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Chapter 1

Introduction

1.1 An Overview of an Active Galactic Nuclei

Active Galaxies are a sub-class of galaxies whose central supermassive black hole is in a phase of active
accretion growth, commonly known as active galactic nuclei (AGN). Our current understanding of AGN
suggests that they are powered by the accretion of gas onto the supermassive black hole (SMBH) which
resides in the nuclear regions of a galaxy. Typical SMBH has a mass larger than logMBH/M⊙ > 6
and their existence is now well accepted due to their detection in several galaxies in the local universe
including the Milky Way (Genzel et al., 1997; Ghez et al., 1998). It is also well believed that every
massive galaxy, those with stellar masses exceeding logM∗/M⊙ > 9, contains a SMBH in the nucleus.

AGNs are considered the most luminous persistent source of emission in the universe. In cases of
luminous quasars, their luminosity can completely outshine the integrated luminosity of a whole galaxy.
The source of the luminous emission comes from the ongoing accretion activity through an accretion disk
and onto the SMBH which is emitting as a blue optical/UV continuum. Besides the massive luminosity
output from the accretion activity, AGN emission is also panchromatic, spanning over 10 decades of
frequency from gamma rays to radio emission. The current understanding of the panchromatic nature
of AGN is that each emission (eg. optical, X-ray, and so on) comes from different components in the
AGN structure. The spectral energy distribution of AGN is further complicated through obscuration1

by dust and gas which can hide most of the typical AGN signatures detected in the optical/infrared.

AGN activity is a short phenomenon when compared to the typical time scales of galaxies. Compar-
ison between the number density of galaxies and AGN would show that galaxies typically outnumber
AGN by a factor of 100-10,000 depending on luminosity and redshift. This put constraints on the typical
lifetime of the AGN phase to be only a few hundred megayears compared to the gigayear time scales
in galaxies. Although this is only a few percent of a galaxy’s life cycle, it has been suggested that the
AGN phase is a key component in regulating the star-formation activity in galaxies through outflows
driven by their immense luminosity. Evidence of massive AGN-driven outflows has already been found
in samples of luminous AGN. In addition, observations of massive black holes in the local universe show
strong correlations with the host galaxy. These observations suggest that the build-up of stellar mass
and black hole mass may occur simultaneously (Often coined as co-evolution). AGN which are de facto
SMBH which are actively growing mass represent an ideal laboratory to investigate the co-evolution
while it is occurring. So while AGN are small in numbers, they are still an integral component in the
theories of galaxy evolution which cannot be neglected.

1.2 Cosmological Evolution of AGN

X-ray datasets provide several advantages for statistical AGN studies. First, X-ray emission is a ubiqui-
tous tracer of AGN activity. X-ray emission is produced in the coronal of the SMBH by inverse Compton
scattering of soft UV photons. Second, the contamination from stellar emission is low even for starburst
galaxies. Third, X-ray emission is optically-thin to dust and hence is strong against absorption therefore

1In this work, the term “obscuration” refers to the process which creates absorption in the emission.
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obscured sources can also be detected. These qualities make X-rays ideal to study the statistical evolu-
tion of the AGN population and have been used to study the number density and luminosity function
over the past 30 years.

X-ray studies of AGN show that the luminosity function of AGN can be expressed with a double
power law function. For example, Ueda et al. (2014) constructed the hard X-ray AGN luminosity
function which describes the number density of Compton-Thin AGN (CTN-AGN), which are AGN with
hydrogen column density between logNH [cm−2] = 20 − 24. The evolution of the X-ray luminosity
function depends on the X-ray luminosity of the AGN, hence the model is called the “Luminosity-
dependent density evolution” model (LDDE model). The hard X-ray luminosity function of CTN-AGN
in the local universe is described as the following

dΦCTN(LX , z = 0)

d logLX
= A

[(
LX

L∗

)γ1

+

(
LX

L∗

)γ2
]−1

where A is the normalization of the luminosity function, L∗ is the break luminosity, and γ1 and γ2 are
the slopes of the connected power-laws. The luminosity function beyond the local universe follows a
luminosity and redshift-dependent evolution:

dΦCTN(LX , z)

d logLX
=
dΦCTN(LX , z = 0)

d logLX
e(LX , z)

where e(LX , z) is the evolutionary term, which describes the change in the shape of the luminosity
function as

e(LX , z) =


(1 + z)p1 [z ≤ zc1](LX

(1 + zc1)
p1( 1+z

1+zc1
)p2 [zc1(LX) < z ≤ zc2]

