COSMOS field.

As highlighted in previous studies (e.g. |Rosario et al.2012)), we confirm that the

fraction of Herschel sources detected in X-rays is generally small and is a function of

3In the following, our sample will be split in bins of SFR, M, and redshift. Despite our large parent
sample, this multi-dimensional binning significantly reduces our statistics in each SFR-M,-z slice. This is
the main reason why we choose to limit ourselves to sources at z<2.5
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Figure 5.1: Individual Herschel-selected sources as a function of SFR, M, and redshift. Red and
blue symbols refer to GOODS-S/N and COSMOS sources, respectively. The black solid line at any
redshift represents the main-sequence defined by [Elbaz et al|(2011). The black dashed line marks
4 x higher sSFR as a threshold between main and off-sequence galaxies.

field, depending on the relative depth of X-ray/IR observations. The fraction of Herschel
sources detected by Chandra is, on average, less than 10%. In particular, it reaches 26%
in the GOODS-S, 17% in the GOODS-N and only ~6% in COSMOS. In all the fields, we
have taken the observed X-ray fluxes in each band (soft, hard and full) from the publicly
available catalogues.

We derived the average X-ray properties for the rest of the sample by performing a
stacking analysis on X-ray maps (see Section and Appendix .

5.3 The SFR-M, plane

Given the wealth of photometric datapoints available in all fields from the UV to the sub-
mm, in Section [3.2] we have performed a broad-band SED decomposition to derive M,
and SFR for the entire sample. Each observed SED has been fitted with the MAGPHY'S
code (da Cunha et al.2008), as well as with a modified version of MAGPHYS adapted
to include an AGN component (Berta et al|2013b)). The best-fit obtained with the AGN
is preferred if the resulting x? value significantly decreases (at >99% confidence level, on
the basis of a Fisher test, see Section compared to the fit without the AGN. In this
case, SFRs and M, estimates are taken from the fit with AGN, otherwise from the original

MAGPHYS code. However, even if the AGN component is required in the best-fit, we stress
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that its contribution to the galaxy IR luminosity is mostly not dominant, amounting to
<10% for the majority of our sources (see Section .

The SFR has been derived by converting the total IR (rest 8-1000 pm) luminosity
taken from the best-fit galaxy SED (i.e. corrected for a possible AGN emission) using
the conversion from Kennicutt| (1998)), scaled to a Chabrier|[2003 IMF. The M, is derived
from the SED decomposition itself, which allows to get robust measurements also for
type-1 AGN, as most of them show near-IR (=1 pm) emission dominated by the host
galaxy light (e.g. [Bongiorno et al.|2012). We have checked that our estimates of M, for
optically identified type-1 AGN are consistent within the uncertainties (=~ 0.3 dex) with
those presented by Bongiorno et al. (2012]), with no systematics.

The sample has been split in five different redshift bins: 0.01<z<0.25, 0.25<z<0.50,
0.50<z<0.80, 0.80<z<1.50 and 1.50<z<2.50. We place our galaxies on the SFR-M, plane
in Fig. marking with different colours GOODS (red) and COSMOS (blue) sources.
Given that PACS flux density limits in the GOODS fields are about 5 times lower than
in COSMOS, Herschel observations in the GOODS fields may detect fainter IR galaxies
(i.e. lower SFR) compared to observations in COSMOS at the same redshift. Since our
Herschel-based selection is sensitive to the most star forming galaxies in each field, the
wedge traced by the observed galaxy distribution in the SFR-M, is relatively flat (see
Rodighiero et al|2011)) compared to the linear main-sequence relation defined by |Elbaz
et al| (2011). The MS evolution with redshift is parametrized by |[Elbaz et al. 2011] as
sSFRs = 26 x t(;iflic[(}yr_l], where teosmic 18 the cosmic time (in Gyr) starting from the
Big Bang. Our selection also includes off-sequence galaxies, with sSSFR > 4xsSFR,,s (~0.6
dex), corresponding to symbols above the black dashed lines. In each redshift slice, the
sample has been split in both SFR and M,, taking 0.5x0.5 dex? binsE|. Instead of keeping
a fixed binning configuration in SFR and M, at all redshifts, we decided to make our bins
centered on the main-sequence relation corresponding to each bin of M, and redshiftﬂ This
arrangement is preferable, since it allows us to better highlight any potential systematics
in terms of average AGN properties between main and off-sequence galaxies.

5.4 X-ray analysis

In this Section we present the X-ray analysis of our Herschel selected sample. For sources
detected in X-ray (~ 10%) we get count rates, fluxes and observed luminosities in different
bands from the above-mentioned catalogues (Section . X-ray undetected sources
represent most (~ 90%) of the Herschel sample studied in this work. To derive their
average X-ray properties, we performed a stacking analysis on X-ray maps (Section ,
in the observed soft, hard and full bands. Subsequently, we characterize the average X-ray
properties of Herschel galaxies in each bin of SFR, M, and redshift by grouping together
X-ray detections and stacks (Section . Then we subtract the X-ray flux expected

4We note that the typical uncertainty on individual SFR and M, measurements is of the order of 0.2-0.3
dex, so significantly smaller than the bin-width.

5We checked also for alternative binning configurations (i.e. either different shapes for individual bins,
or different placement on the SFR-M, plane) but this did not produce any significant impact on our results.
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from star formation (Section |5.4.3) in single X-ray bands and correct the remaining X-ray
emission for the nuclear obscuration (Section [5.4.4) to derive the intrinsic (unobscured)
mean AGN X-ray luminosity (rest-frame). Using widely-adopted conversion factors, we

consider the final nuclear X-ray luminosity as a proxy to estimate the mean AGN accretion
rate in each bin of SFR, M, and redshift (see Section 5.5]).

5.4.1 Stacking on X-ray maps

Here we summarize the main steps concerning the X-ray stacking, but refer the reader to
Appendix [B] for a detailed description. We combined all Herschel sources undetected in X-
rays from both GOODS and COSMOS fields and we grouped them together as a function
of SFR, M, and redshift. After a proper masking of all X-ray detected sources which could
potentially affect the stacked signals, we piled up single cutouts of X-ray undetected sources
in the same bin of SFR, M, and redshift, centered on their optical coordinates. For each
stacked object, we defined regions from which we extract source and background photons,
in order to derive background-subtracted (i.e. net) photon counts. Finally, we needed
to correct for differential sensitivities between various X-ray fields, so we normalized the
resulting net photon counts of each object by the corresponding effective (i.e. corrected for
instrumental effects) exposure time, which provides exposure-corrected mean count rates
in each observed X-ray bandﬁ To convert count rates into observed fluxes, we assumed
a power-law spectrum with I'=1.4, based on empirical spectrum of the X-ray background
(e.g. |Gilli et al.|2007).

5.4.2 Mean X-ray luminosity of Herschel sources

To get the overall X-ray properties of our Herschel-selected galaxies, in each bin of SFR,
M, and redshift we collect both X-ray detected and undetected sources. Assuming that the
bin includes N sources, m detected and n undetected in X-rays, we compute a weighted
linear average of their X-ray fluxes, according to the following formula:

n X Ss ack T ;ri Sz
(Sbin) = : kN 2in)

where Sgtack is the mean X-ray flux obtained by stacking n undetected sources and S; is

(5.1)

the individual flux measured for the i-th detected source within the same bin. We stress
that the above-mentioned expression is a weighted linear average, therefore appropriate
to investigate mean properties (e.g. mean X-ray luminosity) of the underlying galaxy
population, but we caution that it does not necessarily represent the most probable value
of the observed distribution of a given parameter.

As a sanity check, we constructed and analysed the maximum likelihood (ML) function
to estimate the most probable X-ray flux (or luminosity) taking into account both detected
and undetected sources. The detailed description of this alternative method is given in
Appendix [D] We found that Eq. [5.1] and the ML function provide consistent estimates of
the average X-ray flux for our Herschel sample. This suggests that the average X-ray flux

SWe note that our results are in good agreement, within the uncertainties, with those obtained using
CSTACK (http://cstack.ucsd.edu/cstack/, developed by T. Miyaji) on the same X-ray maps.
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given in Eq. [5.1]is really representative of the overall X-ray population. In addition, the
consistency with the ML-based analysis validates the assumption that X-ray detected and
undetected sources are part of the same underlying population.

Considering that =~90% of Herschel galaxies are not X-ray detected, as well as the fact
that X-ray detections are about 50 times brighter than stacks, in most bins X-ray detected
and stacked sources provide comparable contributions to the mean X-ray flux. Rest-frame
average X-ray luminosities in each band are derived from mean X-ray fluxes by assuming
a power-law spectrum with intrinsic slope I'=1.9 (Tozzi et al.2006; [Mainieri et al. 2007
and no obscuration. We performed this calculation as a function of SFR, M, and redshift.

5.4.3 Subtraction of X-ray emission from star formation

Using X-rays to investigate the level of AGN activity in the SFR-M, plane requires the
subtraction of X-rays from other processes in the host galaxy, especially those related to star
formation. This subtraction will allow us to apply the correction for nuclear obscuration
(Section only to the AGN-related X-ray emission rather than the total (i.e. AGN
+ galaxy) one. It is known that X-ray observations provide a relatively clean selection
of accreting SMBHs, but a fraction of the X-ray emission (e.g. in Chandra Deep Fields,
CDFs) may also come from X-ray binaries and the hot interstellar medium (e.g. Mineo
et al[2012a)b)). A single threshold (i.e. Lx = 3x10%? erg s7!) in X-ray luminosity is not a
proper way of classifying this galaxy population, since it is known that X-ray emission from
star forming galaxies shows a positive correlation with SFR. Previous works (e.g. Ranalli
et al.2003) calibrated this relation in the local Universe, while recent studies (Vattakunnel
et al.[|2012; Mineo et al.[|2014; Symeonidis et al.|2014)) uncovered this relation up to z~1.5.

Though all these relations are calibrated through independent analyses and selection
techniques, they provide reasonably consistent (within a factor of 2) estimates of the X-
ray emission expected from star formation. However, we prefer to use the relation by
Symeonidis et al.[2014] since they also exploited Herschel data and performed stacking on
X-ray maps to better characterize the average Lx—SFR correlation in inactive (i.e. non-
AGN) SFR-selected galaxies. They found a quasi linear relation holding at 1<SFR<1000
Mg yr—! and not evolving significantly with redshift up to z~1.5. We scaled their relation
to a (Chabrier|[2003| IMF and converted to our rest-frame soft (0.5-2 keV) and hard (2-8
keV) X-ray bands:

L [erg s71] = 2.04 x 10% SFR [Mg yr™] (5:2)

Lhdferg s71) = 5.13 x 10* SFR My, yr™] (5-3)

In each bin we subtracted the X-ray luminosity due to star formation from the average
X-ray luminosity (Section , both in soft and hard band. However, we note that
this subtraction does not impact significantly the previous values, as the typical non-AGN
contribution arising from the joint (X-ray detected + stacked) sample is less than 10%.
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5.4.4 Correction for nuclear obscuration

To derive the intrinsic AGN luminosity in each bin of SFR, M, and redshift, we consider
the AGN-related X-ray emission derived in Section[5.4.3]and follow the approach developed
by Xue et al|(2010), who used the hardness ratio (HR) as a proxy to estimate the nuclear
obscuration. The hardness ratio is defined as:

HR = (CRhard - CRsoft)/(CRhard + CRsoft) (54)

where CRparq and CRgoft represent the (exposure-corrected) count rates in hard and soft-
bands, respectively.

Given that we are not allowed to constrain the HR for each individual galaxy in our
sample, we correct the mean AGN X-ray emission of all Herschel galaxies (both detected
and undetected in X-rays, see Eq. for an average level of obscuration. We make the
simple assumption that the mean HR calculated after the subtraction in soft and hard
X-ray bands (Egs. is representative of the galaxy population in the same bin of
SFR, M, and redshift.

We parametrized the effect of nuclear obscuration by assuming a single power-law X-
ray spectrum, with intrinsic photon index I' = 1.9 (model waxzwaxpo in XSPEC, Arnaud
1996) and accounting for absorption, both Galactic and intrinsic to the AGN. However,
since the hardness ratio deals with photon counts instead of fluxes, one needs to convolve
the intrinsic model with the instrument response curveE] After performing this convolution,
we built a set of simulated spectra that predict the observed hardness ratio as a function
of hydrogen column density (Ny) and redshift. We calculated the observed hardness ratio
from AGN count rates obtained in Section and selected the spectral model (i.e.
intrinsic column density) best reproducing the observed HR at the mean redshift of the
underlying galaxy population in the same bin of SFR and M,. From the observed-frame,
absorption-corrected fluxes in the 0.5-8 keV band (S[g 5_g] int), We calculated the rest-frame,
intrinsic full-band X-ray luminosity as follows:

Lio.5-g],int = 47 D{, Sjo5-s)ime (1+2)" 2 (5.5)

where Dy, is the luminosity distance corresponding to the mean redshift of the Herschel
population in a given bin, while the intrinsic photon index I' is set to 1.9.

As a sanity check, we also compared our obscuration-corrected full-band (0.5-8 keV)
luminosities with those presented by [Xue et al. (2011)) in the Chandra-Deep field South
(CDF-S) 4-Ms catalogue and found an excellent agreement, as expected, given that we
followed similar approaches. We found that obscuration level does not significantly affect
the average AGN X-ray luminosity, as the typical correction factor is about 1.3. The
obscuration-corrected X-ray luminosities estimated through hardness ratio are generally
consistent within a factor of ~30% with more precise measurements from spectral-fitting
analysis (Xue et al.||2011)). Nevertheless, as argued by Xue et al.| (2011)) the level of
obscuration might be affected by strong uncertainties in case of highly obscured AGN. In

"The instrument response curve has been corrected for several instrumental effects: vignetting, exposure
time variations, energy-dependent efficiency, variation of effective area with time of observations.
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addition, we compared our predictions based on HR with spectral measurements of ~400
Chandra-COSMOS AGN presented by |Lanzuisi et al.| (2013). We ended up with reasonably
small scatter (about 0.2 dex) in (0.5-8 keV) X- ray luminosities, even for sources classified
as highly oscured (Ng > 10%* cm=2) AGN from X-ray spectral-fitting. Given these sanity
checks and the relatively small average corrections for obscuration obtained for our sample,
this might suggest that the average intrinsic X-ray luminosity of Herschel-selected galaxies
does not arise primarily from highly obscured AGN. However, a thorough X-ray spectral
analysis of these sources would be beyond the scope of this work, and will be performed in
a future study.

Uncertainty on the intrinsic Lx

We evaluated the uncertainty on the intrinsic X-ray luminosity Ljg5_g]int by performing
a bootstrapping analysis. This technique provides reliable error bars, especially in case a
small fraction of the objects dominate the signal.

Suppose there are N objects populating a given bin of SFR, M, and redshift, out of
which m are detected in X-rays, while n are not detected. We selected at random N objects
from the same bin, allowing duplication of the same source. This random extraction likely
leads to different numbers of detections (m') and non-detections (n’). We combined the
photon counts together from new n’ sources to derive stacked count rates and fluxes. Then
we applied Eq. (see Section to get the average X-ray flux representative of this
random realization. With 1000 iterations of this calculation, we obtained the distribution
of average count rates and fluxes of the galaxy sample. The 16" and 84*" percentiles of
the final distribution set the 1o lower and upper bounds on the measured X-ray flux.

To evaluate the uncertainty on the obscuration-corrected Lx, we iterated 1000 times
the same analysis described in Sections and once for each random realization.
This approach returns the final distribution of the intrinsic X-ray luminosities, with +1o
error bars estimated through bootstrapping. Since this technique would provide quite large
error bars (i.e. almost unconstrained fluxes and luminosities) in case of poor statistics, we
have required a minimum number of sources in each bin (> 15, regardless of the number

of detections and non-detections).

5.5 Results

We used the intrinsic X-ray luminosity as a proxy for mapping the average AGN accretion
rate in the SFR-M, plane and studying its correlation with integrated galaxy properties.

5.5.1 Average AGN accretion rate

Obscuration-corrected X-ray luminosities in each bin have been turned into average bolo-
metric AGN luminosities (Lpo)) by assuming a set of luminosity-dependent X-ray bolo-
metric corrections from [Marconi et al. (2004)@ For simplicity, we have taken a constant

8We remark that if taking a fixed bolometric correction value of 22.4 (as done by [Mullaney et al.|[2012a
and|Chen et al [2013)), the AGN bolometric luminosities would be larger by a factor of about 2, for L, <10%
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Figure 5.2: Distribution of the average AGN accretion rate in the SFR-M, plane at 0.01<z<2.5.
The bins in SFR and M, are arranged to sample the main-sequence relation (black solid line), which
evolves with redshift. Upward and downward triangles set 1o lower and upper limits, respectively,
on the average AGN accretion rate. The black dashed line divides main-sequence from off-sequence
galaxies.

conversion factor from average AGN bolometric luminosity (Lyo) (in erg s™!) to aver-
age SMBH accretion rate (M, (M., SFR,z)) (in Mgyr—!), according to the formula (see
'Alexander & Hickox]|[2012):

. € <Lb01(M*, SFR, Z)>
My, (M., SFR, 7)) = 0.15 —

(Mpn (M, SFR, z)) = 0.15 01 1095
where the matter-to-radiation conversion efficiency € is assumed to be 10% (e.g.
2004). Table lists redshift, SFR, M, and accretion rates for all bins involved, as

well as the number of sources entering each bin. In Fig. [5.2] we show the SFR-M, plane at

(5.6)

different redshifts with colour coded average AGN accretion rate. The black solid line is
the main-sequence (MS) relation, whose normalization increases with redshift, preserving

the same linear slope (Elbaz et al.[2011). Coloured bins include at least 15 sources, either

detected or undetected in X-rays. A few upward and downward triangles set 1o lower
and upper limits, respectively. They replace the formal values in case the correction for
obscuration is not applicable. In particular, as the expected non-AGN contribution was

erg s7L.
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subtracted from the average X-ray luminosities obtained in Section [5.4.2] in some bins this
subtraction left solely the hard (soft) X-ray emission, which returned a lower (upper) limit
in the final intrinsic X-ray luminosity. In addition, an upper limit is also imposed in case
the observed X-ray spectrum is softer than any spectral model with intrinsic le.?ﬂ This
is plausible, since this slope represents just a mean value among the overall distribution of
AGN X-ray spectra, whose typical scatter is around 0.2 (e.g. Piconcelli et al.|[2005).

We note that our SFR-M,—z grid follows the evolution with redshift of the MS. Even
at our large source statistics, uncertainties in BHAR remain noticeable (about 0.4 dex on
average, see Table , also due to the fact that in some bins a few, intrinsically luminous
X-ray detections might dominate the global signal, as stated in Equation [5.1} Trends in
BHAR are indicated within the panels for each redshift slice, and differences in BHAR
between local low SFR and distant high SFR sources are obvious. We proceed to an
investigation which galaxy property best correlates with these BHAR differences.