(1 + zc1)
p1( 1+zc2

1+zc1
)p2( 1+z

1+zc2
)p3 [z > zc2]

(1.1)

where zc1 and zc2 are two redshift limits where the power of the evolution smoothly changes from p1 to
p2 to p3. The name “luminosity-dependent density evolution” comes from this term which is a function
of the AGN luminosity. The power index p1 is described

p1(LX) = p1∗ + β1(logLX − logLp)

where logLp = 44. The remaining power indexes p2 and p3 were set to -1.5 and −6.2, respectively.
Besides the power indexes, the redshift limits are also a function of redshift, given as

zc1(LX) =

{
z∗c1(LX/La1)

α1 [LX ≤ La1]
z∗c1 [LX > La1]

(1.2)

and

zc2(LX) =

{
z∗c2(LX/La2)

α2 [LX ≤ La2]
z∗c2 [LX > La2]

(1.3)

where zc2 = 3.0 and logLa2 = 44 and α2 = −0.1. All parameters are summarized in table 1.1 for the
case of the 2-10 keV luminosity function.

Parameter A logL∗ γ1 γ2 p1∗

Value 2.91± 0.07 43.97± 0.06 0.96± 0.04 2.71± 0.09 4.78± 0.16
Parameter β1 z∗c1 logLa1 α1

value 0.84± 0.18 1.86± 0.07 44.61± 0.07 0.29± 0.02

Table 1.1: Best-fitted parameters of the 2-10 keV luminosity function

The integration of the X-ray luminosity functions in luminosity shows the evolution of the number
density of AGN as a function of redshift. Figure 1.1 (left) shows the evolution of the AGN number density
in bins of 2-10 keV luminosity logLX = 43−45. The number density of luminous AGN logLX = 43−45
peaks between z ∼ 1−3. This epoch is often described in the literature as the cosmic noon as it is where
the accretion density and star-formation density are at their highest (Delvecchio et al., 2014; Madau and
Dickinson, 2014). The mass gained through accretion during the AGN phase through cosmic history
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accumulates into the local supermassive black hole mass density as shown in figure 1.1 (right). The
bulk of the SMBH mass density was obtained during cosmic noon where ∼ 70% of the local SMBH
mass density was grown through accretion. During this time, the majority of the mass was grown in
AGN with bolometric luminosity of logLBol [erg s−1] = 45− 47 which corresponds to an 2-10 keV X-ray
luminosity of logLX [erg s−1] = 43.5 − 45 assuming the bolometric correction of Duras et al. (2020).
In order to forward the model of the luminosity function to the observed number density of AGN, the
obscured fraction and estimation of the survey bias are needed to account for AGN missed by the survey.
The obscured fraction is discussed in the following section 1.4.

Figure 1.1: (Left) The number density of AGN in bins of 2-10 keV X-ray luminosity as a function of
redshift. (Right) The Comoving mass density as a function of redshift and in bins of AGN bolometric
luminosity. The black line shows the total mass density grown by the AGN population. This figure was
reproduced with permission from figures 12 and 21 of Ueda et al. (2014).

1.3 AGN Classification

1.3.1 Optical Classification : Type-1 vs. Type-2 AGN

From the optical/infrared point of view, AGN can be broadly classified into type-1 AGN and type-2 AGN
based on the spectral properties and colors of the UV/optical continuum. Figure 1.2 shows the optical
spectrum and optical infrared spectral energy distribution of type-1 and type-2 AGN. Type-1 AGN
shows strong and broad emission lines with velocities of a few thousand to ten thousand kilometers per
second in the rest frame optical spectra. The typical broad emission lines of AGN include the Balmer
and Paschen line series, MgII, CIII, CIV, SiIV, and Lyman-α emission lines. The emitting region of
broad emission lines comes from the broad line region (BLR). Type-1 AGN also shows strong narrow
permitted and forbidden lines such as Hα, Hβ, [OIII], [NII], [NeV] that have larger equivalent widths
than that observed in typical galaxies. In contrast to the broad emission lines, the velocity of narrow
lines is a few hundred kilometers per second, These emission lines are emitted from low-density gas at
a kpc scale distance from the central engine, called the narrow-line region (NLR). The optical/infrared
SED of type-1 AGN has a flat or power-law-like shape due to the dominance of the AGN accretion
disk emission in the optical infrared continuum. This results in bluish colors for type-1 AGN which is
different from the reddish colors of typical galaxies. This unique luminous blue continuum is used to
identify AGN candidates with optical color selection.