9The softest X-ray spectrum that is reproducible with intrinsic slope I'=1.9 corresponds to HR = —0.47.
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5.5.2 Correlation with galaxy properties

We explore here the observed trends between <Mbh> and various galaxy properties: SFR,
M, and offset from the MY%} Because of the evolution with cosmic time of SFRs and
BHARS, we fit the data separately for each redshift bin, by assuming a linear trend in the
log—log space through:

log((Myn)) = o x log(x) + (5.7)

where a and [ represent slope and intercept, respectively, while x is the corresponding
independent variable. We have used the IDL routine IMSL MULTIREGRESS.PRO, which
performs a linear regression fit considering error bars and returns best-fit intercept and
slope with related 1o uncertainties. The linear best-fits obtained in each redshift bin are
summarized in Table [5.11

Spearman’s rank

To evaluate the significance of the observed trends, we used the Spearman’s rank cor-
relation coefficient p, that indicates the strength of any observed correlation. However,
the Spearman’s test considers the observed data points as “exact” and does not take into
account their possible error bars. To estimate the most probable correlation coefficient
given the error bars, we used the procedure detailed in |Santos-Sanz et al.| (2012)) (see their
Appendix B.2 for details). Briefly, they generated 1000 samples of data points, building
each synthetic dataset from its associated Gaussian distribution function, where error bars
correspond to one standard deviation. This Monte Carlo bootstrap analysis provides a
distribution of Spearman’s rank correlation coefficients, where its median value gives the
weighted Spearman’s coefficient that represents the most likely correlation to the observed
data points. We used the IDL routine R CORRELATE.PRO to derive the average value
of Spearman’s p: in addition, this function provides the significance of its deviation from
zero P(correlation) of the observed trend, considering the number of points populating the
correlation. These parameters are used to compare different relationships and infer the
strength of the observed correlations. We applied this analysis when studying the relation-
ship between average AGN accretion rate and SFR, M, and MS—offset in each redshift bin

(see Table .

Correlation with SFR and M,

In Fig. , the relation between (M) and SFR. is shown in different redshift bins with
colour coded M,. Circles mark the same bins already shown in Fig. [5.2] but re-arranged to
plot the (Myy,) on the y-azis. Error bars of each bin mark the 410 uncertainties in (My,),
obtained by applying a Monte Carlo bootstrapping (see Section to the obscuration-
corrected Lx and rescaling to <Mbh> as described in Section The black dashed dotted
line in each z-bin represents the best-fit linear relation parametrized in Eq. [5.7, whose
parameters are listed in Table . The best-fit slope (a) suggests that the correlation with

10 As the adopted MS relation shows a linear trend at all redshifts, the offset from the MS becomes simply
the ratio between the sSFR and that corresponding to the main-sequence sSFRus, for a given bin of M,
and redshift.
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Figure 5.3: Average AGN accretion rate vs SFR, at different redshifts. The colour coded bar is
the M,, while individual black dashed-dotted lines set the best-fit linear relation inferred in each
z-bin, whose coefficients are listed in Table[5.1] Bins representing off-sequence galaxies are enclosed
in black squares.

SFR. is consistent with a linear relation, at z>0.25. Consistent trends are found in Fig.
as a function of M,. In particular, we note that in both figures the best-fit relation at
0.01<2<0.25 is flatter than linear. This is likely due to the fact that the comoving volume
covered by COSMOS is not large enough to detect ULIRGs hosting powerful Quasars. At
z>0.25 both relationships show clear trends with nearly linear slopes and relatively high
significance (>20 level). Focusing on individual redshift slices, the comparison between
Spearman’s rank coefficients in Table (columns 5 and 6) shows that the strength of the
observed correlations with either SFR and M, are comparable at z<0.8, while at higher
redshifts the correlation with SFR becomes progressively more significant. Especially at
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Figure 5.4: Average AGN accretion rate vs M,, at different redshifts. The colour coded bar is
the SFR, while individual black dashed-dotted lines set the best-fit linear relation inferred in each
z-bin, whose coefficients are listed in Table[5.1] Bins representing off-sequence galaxies are enclosed
in black squares.

z~2, these coeflicients significantly favour the correlation with SFR, showing a nearly flat
trend between (M) and M,.

Another way of illustrating this point is by looking at the z>0.5 panels in Fig. [5.3
and : Fig. shows that off-sequence galaxies (highlighted with black squares) have
higher average BHAR, compared to mass-matched main-sequence galaxies. In contrast, at
a given SFR in Fig. [5.3the BHAR for off-sequence galaxies does not stand out of those for
main-sequence galaxies. Overall, this may indicate that at z>0.5 the BHAR is primarily
dependent on SFR.

Given the well known main-sequence relation between SFR and M, at all redshifts
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considered here, it is necessary to carry this further and simultaneously investigate the
dependence of (Mbh) on both SFR and M,. We addressed this issue by performing a partial-
correlation fitting analysis. We used the IDL routine R_ CORRELATE.PRO to evaluate the
Spearman’s p related to each couple of parameters and then we combined them according
to the following expression:

Dabe = Pab — PacPbc (5.8)
V=21 o)

which returns the partial correlation between a and b adjusted for ¢. Assuming that
(a,b,¢) = (SFR, (Myy), M), then p,p,c would represent the partial correlation between SFR,
and (Myy), removing the concomitant dependence on M,. As done in Section we
performed again a Monte Carlo bootstrap analysis to provide a distribution of Spearman’s
coefficients from partial-correlation analysis, taking the median value of that distribution
as the most probable to reproduce our datarﬂ The latter p values obtained from partial-
correlation fitting (herafter “partial p’ ’), together with their corresponding significance
levels, are listed in Table (columns 7 and 8).

The comparison between partial p values and those obtained from a rank correlation of
individual parameters shows similar trends. This suggests that the main-sequence relation
between SFR and M, does not significantly affect the correlations with the average BHAR.
The observed trends show that a correlation with M, is slightly preferable than with
SFR at z<0.5, while at higher redshifts the correlation with SFR becomes progressively
more significant. However, we evaluated the difference between SFR and My, in terms of
resulting partial-correlation coefficients, to be less than 1o at z<1 and of the order of 2.2¢c
at 1.5<z<2.5. This may suggest that for our current sampling of the SFR—-M, plane, the
overall evolution of the average BHAR is best represented through a joint dependence on
both SFR and M, at all redshifts. A difference is detected only in the last z-bin, where
the trend with SFR is fairly preferable with respect to that with M,.

We accomplished a multiple-correlation fitting in the log space to provide a simple
analytic expression of the simultaneous dependence of <Mbh> on both SFR and M, as a
function of redshift. According to the following parametrization:

log({Mypp)) o v1log(SFR) 4 6 log(M,.) (5.9)

we defined v and ¢ as the slopes of SFR and M, respectively, and listed their values in
Table for each z-bin. At z<1, the slopes related to SFR and M, are always consistent
(within 1o uncertainty), meaning that both parameters are required to trace the evolution
of the average BHAR. As expected from our previous analyses, at z~2 the correlation with
(Myy) is primarily driven by the SFR.

Given that we are studying Herschel-selected galaxies, our sample is likely biased to-
wards the most star forming galaxies at a given redshift. Since this selection effect could

11f taking the mean value instead of the median would change the resulting p by around 2-3%. Moreover,
we note that, if the observed trend is poorly significant, the most probable p value might prefer a mildly
negative rather than a mildly positive correlation (see Table|5.1)), or viceversa.
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Table 5.2: Best-fit parameters obtained in each z-bin through multiple-correlation fitting pro-
cedure. ~ is the slope of SFR, while § refers to M,. Numbers in brackets represent their lo
uncertainties. The last column provides with the reduced x? values returned from the multiple
linear fitting.

z-bin 7 (SFR) d (M) X
001 <z<025 0.38(£020) 031 (£0.16) 1.90
025 <z <050 0.78(+0.32) 052 (£0.24) 1.78
0.50 <z < 0.80 0.48 (+£0.36) 0.92 (£0.29) 1.93
080 <z < 1.50 0.85 (+£0.22) 0.73 (+0.16) 0.89
150 <z <250 1.16 (£0.33) —0.04 (£0.18) 1.86

potentially bias our results, we tried to evaluate the implications that incompleteness ef-
fects might have on this study. We repeated the same analysis by limiting our parent
sample to Herschel galaxies with FIR flux (in either PACS or SPIRE bands) larger than
the flux corresponding to 80% completeness level. This cut strongly reduces our statistics
(about a factor of three), as well as the range of galaxy properties we are allowed to probe,
but it allows us to test the validity of our findings in a reasonably complete sample of star-
forming galaxies. We accomplished the same analysis previously described and evaluated
the strength of the observed correlations between average BHAR, SFR and M,, on the basis
of a quite complete sample of star forming galaxies. We ended up with consistent trends
(within 1 sigma uncertainty) in all redshift bins, thus the overall correlations between
<Mbh> and galaxy properties are in agreement with our previous analysis. In addition, we
checked that the observed trends obtained separately in GOODS fields and in COSMOS
provide consistent results.

This general agreement might suggest that the relationships presented in this Section
are safely valid among star forming galaxies in a wide range of SFRs and redshifts. A
deeper investigation will be feasible through forthcoming Chandra observations of the en-
tire COSMOS field (2 deg? instead of 0.9 deg?) from the COSMOS Legacy Survey (PI:
F. Civano). In a future work, we plan to enrich the statistics and further increase the

significance of the results presented in this work.

Correlation with offset from the MS

The relation between (Myy,) and offset from the MS is shown in Fig. and the best-fit
parameters obtained through a linear regression fitting are listed in Table[5.1] It is evident
that the average BHAR does not depend significantly on the MS offset. At all redshifts,
the best-fit slope is consistent with a flat or slightly declining relation. Our analysis based
on Spearman’s p coefficients rejects with high probability any possible trend, suggesting a
very weak, or absent, correlation at any redshift here Consideredlﬂ This lack of correlation
with MS offset might be likely induced by the fact that correlations between (Mbh> and
SFR and M, show consistent slopes. At z~2, given the stronger dependence of ( dotMyy)
on the SFR, the resulting slope with MS offset is not negative, at odds with previous z-bins,

12We have verified that our results remain if using the MS definition of[Whitaker et al.| (2012)) or|Schreiber]
et al.| (2014), instead of the one proposed by [Elbaz et al.|(2011).
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Figure 5.5: Average AGN accretion rate vs offset from the MS, at different redshifts. The colour
coded bar is the SFR, while individual black dashed-dotted lines set the best-fit linear relation
inferred in each z-bin, whose coefficients are listed in Table Bins representing off-sequence
galaxies are enclosed in black squares.

though it remains very weak.

While we have argued above, on the basis of Fig. [5.4] that at a given M, high sSFR
(above MS) objects tend to show larger BHAR, this is washed out in Fig by the
significant M, range covered in each redshift bin, in combination with the MS relation and
the link of BHAR to SFR (and M,). In addition, we have looked into possible trends of
BHAR/SFR with MS offset and found no significant one at any redshift.

The top panel of Fig. shows the distribution of Herschel galaxies (both detected
and undetected in X-rays) in bins of SFR, M, and (M), with a (M) colour coding,
at 0.01<z<2.50. To mitigate the selection effects in SFR, here we limit ourselves to the
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subsample with >80% completeness, which provides a reasonable trade-off between number
of sources and completeness of the sample. The central and bottom panels show the
projections of the previous plot on the SFR7<Mbh> plane and M*7<Mbh> plane, respectively,
with a redshift colour coding. The observed correlations shown in these panels suggest that
the trend with SFR is steeper and more significant than with M,, which may support a
primary dependence of the BHAR on SFR, though almost indiscernible from M, within
single redshift slices. We also looked into possible trends of the BHAR/SFR with offset
from the MS and found no significant one at any redshift. In Section we discuss this
lack of trends in the framework of classical merger scenarios.

5.5.3 Comparison with previous studies

We compare the relationships between AGN accretion and galaxy properties obtained from
our analysis with those found by Mullaney et al.| (2012a, M12 hereafter) and |Chen et al.
(2013, C13 hereafter). M12 claimed a linear relation at z~2 between (Miy) and M,, while
our Fig. shows a weak trend. We checked whether the lack of trend may be due to our
sample selection. Our parent sample has been cut to match the selection criteria adopted
by M12. We included main-sequence galaxies only (i.e. sSSFR < 4xsSFRy,5), we split the
sample at 1.5<z<2.5 only in bins of M, and used a constant bolometric correction of 22.4
(from Vasudevan & Fabian/2007) to derive the average BHAR. We found that (M) o

MO-86+0.08 = consistently with what inferred by M12, who derived the relation <Mbh> o

ML02 PmO-36  However, this nearly linear relation vanishes as we split the sample as a
function of both SFR and M,: keeping the same M12-like sample and changing the grid

configuration only, the resulting best-fit relation with M, is (M) o M2'45i0'25

To study the simultaneous dependence of (Mbh> on both SFR and M,, we performed
a multiple-correlation fitting in the log space, as a function of (Mbh), SFR and M, at the
same time. We used a M12-like sample, but splitting as a function of both SFR and M,.
We found that <Mbh> oc SFR04£0-29 . \[0-13+0.18 * Thege slopes may suggest a “pure” SFR-
driven relation. According to our analysis, the most relevant factor that would reconcile
our analysis with that presented by M12 is the grid configuration. Covering the SFR-M,
plane in both dimensions allows us to separate the two variables which are degenerate in
an MS-only analysis as in M12 (see Section [5.5.2]).

We made also a comparison with results from C13, who measured a nearly linear trend
between (M) and SFR at 0.25<z<0.80, splitting their Herschel sample in bins of SFR
only. C13 found log BHAR = (-3.7240.52) + (1.054:0.33) log SFR (both in Mg, yr~!). By
adjusting our grid configuration in bins of SFR to match their analysis, our fitting routine
gives consistent coefficients, with BHAR = (-3.65+0.12) + (1.18£0.11) log SFR. We note
that a similar trend is found even in case we split the sample in bins of SFR and M,.

13The latter trend is similar to what would be obtained in Fig. [5.5 (highest redshift bin) by removing
the two bins corresponding to off-sequence galaxies (black squares).
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Figure 5.6: Top panel: distribution of bins including Herschel galaxies above the >80% com-
pleteness limit, as a function of AGN accretion rate, SFR and M, at all redshifts. The z, y axes
represent the SFR-M, plane, while the z-axis sets the colour coded AGN accretion rate. Note
that the three-dimensional space is logarithmic. Middle panel: previous plot projected on the
SFRf(Mbh> plane, with colour coded redshift. Bottom panel: projection on the M*7<Mbh> plane,
with colour coded redshift.
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5.6 Discussion

In Section [5.5.2] we described the relationship between AGN accretion rate and SFR, M,
and offset from the main-sequence, over a wide range of galaxy properties and cosmic
epochs, from z~0 up to z=2.5. In this Section we discuss and interpret our findings in the
context of current AGN /galaxy evolutionary scenarios.

Mapping the average AGN accretion along both SFR and M, allows us to separate the
degeneracy between the two parameters, shown by the presence of the MS relation since
z~2. In Section we found that the average BHAR depends on both SFR and M,
with similar significance levels. A more clear correlation with SFR is observed at z>1 and
becomes more significant (at ~2.20) at z~2. Consistent trends are obtained if the >80%
complete Herschel sample is used. This finding may support the SFR as the original driver
of the correlation with average AGN accretion. In particular, the correlation between
<Mbh> and M, inferred in the highest z-bin shows a much flatter trend compared to the
previous redshift slices, while the correlation with SFR is still significant (see Table [5.1]).

We relate the trends of BHAR with SFR, M, and redshift to gas content and the
redshift evolution of the gas fraction:

Mgas

fgas = m

(5.10)

which represents the ratio between molecular gas mass and total baryonic mass of a galaxy.
Several studies have investigated the evolution of fy,s in main-sequence galaxies from the
local Universe to z~1 (Leroy et al.|2008} |Geach et al.|2011}; |Saintonge et al.|2011al 2011b
2012)), at z~1.5-2 (Daddi et al.|2010a; [Tacconi et al.|2010} 2013), finding a strong (fgas o
(142)?) evolution up to z~2 and a plateau at higher redshift (z~3, [Magdis et al.[2013).
Direct CO observations presented by Daddi et al.| (2010a) and [Tacconi et al.| (2010, 2013])
provided first empirical evidence for the existence of very large gas fractions in z~1-2 main-
sequence galaxies, with mass in gas even larger than the mass in stars (i.e. fgas >0.5).
These gas rich systems have also higher SFRs (Daddi et al.||2010b; |Genzel et al. 2010)),
as expected from the Schmidt—Kennicutt relation (Schmidt||1959; [Kennicutt|{1998). This
gas-dominated phase in z~1-2 main-sequence galaxies is also reflected in a difference in
morphology. Indeed, while local main-sequence galaxies are preferentially regular disks,
their z~2 analogs show a larger fraction of irregular morphologies and/or clumpy disks
(e.g. [Elmegreen et al|2007; Forster Schreiber et al. |2009; [Kocevski et al. [2012), which
make them potentially more efficient in funnelling the cold gas inward onto the SMBH.

In the light of the above-mentioned literature, it is plausible to expect a relationship
between average AGN accretion rate and SFR, especially with increasing redshift, where
the fraction of actively star forming gas becomes larger. For the same reason, given that
z~1-2 galaxies are truly gas rich, especially those at lower M, (e.g. Santini et al.|2014),
the build-up of their final M, is at a relatively early stage. As a consequence, a weaker
correlation between AGN accretion and My, as suggested by our data, may be reasonably
expected.

In line with these arguments, Vito et al. (2014)) found that AGN hosts are significantly
more gas rich than inactive galaxies, at a given M, and redshift, suggesting that the
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probability that a SMBH is active is strongly connected to the amount of cold gas supply.
This supports Mg,s as the key ingredient to explain the mutual evolution of star formation
and AGN accretion activity (e.g. |[Santini et al|2012; Mullaney et al|2012a; Rosario
et al|[2013; local AGN review by Heckman & Best|2014). However, the link between
BHAR and SFR that we observe induces a more specific meaning to the notion that AGN
accretion is more closely related to the amount of cold star forming gas (Mgassr) rather
than Mg,s. Though in this work we are not able to distinguish between nuclear and global
star formation, we note that if AGN accretion were tracing global cold gas mass, the known
strong differences in star forming efficiency (or inverse “depletion time”) between normal
galaxies and luminous starburst (e.g. [Solomon et al.|[1997; |Saintonge et al.|[2012) would
predict a trend in BHAR/SFR with MS offset that we do not observe (Section [5.5.2)).
A plausible hypothesis that would reconcile the dependence of AGN accretion on either
Mgas or Mgas sr, is that a significant part of the galaxy star formation is on circumnuclear
(<1kpc) scales, as suggested by |Diamond-Stanic & Rieke 2012 in nearby Seyferts and
also supported by signatures of increasing star-formation “compactness” found in non-local
starbursts (Elbaz et al.|2011} |Gilli et al.[2014).