On the other hand, type-2 AGN lacks the broad emission lines typically observed among type-1
AGN but still contains strong narrow emission lines. The optical infrared continuum of type-2 AGN is
dominated by the host galaxy stellar emission which is characterized by the redden continuum due to
dust attenuation. The host-dominated continuum of type-2 AGN means that the optical & near-infrared
colors of type-2 AGN are similar to normal galaxies with no AGN activity. Therefore, identification of
type-2 AGN often requires additional information from other wavelengths such as X-ray, mid-infrared,
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Figure 1.2: (Left) Comparison of the optical spectra of type-1 and type-2 AGN. (Right) Comparison
between the optical-infrared spectral energy distribution of type-1 and type-2 AGN. In both panels, type-
1 AGN is shown in blue while type-2 AGN is shown in red. This figure was reproduced with permission
from figure 3 of Hickox and Alexander (2018).

or radio emission that are less sensitive to dust attenuation or spectral analysis such as Baldwin, Phillips
& Terlevich (BPT) diagrams (Baldwin et al., 1981).

The disappearance of the broad emission lines and the blue AGN continuum led to the development of
the unified model of AGN (Antonucci, 1993; Urry and Padovani, 1995). The unified model suggests that
the spectral diversity of AGN is due to different observed lines of sight towards the AGN with a fraction
of them intersecting with a phenomenological dusty torus. As shown in figure 1.3, the dusty torus hides
the accretion disk and the BLR on edge-on lines of sights. On the other hand, the typical type-1 AGN
characteristic (broad-line & blue continuum) are observable from face-on lines of sight. The NLR which
resides several kiloparsecs away from the AGN is always observable regardless of the orientation of the
line of sight. Under this model, the fraction of type-2 AGN solely depends on the fraction of sky solid
angle obscured by the AGN torus. Hence, the fraction of type-2 AGN can be expressed as

fobs =
ΩT

4π
=

2

4π
(2π −

∫ ∫
sin θS dθdϕ) = cos θS = sin θT (1.4)

where ΩT is the solid angle subtend by the torus, θS is the sky opening angle, and θT = 90 − θS is the
torus angle. There are two important outcomes of the unified model. First, assuming that all AGNs are
randomly oriented on the sky, the unified model suggests that the fraction of type-2 AGN is constant
and depends solely on the fraction of sky obscured by the torus. Second, there should be no difference in
the host galaxy or environment between type-1 and type-2 AGN as the difference is due to orientation.

1.3.2 X-ray Classification: Unobscured vs. Obscured

Further insight into AGN obscuration came from statistical hard X-ray AGN studies (≥ 10 keV) which are
mildly affected by X-ray absorption. Unlike optical/UV light which is sensitive to dust attenuation, X-ray
absorption occurs primarily due to metals associated with a gas column density under an assumption of
metal abundance in the gas (Morrison and McCammon, 1983). The degree of absorption is represented
by the hydrogen column density (logNH) including both atomic and molecular hydrogen (Willingale
et al., 2013).
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The Unified Model AGN
Phenomenological Model of AGN Obscuration by Dust Torus

Torus
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1

Figure 1.3: Schematic image of the AGN structure under the unified model. The AGN accretion disk
and broad-line regions (BLR) are unobscured from face-one lines of sight. For edge-on lines of sights,
the disk and BLR are obscured by the dusty torus.

Figure 1.4: Comparison between the optical and infrared classification of AGN.

In the literature of statistical X-ray AGN studies, the classification of X-ray AGN is defined by
the amount of X-ray absorption traced by the hydrogen column density. Figure 1.4 shows a diagram
detailing the X-ray classification of AGN compared with optical/IR classification. AGN with hydrogen
column densities below logNH [cm−2] ≤ 24 are called Compton-thin AGN (CTN-AGN) while those with
hydrogen column densities exceeding logNH [cm−2] ≥ 24 are called Compton-thick AGN. The majority of
the literature classifies “obscured AGN” as AGN with hydrogen column density logNH [cm−2] = 22−24.2

The amount of X-ray absorption which is represented by the hydrogen column density (NH) is linked to
dust attenuation (AV) by a gas-to-attenuation ratio (NH/AV). For dusty gas such as that in the dusty
torus, the classification in X-ray and optical broadly agrees with each other. That is, type-1 AGN which
shows broad emission lines generally has mild X-ray absorption logNH [cm−2] < 22 while type-2 AGN
which lacks emission lines has logNH [cm−2] ≥ 22. Exceptions of these trends can occur because the
optical attenuation and X-ray absorption are due to different components (gas & metals vs. dust) and
gas-rich dust-free can exist in regions with high temperature such as that within the dust sublimation
radius of AGN (Kishimoto et al., 2007). However, such cases of obscuration are rare compared to the

2The definition of obscured AGN can vary between studies.
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general population of AGN and will be further discussed in chapter 4.

1.4 Trends of the CTN-AGN Obscured fraction

1.4.1 Trends with AGN Luminosity

In the local universe, statistical X-ray studies show that approximately ∼ 60% of all AGN population
have absorption larger than logNH [cm−2] ≥ 22(Comastri et al., 1995; Ueda et al., 2003; Ballantyne
et al., 2006; Gilli et al., 2007; Treister et al., 2009). Compton-thick AGN make up approximately ∼ 30%
(Ueda et al., 2014; Buchner et al., 2015) and obscured Compton-thin AGN (logNH [cm−2] = 22 − 24)
make up the other ∼ 30% of the AGN population. Figure 1.5 shows the fraction of absorbed lines of
sights through the torus with hydrogen column density NH. This implies that the majority of black hole
growth shown in figure 1.1 (right) were grown under heavy obscuration by gas and dust.

The obscured fraction is generally defined as the fraction of obscured AGN with logNH [cm−2] =
22−24 among the Compton-thin population. In studies at low redshifts (z < 2), the obscured fraction of
Compton-thin AGN shows a clear anti-correlation with AGN luminosity where more luminous quasars are
less likely to be obscured. Figure 1.6 shows the obscured fraction as a function of 14-55 keV luminosity.
Above logLX [erg s−1] ≥ 42, which is the canonical luminosity limit for AGN selection3, the obscured
fraction shows a strong decline towards high luminosity. This trend has been observed ubiquitously in
various AGN samples selected by optical emission lines, X-rays, and mid-infrared emission (Simpson,
2005; La Franca et al., 2005; Maiolino et al., 2007; Hasinger, 2008; Burlon et al., 2011; Toba et al., 2013,
2021).

Under the unified model, the trend can be explained by an opening angle (θS) which increases with
luminosity. Due to strong illumination and sublimation of dust (Lawrence, 1991; Toba et al., 2014),
the inner edge of the dusty torus structure receding outwards. Hence, the accretion disk is directly
observable. The obscured fraction may also be a result of radiation pressure on dusty gas. Luminous
AGN with a high Eddington ratio can blow out the obscuring material after exceeding an NH-dependent
critical Eddington ratio (Fabian et al., 2006, 2008, 2009).

1.4.2 Trends with Redshift

The Compton-thin obscured fraction also shows a trend with redshift. The obscured fraction has been
shown to increase from the local universe up to redshift 2 (Ueda et al., 2003; La Franca et al., 2005;
Ballantyne et al., 2006; Treister and Urry, 2006; Hasinger, 2008; Treister et al., 2009; Ueda et al., 2014;
Aird et al., 2015; Buchner et al., 2015). Figure 1.7 shows the obscured fraction in different redshift bins
as a function of X-ray luminosity. Towards high redshift, the fraction of obscured AGN increases at all
luminosity.

The behavior of the obscured fraction of luminous AGN with logLX [erg s−1] ≥ 44 is still not well
constrained. Overall, the obscured fraction of luminous AGN during cosmic noon is larger than in the
local universe. Some studies suggest that the obscured fraction has no evolution beyond redshift two
and that it has reached the maximum value4 (Hasinger, 2008; Kalfountzou et al., 2014; Vito et al., 2016,
2014). In contrast to studies below redshift 2, (Vito et al., 2014, 2018) suggest that the fraction of AGN
with logNH (cm−2) ≥ 23 at redshift 3 to 5 is independent of the X-ray luminosity, indicating that the
trend with luminosity has disappeared at high redshift. At the same time, (Georgakakis et al., 2015)
suggests that the obscured fraction decreases with decreasing X-ray luminosity.

At face value under the unified model, the increased obscured fraction at a fixed luminosity suggests
that the height of the torus has increased. However, there is currently no evidence of such evolution in
the literature yet. Alternatively, the X-ray absorption may come from the denser ISM in the nuclear
region (Buchner et al., 2015, 2017; Buchner and Bauer, 2017) of the galaxy similar to the larger gas
fraction seen in high redshift galaxies (Tacconi et al., 2010; Carilli and Walter, 2013).