As argued in Section [5.5.2] our analysis may support the SFR as the original driver of
the correlation with BHAR, though not well discernible from M, within individual redshift
slices. By combining all redshift bins together we are able to increase the statistics and
infer more general trends between AGN accretion and galaxy properties. Fig. shows
the sub-sample of our Herschel sources with FIR flux larger than the 80% completeness
threshold (see Section [5.5.2). The middle and bottom panels in Fig. show that the
overall correlation of BHAR with SFR is much narrower and significant than with M,.
A linear regression fit returns a positive slope of 1.6+0.1, suggesting that the observed
BHAR vs SFR relation is steeper than linear, and that their ratio intrinsically evolves with
redshift. As discussed in Madau & Dickinson| 2014/ (2014, see their Fig. 15), both the
global SFR density (SFRD) and black hole accretion rate density (BHAD) peak around
z~2, declining towards the local Universe. Despite the differences seen in recent derivations
of accretion histories (e.g. Shankar et al.2009; Aird et al.[|2010; [Delvecchio et al. [2014;
Ueda et al.|[2014)), all of them systematically predict a slightly faster decay from z~2
down to z~0, compared to the cosmic evolution of SFH. By fitting the BHAD/SFRD
ratio in the log—log space at 0<z<2, assuming the SFH from Madau & Dickinson|[2014
and an average BHAD evolution from the afore-mentioned literature, we obtain BHAD o
SFRDM*02 " This relation is consistent with the slope evolution that we found between
black hole and SFRs in our IR-selected sample: BHAR o SFR!0%0-1 (see Fig. , middle
panel), supporting a scenario where the SMBH growth follows a faster fading compared to
their host galaxies, from z~2 to the present epoch. This redshift evolution is parametrized
as BHAR/SFR oc (1+2)%9%93 that we found through a linear regression fit in the log—
log space. By integrating our estimates of average BHAR and SFR (see middle panel of
Fig. over cosmic time yields to BHAR/SFR ~ 1/(3000+1500), marginally consistent
with the prediction from the local Mp,—Mpyige relation (around 1/1000, e.g. |[Magorrian
et al.[[1998). This slight difference has been found and extensively argumented in various
studies (e.g. Jahnke et al|2009; Rafferty et al.2011; M12; C13). One possible factor
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is that our SFRs for main-sequence galaxies refer to the entire galaxy, including a large
disk contribution, while only stars ultimately ending in the bulge should be counted in
comparisons to the local My ~Mpylge relation. Second, since in the local Universe the
black hole accretion is less radiatively efficient compared to non-local AGN (Merloni &
Heinz 2008a)), and the most powerful AGN are found in massive and passively evolving
systems, a sample of radiatively efficient AGN might miss a not negligible fraction of the
local BH accretion rate density, leading to a smaller BHAR/SFR ratio.

As described in Section [5.5.2] we did not find any evidence for a correlation between
(Myy,) and MS offset, at any redshift. Since this non-trend remains valid also if selecting
only sources with FIR flux above the corresponding >80% completeness level (see Section
, we argue that this result is not affected by selection biases. We interpret this lack
of correlation as the fact the offset from the MS is not a good predictor of AGN accretion.
It is worth mentioning that almost all the SFR/M, bins used in our analysis lie within
a factor of 4 from the MS relation, so that galaxies on and above the MS relation cover
different ranges in our Herschel sample. This might wash out a possible dependence of
(Myy,) on the MS offset between MS and starburst galaxies.

Recent studies based on deep Hubble Space Telescope (HST) images, such as the Cosmic
Assembly Near—infrared Deep Extragalactic Legacy Survey (CANDELS), allowed thorough
morphological analyses of star forming galaxies at various redshifts. No difference in mor-
phology between AGN hosts and “inactive” galaxies has been found at 0.7<z<3 (Cisternas
et al.[2011}; [Schawinski et al|2011; [Kocevski et al.|2011, |2012; [Villforth et al.[2014), which
trims down the cosmic relevance of major mergers and supports a less violent picture,
where secular processes (e.g clumpy and/or unstable disks, Bournaud et al.|[2012)) play a
major role in triggering both AGN and star formation activity. Independent observations
carried out with Herschel (e.g. Santini et al.|2012; Mullaney et al.|2012b; Rosario et al.
2013) have shown that the FIR-based sSFRs of moderately luminous (Ly <10 erg s71)
X-ray selected AGN hosts up to z~3 are almost indistinguishable from those of inactive
galaxies. According to these studies, it is plausible to expect a non-trend between MS offset
and AGN activity in our Herschel-selected sample. We would have expected to observe a
more clear correlation in local luminous AGN hosts, which are mostly missed in our study
due to the relatively small comoving volumes covered by COSMOS at low redshift.

Another argument discussed in Section[5.5.2] concerns how the BHAR/SFR ratio relates
to major mergers. The overall picture is that both morphology and total star formation
of AGN hosts do not show evidence for a dominant role of major galaxy mergers in AGN
triggering, of the type assumed by classical merger scenarios for the triggering of (luminous)
AGN (Sanders et al.||1988; [Farrah et al|2001; [Springel et al.|[2005; [Hopkins et al. [2006;
Sijacki et al.[[2007; |Di Matteo et al. 2008). Still, it is relevant to ask whether above MS
starbursts stand out in the BH accretion as discussed in this work. Section[5.5.2]has argued
that the MS offset is not a good predictor of absolute BHAR. We have also found that,
at fixed M,, the enhanced SFRs of above MS galaxies go along with enhanced BHAR, in
agreement with a BHAR/SFR ratio that does not change with position with respect to the
main-sequence.

In other words, our results suggest that accretion onto the black hole and star forma-
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tion broadly and on average trace each other, irrespective of whether the galaxy is evolving
steadily on the MS or bursting. This picture supports a causal connection between (radia-

tively efficient) AGN activity and amount of cold star-forming gas.



Chapter

Concluding remarks and future prospects

In this Thesis we have investigated the connection between the physical properties of
AGN (e.g. bolometric luminosities) and those of their host galaxies (e.g. SFR, M,). In
Chapter [I} the physical and observational properties of AGN have been discussed from
a panchromatic perspective, recalling also the AGN /galaxy evolutionary scenarios before
the advent of Herschel. The complementary perspective of Herschel observations in the
context of multi-wavelength studies of AGN host galaxies has been emphasized in Chapter
where we introduce and motivate the need for Herschel data to constrain emission
processes related to AGN accretion and star formation activity in galaxy SEDs.

We exploited Herschel imaging data in the far-IR/sub-mm regime obtained from PACS
and SPIRE observations, complemented with broad band ancillary photometry down to
optical/UV wavelengths. This panchromatic approach was essential in characterising the
global SEDs of Herschel-selected galaxies in the GOODS-S, GOODS-N and COSMOS
fields. We performed a SED-fitting decomposition analysis to decouple the AGN emission
from the host galaxy light, as presented in Chapter This technique has been applied
with the final goal of studying the evolution of the IR-selected AGN population over the
cosmic time (Chapter, as well as to investigate how AGN accretion is related to the host
galaxy properties (Chapter [5)).

In the following Sections, we present our conclusions, highlighting the main results and
the future propects that will enable to extend the work accomplished in this Thesis in the
context of AGN and galaxy evolution.

6.1 Decomposition of broad-band SEDs

In Chapter [3] we have described our analysis to decouple the AGN emission from that
related to the host galaxy. One of the main advantages of SED-fitting decomposition is the
applicability of this technique to a large variety of galaxies, from passive systems to powerful
ULIRGs at different redshifts. The energy balance technique incorporated in the MAGPHYS
code (da Cunha et al. 2008)) enables to fit the observed datapoints with meaningful and
self-consistent galaxy SEDs from the optical/UV to sub-mm wavelengths. We also used a
modified version of MAGPHYS, where an additional AGN emission component is considered

107
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in the fit (Berta et al.|2013b). This code allows to estimate the AGN bolometric luminosity
in active galaxies, but also to infer more precise measurements of the host galaxy properties,
such as SFR and M, correcting for the possible contamination due to the AGN. We also
distinguish our sources between “active” and “inactive” galaxies, on the basis of a Fisher-test
that measures the statistical significance of the additional AGN component with respect
to the fit without it.

Here below we list our main results.

(i) The fraction of star-forming galaxies in the redshift range 0.1 < z < 3.8 harbouring
an AGN (at a >99% confidence level) is ~37%. We study the dependence of this fraction
(or AGN detection rate) as a function of redshift and total IR (rest 1-1000 pm) luminosity
Li_1000. At z > 0.3 we find that the AGN detection rate rises as a function of the total
IR luminosity, suggesting that the AGN activity at these redshifts is likely to take place in
stronger star-forming systems (L1_1000 ~ 10*?Lg), rather than in “normal” ones (Lj_1000 ~
10" Lg). Furthermore, we find an additional dependence of the AGN detection rate on
redshift, since the probability to pick up AGN in galaxies with a given luminosity increases
with redshift, at least up to z ~ 2. This positive evolution as a function of both Li_19gg
and redshift is in agreement with independent estimates from the literature (e.g. Imanishi
et al.|2010; Alonso-Herrero et al.|[2012).