3Below logLX = 42 [erg s−1], the selection of AGN can be contaminated by star formation
4Sometimes referred to as saturated in the literature.
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Figure 1.5: Phenomenological distribution of obscured lines of sights through the torus.

Figure 1.6: The obscured fraction of AGN as seen from hard X-rays (≥ 10) keV as a function of 14-55
keV luminosity. The lines show the ratio between the best-fitted luminosity functions for the whole
sample (thick line) and for those with LX > 2× 1042 erg s−1. The 1σ uncertainty for each case is shown
in blue and orange shaded areas respectively. This figure was reproduced with permission from figure 16
of Burlon et al. (2011).
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Figure 1.7: The obscured fraction as a function of 2-10 keV luminosity in different redshift bins between
z = 0.1−5. The thick black lines show the luminosity range that the sample covers while the gray shaded
area shows the 1σ uncertainty. The results are compared with the obscured fraction determined by Ueda
et al. (2014) and Buchner et al. (2015). This figure was reproduced with permission from figure 11 of
Aird et al. (2015).
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1.5 The Mechanism of AGN Obscuration

1.5.1 Radiation Pressure Regulated Unified Model

The classical physics of radiation pressure in AGN is the discussion of Eddington luminosity by the AGN.
Within the sphere of influence of AGN, the gravitational force is balanced by the radiation pressure by
electron scattering from the AGN emission.

Frad = FGrav =
σT
c

L

4πr2
=
GMBHmp

r2

where σT is the Thomson scattering cross-section, c is the speed of light, mp is the proton mass, MBH is
the black hole mass, G is the gravitational constant, L is the luminosity, and r is the distance from the
black hole. For dust-free gas, the critical luminosity require to unbind a proton from the gravitational
influence of the black hole is given by the Eddington luminosity (LEdd).

LEdd =
4πGmpc

σT
MBH = 1.26× 1038

(
MBH

M⊙

)
erg s−1 (1.5)

Our current understanding of nuclear obscuration of AGN revolves around the concept of radiation
pressure regulated unified model (Fabian et al., 2008, 2009; Wada, 2012; Wada et al., 2016; Ishibashi et al.,
2018). Here I present a modified version of the discussion of radiation pressure presented in Ishibashi
et al. (2018). For a spherical shell of mass with a hydrogen column density of NH, the magnitude of the
total gravitational force on the shell of mass is

FGrav = −GMBH(4πr
2mpNH)

r2

where NH is the hydrogen column density, and r is the radius to the shell.
Fabian et al. (2006) reasoned5 that the optical depth of a column of fully ionized gas which is given

by the Thomson scattering optical depth (τT) is smaller than that of dusty or partially ionized gas
(τi = [τT, 1]). The radiation pressure upon the shell of gas by radiation from the AGN is expressed as

Frad = FUV =
(L− Le−τUV)

c

where L is the total luminosity of the AGN, c is the speed of light, τUV is the UV optical depth.
both of the optical depths depend on the hydrogen column density which can be expressed as τUV =
τUV(NH) = κUVmpNH where κUV is the UV opacity. The fiducial value of the UV opacity is κUV =
200fdust,MW cm2g−1 where fdust,MW is the dust-to-gas ratio normalized to the Milky way value. The
equation of motion of the shell can be expressed as

Ftot = −4πGMBHmpNH +
L

c
(1− e−τUV) (1.6)

The critical luminosity is the luminosity in which the radiation pressure balances the gravitational
force of the gas shell. Therefore, the total force is set to zero and rearranged in terms of luminosity.

LEff =
4πGMBHcmpNH

(1− e−τUV)
(1.7)

Here, LEff is the effective Eddington luminosity of partially ionized or dusty gas. The generalized
Eddington ratio is then expressed as Λ = L/LEff . The generalized Eddington can also be expressed in
terms of the classical Eddington ratio limit

Λ =
L

LEff
=
λLEdd

LEff
=

(1− e−τUV)

σTNH
λ

.

5For a generalized case of radiation pressure including infrared radiation trapping, please refer to appendix B.
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By setting Λ = 1 where the AGN luminosity has reached the effective Eddington luminosity, the
effective Eddington ratio can be expressed in terms of the hydrogen column density.

λEff =
σT

(1− e−τUV)
NH (1.8)

Assuming a Milky way gas to dust ratio and at low hydrogen column density (and hence low optical
depth), the term eτUV can be approximated as e−τUV ∼ 1+τUV and therefore equation 1.8 can be written
as

λEff ∼ σT
τUV

NH =
σT

κUVmp
=

6× 10−25

200 · 1 · 1.66× 10−24
∼ 0.002

.
At logNH [cm−2] > 22, the UV optical depth becomes optically thick (τUV = 200·1.66×10−24 ·1022 >

1). Hence, the term e−τUV can be approximated as e−τUV ∼ 0, therefore λEff ∼ σTNH. This results
in a linearly increasing effective Eddington radio as a function of hydrogen column density. At large
hydrogen column density (and large optical depth), the radiation pressure is at maximum. The excess
hydrogen column density acts as a dead weight in which a much larger Eddington ratio is required to
push out the dusty gas.

Figure 1.8: The distribution of local SWIFT/BAT detected AGN in the logNH − λEdd diagram. The
forbidden region is shown as a white wedge area. The effective Eddington ratio is shown as the curved
line. The upper limit of the host galaxy ISM column density is shown with the horizontal line. This
figure was reproduced with permission from figure 3 of Ricci et al. (2017c).

Fabian et al. (2008) showed that the NH − λEdd diagram can be separated into 3 distinct regions as
shown in figure 1.8. First, the region below the effective Eddington limit which line-of-sight obscuration
is stable. Second, the forbidden zone where the AGN is expected to drive dusty outflows. By producing
outflows, line-of-sight is cleared from obscuring dust and gas therefore the AGN is allowed to change
from being obscured to unobscured (Fabian et al., 2008; Ishibashi et al., 2018; Jun et al., 2021; Ricci
et al., 2022). Last is the ISM absorbed regions where the fiducial limit of ISM absorption in the local
universe is logNH [cm−2] ∼ 22.

This model is consistent with the distribution of local hard X-ray selected AGN on the NH − λEdd

diagram which shows that obscured AGN tends to avoid the forbidden zone (Fabian et al., 2009; Ricci
et al., 2017c, 2022). On the other hand, AGN which shows signs of dusty outflows resides in the forbidden
zone (Kakkad et al., 2016; Yamada et al., 2021; Stacey et al., 2022). Hydrodynamic simulations which
apply the concept of radiation pressure regulation were able to produce structures of accretion flows
analogous to a torus and qualitatively reproduce the trends in the obscured fraction with AGN luminosity
(Wada, 2015).

1.5.2 Interstellar Obscuration

In local late-type galaxies, atomic hydrogen (HI) gas shows a flat distribution through the disk with a typ-
ical HI surface density is 1-10 M⊙pc

−2 (Bigiel and Blitz, 2012). This corresponds to a HI column density
of logNHI [cm

−2] = 20− 21 and logNHI [cm
−2] = 21− 22 for face-on and edge-on view respectively. On

the other hand, molecular hydrogen (H2) is concentrated within the 5 kpc radius with an exponentially
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declining density profile (Bigiel and Blitz, 2012; Saintonge and Catinella, 2022). The typical H2 surface
density is 10-100 M⊙pc

−2 reaching 1000 M⊙pc
−2 in some rare cases (Bigiel and Blitz, 2012). Hence, the

corresponds H2 column density can be substantially higher reaching logNH2
[cm−2] = 20 − 22. Based

on these observations, a fiducial limit of logNH [cm−2] = 22 can be set for the ISM obscuration in the
local universe.

On the other hand, the situation at high redshift may be much different than in the local universe. It
has been suggested that at high redshift the X-ray absorption in obscured AGN may be due to heavy ISM
absorption instead of a dusty torus (Buchner et al., 2017; Gilli et al., 2022). Submillimeter observations
of high redshift galaxies have a higher gas fraction and are more compact than galaxies in the local
universe with similar mass (Daddi et al., 2010; Tacconi et al., 2010; Carilli and Walter, 2013; Tacconi
et al., 2018; van der Wel et al., 2014; Mowla et al., 2019). Hence higher gas densities are expected for
the same stellar mass leading to higher column densities. Gilli et al. (2022) suggest that the ISM column
density increases as a function of redshift as shown in the thick and long dashed lines of figure 1.9 which
may explain the evolution of the CTN-AGN obscured fraction.