(i) We compare our classification based on SED decomposition with the mid-IR colour-
colour selection criteria presented by Lacy et al.| (2007) and |Donley et al.|(2012). The latter
is more conservative and therefore more reliable than the former, though less complete at
low luminosities. We find that ~12% of Herschel galaxies classified as “AGN” fulfill the
Donley et al|2012criterion and are characterised by AGN dominated systems in the mid-
IR, with extreme (> 10'2Lg) star formation and AGN accretion luminosities. On the
other hand, ~ 70% of our AGN sample lie inside the Lacy et al. 2007 wedge, showing
more modest IR luminosities Li_1g99 ~ 1011_11'5L@. Interestingly, we found our samples
of AGN and galaxies to occupy different regions across the mid-IR. colour-colour diagram,
suggesting that our SED classification effectively labels as “AGN” sources with near /mid-IR
SEDs systematically different from those of purely star forming galaxies.

(iit) The average (1-1000 pm) bolometric correction derived from each best-fit AGN
template is around 3-5, therefore significantly lower than what derived from X-rays (~20—
30). Estimates of the AGN bolometric luminosity Lpo agn have been obtained through a
Bayesian approach. The robustness of our measurements depends on the reliability of the
SED-fitting decomposition itself. The comparison with a small (i.e. 14 sources) sample of
highly obscured, Compton-Thick AGN candidates selected through X-ray spectral analysis
(Lanzuisi et al|[2014), suggests that our estimates of Lypo agn inferred from SED-fitting
decomposition agree with those derived from the X-rays, even for these extreme AGN.

Our analysis demonstrates that the combined Herschel and Spitzer capabilities of mea-
suring the mid-to-far IR part of the spectrum are essential to constrain the possible presence
of an AGN. Of course, this technique would largely benefit from Spitzer-IRS spectra, which
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are currently available only for ~ a hundred of sources in the non-local Universe (e.g. |[Fadda;
et al.|2010; Pozzi et al.|[2012).

Following on this reasoning, we stress that SED-fitting decomposition does not pro-
vide 100% complete and/or reliable AGN samples. As already stated in Section , the
comparison with independent AGN diagnostics suggests that the reliability of SED-fitting
decomposition in identifying AGN is dependent on the AGN-to-host luminosity ratio.

On the other hand, this method is almost unbiased towards nuclear and galaxy atten-
uation, and therefore enables to identify also heavily obscured AGN, missed even by deep
X-ray surveys. Moreover, the large fraction of heavily obscured AGN detected by Herschel
(60% instead of ~20% found for the full X-ray sample) suggests that broad band SED-
fitting including Herschel data offers a complementary perspective to studies conducted at
other wavelengths hunting for this elusive AGN population.

6.2 AGN accretion history since z~3

The predicting power of SED-fitting decomposition in evaluating the AGN bolometric

luminosity Lo agn enables to infer the cosmic evolution of the comoving luminosity density

of AGN. We have considered a sample of PACS-160 pm selected galaxies in the COSMOS

and GOODS-S fields. The main purpose was to derive the AGN bolometric luminosity

function since z~3 and compare our derivation with previous findings from the literature.
Here we report the main results achieved in Chapter

(i) The best-fit AGN bolometric LF derived from our Herschel sample is in good
agreement with that obtained by Hopkins et al. (2007) up to z~3, despite the different
and independent AGN selection criteria (Hopkins et al.|[2007) exploited X-ray, optical and
mid-IR selected samples of AGN). We stress that a correction for incompleteness has been
applied to account for the fraction of AGN missed by Herschel, following the approach
described in detail in Appendix [A]

(i) We analysed the comoving number density of Herschel sources showing a significant
AGN component in their best-fit (at >99% confidence level, on the basis of an F-test), as
a function of redshift and AGN bolometric luminosity. We found the observed trends to
resemble the “downsizing” behaviour. Indeed, Fig. [I.4]suggests that the bulk of the SMBH
growth takes place in more powerful objects at earlier times. The similarity between our
findings and those previously suggested by X-ray based works (e.g. Hasinger et al.|[2005;
Silverman et al.|2008) may imply that X-ray selected and Herschel-selected AGN hosts
have likely experienced similar evolutionary paths.

(iit) By integrating the AGN bolometric luminosity function, we estimate the black
hole accretion density (BHAD) at different cosmic epochs. Applying the Soltan’s argument
to match the local BH mass density allows us to infer an estimate of the BH radiative
efficiency €,,q. We found that both the redshift evolution of the BHAD and the resulting
€rad (= 0.07) are in agreement with those obtained from X-ray based results (e.g. Merloni &
Heinz 2008b; Ueda et al.|2014)). This overall consistency suggests that the Herschel-based
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selection, together with a proper SED decomposition, enables to trace consistent integrated
luminosity densities with respect to X-ray selected AGN samples. This similarity does
not necessarily imply that both selection criteria trace the evolution of the same AGN
population, given the small overlap between IR and X-ray selected samples (i.e. 10-20%
from both selections). The respective corrections for incompleteness account for the AGN
population that is missed by the selection, which is necessary to reproduce the “complete”
AGN accretion history.

6.3 The connection between AGN accretion and galaxy prop-
erties

We analysed the average AGN accretion rate (BHAR) in the SFR-M, plane at 0< z
<2.5 and investigated for the first time the mutual relations between AGN accretion rate
and SFR, M, and specific SFR in about 8600 Herschel-selected galaxies taken from the
GOODS-S, GOODS-N and COSMOS fields. The large statistics, together with the wealth
of multi-wavelength data available in these fields, allowed us to perform broad-band SED-
fitting decomposition and to measure SFR and M, both corrected for a possible contami-
nation due to the AGN.

Average AGN accretion rates have been derived from Chandra X-ray observations,
considering all the Herschel galaxies within each bin of SFR, M, and redshift (both X-ray
detected and undetected), and applying reasonable assumptions and widely used scaling
factors.

The analysis of the relationships between AGN accretion rate and integrated galaxy

properties has provided the following results.

(i) The average AGN accretion rate inferred in Herschel-selected galaxies shows posi-
tive evolution as a function of both SFR and M, at z<1, while at higher redshift (1.5<z<2.5)
our data establish with >2¢ significance the SFR as the best tracer of AGN accretion. This
may suggest that the galaxy SFR is the original driver of the correlation with accretion
onto the central black hole. A possible (but not unique) interpretation is that the observed
trends reflect the evolution with redshift of the molecular gas fraction in star forming galax-
ies. It is now well established (e.g. (Tacconi et al.2013) that higher redshift galaxies are
significantly richer in gas, compared to their local analogs at the same M,. This implies
that at higher redshift, an increasing fraction of the total cold gas mass has not yet been
converted into stars. Since AGN accretion occurs preferentially in gas rich galaxies (e.g.
Vito et al.|2014), which are also more star forming (assuming a Schmidt-Kennicutt rela-
tion), this naturally explains at the same time the weaker correlation of AGN accretion
with M, at z~2, and the stronger correlation with SFR found at this epoch. Despite the
lack of physical constraints to quantitatively test this hypothesis, we suggest that the key
ingredient operating behind the scenes is the cold molecular gas mass.

(ii) Given a link between BHAR and SFR, we found that the BHAR /SFR ratio slightly
evolves with redshift, suggesting a faster decline of the cosmic black hole accretion history
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with respect to the star formation history from z~2 to recent epochs, in agreement with
other derivations (e.g. Fig. 15 of Madau & Dickinson|[2014)). Integrating these evoutionary
trends down to the local Universe leads to a mildly smaller BHAR/SFR ratio compared
to the predictions of the local [Magorrian et al.| (1998|) relation. Different interpretations
could explain this apparent discrepancy (Rafferty et al[2011): for instance, AGN that are
not included in our sample (e.g. radiatively inefficient) would produce a lower BHAR /SFR
ratio. A lower value of the BHAR/SFR might come out also if a significant fraction of the
total SFR of Herschel galaxies occurs outside the galaxy bulge.

(ii1) We compared the observed correlations between AGN accretion and key galaxy
properties with those presented by Mullaney et al. (2012a)) and (Chen et al.| (2013). Our
analysis suggests that the correlation between AGN accretion rate and M, claimed at
z~2 by [Mullaney et al|2012al is likely a consequence of the trend with SFR and of the
main-sequence relation that holds between the two.

(iv) We investigated the observed correlations between AGN accretion rate and offset
from the star-forming main-sequence. We found that, at fixed M,, the enhanced SFR of
above MS galaxies goes along with enhanced BHAR, in agreement with a BHAR/SFR ratio
that does not change with position with respect to the main-sequence. Our interpretation
is that accretion onto the central black hole and star formation broadly trace each other,

irrespective of whether the galaxy is evolving steadily on the main-sequence or bursting.

6.4 Future prospects

The SED-fitting decomposition technique can provide several crucial information for statis-
tical samples of AGN and galaxies. To constrain for individual galaxies the major physical
processes that regulate in the IR domain galaxy star formation and AGN activity, IR spec-
troscopy is mandatory. First attempts to improve SED-fitting decomposition have been
done using Spitzer-IRS spectra in the mid-IR regime (e.g. Feltre et al.|2013)), though these
are available only in ~ a hundred of non-local galaxies.

The IR space telescope SPICA (Swinyard et al|2009; [Nakagawa et al.|2014)), a mission
that will be submitted in response to the incoming ESA M5 call, should enable to conduct
systematic spectroscopic studies in the mid-IR and far-IR regime for thousands of galaxies
up to z=3. In particular, the SpicA FAR-infrared Instrument (SAFARI), the far-IR (30—
210 pm) imaging spectrometer onboard SPICA, would be crucial to detect fine-structure
lines (e.g. [O I|63 pm, [O IV|26 pm, [C II]158 pm), which are powerful tracers of the
physical conditions of the obscuring medium, therefore essential to characterise the ionizing
radiation field ascribed to star formation processes and to a possible AGN.

The next generation X-ray observatory ATHENA+ (Nandra et al|[2013) will provide
new constraints on the formation and evolution of SMBHs. The broad overlap in terms of
science topics, and the complementary perspectives that Athena+ and SPICA will enable
to achieve, will greatly improve our current understanding of AGN and galaxy evolution,
paving the way to take a full census of the AGN accretion in the Universe.
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Constraining the library of AGN templates, such as the assumptions on the torus size
and geometry (i.e. smooth or clumpy), would significantly improve of our SED-fitting
decomposition. Interferometric studies at mid-IR wavelengths tend to prefer a clumpy,
compact structure (e.g. Tristram & Schartmann 2011}, [2014)), though not well discernible
from currently available Spitzer or Herschel data (e.g. |[Feltre et al|2012). An interesting
prediction from clumpy models is that the dusty torus should show the same morphology
across the far-IR and sub-mm regime, while smooth configurations predict a monotonic
decrease of the dust temperature with distance from the SMBH. Only sub-mm interfer-
ometric studies with ALMA will allow us to infer precise measurements of the size and
geometry of the dusty torus in type-1 and type-2 AGN (Maiolino [2008)).

In the next future, we will significantly extend our investigation of the AGN accretion
vs galaxy properties, by combining our sample with state-of-the-art radio sky surveys (e.g.
JVLA-COSMOS, PI: V. Smolcic). This will allow us to constrain the stellar and SMBH
growth over the cosmic time, exploring the role of AGN-driven feedback in galaxy evolution
and the impact to the cosmic star formation history. These studies will also pave the way for
the next generation (>2024) radio interferometer Square Kilometer Array (SKA), that will
reach flux limits orders of magnitudes deeper than current radio instruments, thus probing
the AGN and galaxy evolution taking advantage of a deep synergy with above-mentioned

future space missions at other wavelengths.
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Appendix

Incompleteness in accretion luminosity

As mentioned in section in this Appendix we describe in detail our approach to
account for the incompleteness in accretion luminosity. We follow a similar approach to
that developed by Fontana et al. (2004)), who build the stellar mass function correcting
for the incompleteness in stellar mass, starting from a K-band selected sample. The same
argument could be in principle generalised, under some assumptions, to deal with the eval-
uation of the incompleteness affecting some unobservable quantity when selecting sources
with any other observable quantity. We make use of a similar algorithm, but referred to
the “accretion flux” Syeer as unobservable and to the 160 pum flux as observable. We de-
fine Sacer = Lol AGN /47rD% and compare it with the corresponding 160 pm flux, simply
rescaling the accretion power by its luminosity distance factor Dry,.

As described in section the reference sample was selected above a given detection
threshold (2.4 mJy in the GOODS-S, 10.2 mJy in the COSMOS field). Nevertheless, we
are potentially ruling out some objects that are below the observational limit, but likely
having a relatively high accretion power (i.e. alarger Ly agn value with respect to sources
with FIR flux density above the detection limit). In order to quantify the missing fraction
of AGN as a function of the observed 160 pm flux density, the following hypotheses have
been made.

1. We assume that the distribution of the flux ratio Sacer/S160 does not depend on red-
shift. Indeed, we are not able to characterise such distribution over sizeable samples
at any redshift, expecially at z>2 where the low statistics prevents us from deriving
the ratio with high significance.

2. We rely on the basic assumption that the S1g9 completeness function derived by Berta
et al. (2010, 2011) for 160 pm sources in GOODS-S preserves the same trend also
below the detection limit. Furthermore, the S169 flux completeness function derived
for COSMOS sources has been extrapolated below 10.2 mJy on the existing one, by
assuming the same trend for that derived in GOODS-S.

We fit the logarithmic distribution of flux ratio with a Gaussian function, for GOODS-S
and COSMOS samples separately. In support to the assumption (ii), we observed a similar
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Figure A.1: Distribution of GOODS-S (red asterisks) and COSMOS (blue squares) sources clas-
sified as AGN, as a function of S,cer and Si69. Dotted lines show the flux density limits at 160 ym
(S160,1im ), Whereas horizontal dashed lines set the thresholds in accretion flux that we found through
this analysis. The red and blue solid lines trace the upper value of the distribution of flux ratio Sacer
/ Si60, as a function of the accretion flux. The red and blue shaded areas define the flux-to-flux
regions that we have explored to calibrate our correction for incompleteness in S,.e;. See text for
details.

distribution of flux ratio among COSMOS and GOODS-South, which means that most
likely the two fluxes scale in a similar way as a function of Sig9. Such similar trend at
lower Sig9 allows us to assume that our distribution is also preserved for lower Sigy than
the GOODS-S detection limit. As expected, the distributions of flux ratio are quite broad
(about 0.6 dex), so they do not imply a tight correlation between star-formation and AGN

accretion activities (see e.g. |[Rosario et al.2012)). However, the approach developed by

[Fontana et al. (2004) allows us to take into account the full distribution of flux ratios, even

if quite broad.

In order to correct for the incompleteness in Succr, it is necessary to evaluate the intrinsic
number of AGN that are missed because Sigp is lower than the detection limit Sigo 1im, as
a function of the accretion flux. In Fig. we plot the distribution of COSMOS (blue
squares) and GOODS-S (red asterisks) sources as a function of both 160 ym and accretion
fluxes. The vertical dotted lines set the FIR detection limit of each PEP field. Each
coloured solid line marks the upper boundary of the distribution of flux ratios sampled
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by each value of the accretion flux. For sake of simplicity, hereafter we focus on the red
asterisks only (representing GOODS-S). The following reasoning may be also extended to
the blue squares (representing COSMOS).

Following Fontana et al. (2004), we set the starting point for our analysis in such a way
that the highest flux ratio of the distribution samples the flux density limit Si601im value
of the survey (see the down-arrow placed where the solid line crosses the dotted one in Fig.
. We may reasonably assume that above such threshold we are 100 per cent complete
in accretion flux.

Since we are interested in quantifying the missing AGN fraction as a function of the
accretion flux, we follow the down-arrow (see Fig. , moving along the solid line down
to lower and lower values of S,ec;. According to the hypothesis (ii) we assume that also the
distribution shifts down with the same trend. For each step in Sucer we need to evaluate
the expected (i.e. intrinsic) number of sources Nexp, that is nothing more than the “classic”
log Nexp—log S160. This is achievable by extrapolating the existing S169 completeness curve
down to lower and lower FIR flux densities.

As we are interested in deriving such information as a function of the accretion flux
rather than FIR flux density, we convert the obtained log Neyp-log Sigo into log Nexp—
log Sacer through a convolution with the distribution of flux ratios. In other words, we use
our distribution to derive the expected number of sources for each input accretion flux.
From the comparison between the observed and expected number of sources, it is possible
to obtain the detectable AGN fraction fger as a function of Syecr:

5160, max dN.
P o(%) dS
/s 45160 9(T) dS1e0

. 160,lim
fdet (SaCCr) - /Slﬁo,max dNeXp (7) S (Al)
gl
SlGO,min dSlGO g 100

where (T) = Sacer / S160 and g(T) is the interpolated value of the distribution of flux ratios
at [Sacer, S160]. While Sigp1im is constant, Si0,min and Sie0,max change step by step in
accretion flux, since they represent the minimum and maximum FIR fluxes, respectively,
sampled by the distribution of flux ratios for a given accretion flux Spacer.

The quantity in equation is by definition <1 and scales downward as long as Sacer
decreases, since the FIR-based selection becomes progressively more incomplete in accretion
flux. As done by |[Fontana et al.| (2004)), we choose to run the iterations until the detectable
fraction matches the lost fraction (i.e. fqet = 0.5). The latter value identifies the minimum
accretion flux Sacer,lim that a source should have to enter a >50 per cent complete accretion-
based sample, regardless of its FIR flux density. In Fig. the shaded areas delimit the
flux-to-flux regions that we have explored to calibrate our correction for incompleteness in
accretion flux. We show in Fig. [A:2] the how the completeness fraction increases at higher
values of Syecr. Filled circles identify the 50% threshold in COSMOS (blue) and GOODS-S
(red) samples. These thresholds in accretion flux are equal to 4 x 10~ erg s7! cm™2 and
5x 10713 erg s7! cm™? in the GOODS-S and the COSMOS field respectively, also marked
with horizontal dashed lines in Fig. [A]]



138 A. Incompleteness in accretion luminosity

1.0 GOODS-S _c-cccmmmommmmmmmmmmman
- COSMOS, - R |
% i // // ]
o 0.8+ // / _|
c L / |
-lq—lJ [ II / -
Q - I N i
g— 06? K / -
o - [ ° ]
o i I/ ) ]
§ O4j i // i
LL< : // /I :
02? ,/ /’ 5
000 oo
10 10" 10°% 1074 1072

Facr [EFgSTCM™?]