Figure 1.9: Fraction of obscured AGN with logNH [cm−2] = 22− 24 (left panel) and logNH [cm−2] =
23 − 24 (right panel) against redshift for various combinations of ISM and torus obscuration. The
surface density of ISM clouds evolves as ∝ (1 + z)γ , with γ = 2 and γ = 3 shown as blue and red
curves, respectively. ISM-only obscuration is shown with short dashed lines. The long dashed and solid
lines show the total obscured AGN fraction including the torus at 40 and 60 degrees, respectively. The
horizontal dotted lines show the torus-only obscuration. This figure was reproduced with permission
from figure 13 of Gilli et al. (2022).

For type-1 AGN, absorption may be due to gas and dust in the polar regions of the AGN, also known
as polar dust. Polar dust occurs much closer to the AGN and may be different from typical ISM dust
due to the larger gas content (Mizukoshi et al., 2022) and lower abundance of small grain dust due
to destruction by the strong AGN luminosity (Tazaki et al., 2020; Tazaki and Ichikawa, 2020). In the
literature, SMC dust extinction curves and SMC gas-to-attenuation ratios (Dobashi et al., 2009) are often
assumed to represent the polar-dust obscuration. For the same column density, ISM absorption such
as the milky way (Zhu et al., 2017) has a lower gas-to-attenuation ratio than SMC gas-to-attenuation
(Dobashi et al., 2009). However, it is currently unclear wherever polar dust occurs from AGN outflows
or if it is part of the nuclear ISM.

1.5.3 Merger triggered Obscuration

Hydro-dynamical simulations show that the gravitational disturbance during merging events can trigger
massive inflows of gas and dust towards the nuclear regions of a galaxy (Hopkins et al., 2005, 2006; Blecha
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Figure 1.10: (left) Simulated image along the merger sequence from a to d. (right) The evolution of
the AGN luminosity, hydrogen column density, and WISE1-WISE2 colors as a function to time along
the merger sequence. The figure was reproduced with permission from figure 1 of Blecha et al. (2018).

et al., 2018). Figure 1.10 shows the evolution of the AGN luminosity and hydrogen column density as a
function of time along the merger sequence. During this phase, AGN activity occurs under larger amounts
of gas and dust where AGN appears obscured or Compton-thick. After an extended obscured phase,
strong AGN outflows clear the line of sight toward the observer and the AGN becomes unobscured. Often
called the evolutionary scenario of AGN, it suggests a fundamental difference between unobscured AGN
and those with obscured or CTK absorption since the obscured phase precedes the unobscured AGN
phase (Hickox and Alexander, 2018). In the local universe, ultra-luminous infrared galaxies (ULIRGS)
may represent such a case of AGN obscuration. Typically defined as galaxies with infrared luminosity
exceeding logLIR > 1012 L⊙ (Sanders and Mirabel, 1996), local ULIRGs tend to house luminous AGN
with large amounts of X-ray absorption, dust extinction and tend to be in late-stage gas-rich mergers
(Goto et al., 2011; Ricci et al., 2021; Yamada et al., 2021). Moreover, AGN dominates the luminous
end of the infrared luminosity function above logLIR/L⊙ ≥ 1012 up to redshift 2.5 (Goto et al., 2011;
Symeonidis and Page, 2021). This may explain the increased fraction of obscured AGN if the frequency of
merger trigger obscuration increases towards high redshift therefore high-z redshift observations observe
more AGN during the obscured phase.

1.6 The Need for Deep & Wide Survey

The luminosity function of AGN shows a break (or knee) where the number density of AGN sharply
declines with luminosity. Therefore a large survey area (and volume) is needed in order to obtain a
statistically significant sample of luminous AGN. In the case of obscured AGN, the metals in the gas
column along the line of sight make the AGN fainter compared to AGN of the same intrinsic X-ray
luminosity. This means that a deeper survey depth is required in order to detect obscured AGN when
compared to unobscured AGN. In addition to the X-ray datasets, deep optical/infrared imaging is also
needed in order to associate the host galaxy with the corresponding X-ray source. This is needed to
determine the redshift of the AGN and to calculate the AGN luminosity for statistical analysis. As a
result, investigation of the fraction of luminous obscured AGN requires a multiwavelength dataset with
a wide survey area and sufficient survey depth to detect luminous obscured sources that are rare and
faint.