Figure A.2: Completeness fraction y-azis as a function of the accretion flux Sycc, z-axis, calculated
for our Herschel sample in the COSMOS (blue dashed line) and in the GOODS-S (red dashed line)
fields. Filled circles mark the 50% completeness flux that is applied in our analysis.

Within our AGN sample, only those sources with accretion fluxes larger than the cor-
responding threshold have been considered for the AGN bolometric luminosity function.
By applying the above mentioned corrections, the predicted number of sources in each
Lyo.agn bin may increase up to a factor of 2. Nevertheless, the Viyax method (Eq.
was referred to the accessible comoving volume for a source to be detected at 160 um, but
not necessarily to enter at the same time an accretion-based selection. As a consequence,

) . ) o
we define an “effective” maximum comoving volume Vm{n{ as:
eff .
Vmax = mln[VmaX7 Vmax,accr] (A..2)

where Vijaxacer 1s the equivalent of the classic Vipax definition, except for the fact that
Vinax,acer 18 computed as a function of the accretion flux rather than of FIR flux. In other
words, we calculate a Vipaxacer Value for each object by following Eqs. and and
replacing the FIR flux completeness function f.(z) with that based on the accretion flux

fdet (Saccr)-
Finally, the effective volume Veff (Eq. A.2)) is computed for sources having Sycer >

max

Sacerlim and Sigo > Si60,lim, fitting both simultaneously with FIR and accretion-based

selections. At the same time, VS allows us to correct for the incompleteness in accretion
flux, that is to place our Herschel-selected AGN within the appropriate comoving volume
where all AGN with Sacer > Sacer,lim either detected or undetected by Herschel, would be

observable.



Appendix

Details on X-ray stacking

The stacking analysis allows to increase the signal-to-noise of individually non-detected
sources by grouping them together and piling-up their photon counts. This technique
returns an average net (i.e. background subtracted) count rate for a given input list. As
mentioned in section[5.4.1] we stacked individual Herschel-selected galaxies not detected in
X-rays. We masked all point-like sources listed in public X-ray catalogues (Alexander et al.
2003 for GOODS-N, Xue et al. 2011 for GOODS-S and [Elvis et al.| 2009 for C-COSMOS).
We have assumed a circular shape for each mask, which radius is 50% larger then the area
enclosing 90% of photon counts from the source. The size of the Point Spread Function
(PSF) follows a radial (and energy-dependent) profile in the Chandra Deep Fields, while
in COSMOS it shows fluctuations in between overlapping pointings (see |[Elvis et al.[|2009).
We accounted for that and ensured that the mean background level, after masking all
X-ray sources, was fully consistent in each field with that presented in the corresponding
reference paper.

To optimize the final signal-to-noise ratio (SNR), we have taken a fixed source aperture
(i.e. 2 arcsec radius) centered on each optical position. The number of photon counts has
been corrected by accounting for off-axis angle and observed frequencyﬂ

Each background region is an annulus centered on the corresponding optical position,
with inner radius placed 5 pixels (1 pixel = 0.492 arcsec) apart from the PSF size enclosing
90% photon counts. The outer radius is 5 pixels apart from the inner one. This avoids
contamination from the PSF of the stacked source.

We subtracted the background counts, rescaled to the source area, to the photon counts
collected from the source region, to get the net number of source counts. The exposure
time is taken from energy-dependent time-maps, which return for each (x,y) position in
the sky the effective exposure time (i.e. corrected for vignetting, bad pixels, dithering and
including also a spatially dependent quantum efficiency). Finally, the average count rate
is computed by summing (over all stacked sources) all net source counts and dividing by
the total effective exposure time.

IThis correction has been made using the psf module (http://cxc.harvard.edu/ciao/ahelp/psf.
html) from the Chandra Interactive Analysis of Observations (CIAO) package.
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Appendix

Statistics in the SFR-My plane

In Table we show the values of AGN accretion rate and its uncertainties, as a function
of SFR, M, and redshift, in order to quantify the colour coded scale shown in Fig. In
addition, we list the number of sources included in each bin (total numbers, X-ray detected
and X-ray undetected). Note that bins of SFR change as a function of redshift, as they
are arranged to follow the cosmic evolution of the main-sequence relation.
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Appendix

Maximum Likelihood function

In this Appendix we describe the construction of a maximum likelihood (ML) function
to estimate the most probable value of a given parameter, in case the sample that we
want to analyse include both detected and undetected sources. This method provides an
alternative approach compared to the weighted average presented in Eq. differently
from what is stated in Eq. the ML function considers the single undetected source as
an upper limit, rather than assuming the same stacked value for all undetected sources.
The ML method relies on two assumptions: first, both detected and stacked sources are
supposed to belong to the same underlying population. This means that the distribution
of the parameter that we are interested in (in this case the observed X-ray luminosity Lx)
is the same for all sources. This assumption can ben tested afterwards. Second, one has
to assume a given distribution of the parameter of interest: for simplicity we assume a
Gaussian distribution in log Lx for our sample. Under this assumption, the likelihood
function depends only on the average Lx and on the dispersion of the Lx distribution.
Adopting the same syntax used in Eq. let’s assume that our sample includes m
detected and n undetected sources. We computed the likelihood function £ according to

the formula:

m n

lOg LX,lim
£=]]flogLx,y)-[] / f(log Lx ;) dlog Lx (D.1)

i=1 j=1v 7
where f is the Gaussian function in log Lx:

1 7(logLX710gLX’O)

ceT T 202 D.2
V2mo? (D-2)
The left factor of Eq. represents the likelihood function calculated for the m
detected objects, while the right factor refers to the n undetected ones. The integral

f(logLx) =

within the right factor is calculated for each source and measures the total probability of
finding that source below the nominal detection limit Lx jim-

The likelihood function £ enables to estimate the most probable value log Lx o and the
dispersion o of the underlying Gaussian distribution. The best estimate for (log Lx o, o) is
found by maximizing £(logLx o, 0), while the uncertainties on (logLx ¢, o) are obtained
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D. Maximum Likelihood function
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Figure D.1: Distribution of the observed X-ray luminosity (in colour coding) estimated through
ML in the SFR-M, plane at 0.01<z<2.5.

by finding all the (logLx ¢, o) pairs for which £ = e_l/zﬁmax, where Lax 18 the maximum
likelihood ML computed for the (n + m) sources.

We iterated the calculation of the ML function for each bin of SFR, M, and redshift
shown in Fig. [5.2l We estimated the X-ray luminosity limit Lx jiy, (in the 0.5-8 keV
band) for each undetected source directly from the X-ray sensitivity maps available for the
GOODS-S, the GOODS-N and the COSMOS fields. The best estimate for ¢ is around 0.8,
suggesting that the underlying Gaussian distribution is quite broad, as expected given that
both X-ray detected and undetected sources are considered in the same sample. The most
probable log Lx ¢ obtained in each bin is calculated in logarithmic scale. The conversion
from logarithmic to linear scale, under the assumption of a Gaussian distribution, depends
only on the dispersion ¢ inferred from the ML:

2.303

log LX,mean = log LX,O +—F—0

. (D.3)

where Lx mean is the most probable X-ray luminosity estimated through the ML function
in linear scale. This value can be directly compared to that derived from Eq. to test
the hypothesis that X-ray detected and undetected sources belong to the same underlying
population.

We estimated this luminosity in each bin of SFR, M, and redshift studied in Fig. [5.2]
The distribution of the ML-based X-ray luminosities in the SFR-M, plane is shown in
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Figure D.2: Distribution of the observed X-ray luminosity (in colour coding)

Weighted average - observed L 54 (100 €rg s’

42.0

425

435

400 405 410 415 430 440 445 450
© 001<z<025 025<z<050 -  050<z<080 .~
1000.0 A A
100.0 o 1 i ]
J/ 7 \_,I -

10.0 1 - ]
10 . 1 ]
01 1 1 1 1 A ‘ ‘ ‘ 3

10000 P 10 10°  10% 107
. - > . 3 M* [M@]
100.0 - P 1 ; 1
1000 : .- 1
1.0F° ] 1
0.80<z<150 1.50 < z < 2.50
01l ‘ ‘ L E ‘ ‘ 3
10°  10° 10%* 102% 10° 10" 10% 10%
M. [Me] M. [Mg]

weighted average (see Eq. in the SFR-M,, plane at 0.01<z<2.5.

estimated through
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Figure D.3: Weighted X-ray luminosity over ML-based X-ray luminosity for each SFR-M,-z bin
(red circles), as a function of o. The black solid line indicates the parabola fitting the expected

X o

2

correlation.

Fig. [D:1] For comparison, we show also the distribution of the observed X-ray luminosi-

ties derived from a weighted average in Fig. [D:2] The colour coding X-ray luminosity
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looks reasonably similar. To quantify possible differences, we study the logarithmic ratio
between the weighted-Lx and the ML-based Lx g, as a function of 0. Fig. @ shows this
comparison: the solid line marks the expected parabolic correlation (given Eq. in
case of perfect match between X-ray luminosities. Red circles represent individual bins of
SFR, M, and redshift shown in Fig. [D.I] and [D.2]

The observed distribution of points shows an offset as high as 0.18 dex, with the dis-
persion of about 0.25 dex. This check suggests that the weighted average provides with
reasonably consistent estimates of X-ray luminosity compared to what obtained from the
ML function. As a consequence, this implies that the assumption that Herschel galaxies,
both detected and undetected in X-rays, belong to the same underlying Gaussian popula-

tion, is quite reasonable.
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