Multi-wavelength survey fields generally balance survey depth with survey area resulting in a ”wed-
ding cake” like strategy. That is, the survey is focused on a small area of the sky with ultra-deep survey
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depth or focused on a large area but with shallow depth. Examples of the first case include the survey
area of the Chandra Deep Field South (Luo et al., 2017) or the Aegis-X (Nandra et al., 2015) survey
while examples of the latter include those of the ROSAT all-sky survey (Boller et al., 2016) or the XMM-
XXL survey (Pierre et al., 2016). These survey strategies also are sensitive to different populations of
AGNs. Ultra-deep pencil beam surveys are most sensitive to faint sources due to their larger number
density while wide-shallow surveys are efficient in picking up rare luminous AGN thanks to the large
survey area they can access. However, they cannot detect faint sources due to the shallowness of the
surveys. The energy band in which the survey is carried in also affects the efficiency of detecting obscured
sources. Hard-band surveys (E> 10keV) are more efficient in detecting absorbed sources since high(er)
energy X-rays are more resistant to X-ray absorption. Some examples of hard-band surveys include the
SWIFT/BAT All-sky Hard X-Ray Survey (Oh et al., 2018) or NuSTAR Extragalactic surveys (Civano
et al., 2015; Masini et al., 2018). Soft-band surveys are less efficient in detecting obscured AGN because
the soft-band X-ray photons are more sensitive to absorption. However, soft-band photons are easier to
focus in the X-ray telescope which results in higher sensitivity (and deeper depth) which makes it easier
to detect faint sources than hard-band surveys.

1.7 Project Goals and Overview of the Thesis

As described in section 1.2 and 1.4, the obscured fraction is an important parameter in the study of
cosmological SMBH growth. However, the fraction of obscured AGN at comic noon (and above) is
poorly constrained especially among luminous AGN (log LX[erg s−1] ≥ 44) which corresponds to the
break in the luminosity function and contribute the majority of cosmological SMBH growth. At the
time of writing, previous results of the obscured fraction on the luminous end were constrained by deep
pencil beam surveys which are not large enough to detect a significant sample of luminous obscured AGN.
Therefore, luminous obscured AGN which may contribute a significant fraction to the total SMBH during
cosmic noon may have been missed by previous studies.

Recently, attempts to address the weak points in the wedding cake strategy have led to the devel-
opment of deep and wide X-ray datasets. An example is the deep and wide XMM-SERVS dataset
in the XMM-LSS which covers an area of 5.3 Deg2 of the XMM-LSS and overlaps with the Hyper-
Suprime Cam Subaru Strategic Program (HSC-SSP) Deep layer and several other deep infrared imaging
datasets. These surveys address the need for an X-ray dataset with sufficient area and depth to construct
a statistically significant sample of obscured AGN with moderate to high luminosity.

The goal of this thesis is to 1). evaluate the fraction of obscured CTN-AGN by using the deep and
wide X-ray dataset and 2). evaluate the mechanism of AGN obscuration at cosmic noon. The content of
the work is separated into 3 chapters. The construction of the multiwavelength dataset in the HSC-Deep
XMM-LSS field is described in chapter 2.

In chapter 3, the obscured fraction of luminous AGN above z ∼ 2 is described in chapter 2. Estimation
of the hydrogen column density using the X-ray hardness ratios is described in section 3.1.1 based on an
assumption of an X-ray spectral model. The parametric model adopted for the analysis of the obscured
fraction as well as the maximum-likelihood method is described in section 3.2. The sample used for the
analysis is explained in section 3.4 as well as the result of the analysis in section 3.5.

Chapter 4 described the investigation of the obscuration process at redshift 0.8-1.8 based on obscu-
ration scenarios in the local universe such as the radiation pressure regulated nuclear obscuration. In
order to perform the analysis, the Eddington ratio needs to be determined. At this redshift range, the
MgII emission line is accessible in type-1 AGN which is a more reliable virial mass estimator than the
CIV emission line observed at z > 2. Section 4.3 describes the construction of the sample of Type-1 and
Type-2 AGN. The spectroscopic and SED analysis is discussed in section 4.4 and 4.5. The results are
presented in section 4.8.

In this work, the metal abundances of Anders and Grevesse (1989) was. Obscured and unobscured
AGN are referred to specifically to X-ray classification while type-1 and type-2 AGN refer to optical/IR
classification. A galactic hydrogen column density of 3.57×1020cm−2 (Chen et al., 2018) and a flat stan-
dard ΛCDM cosmology with H0 = 70km s−1 Mpc−1,ΩM = 0.3, and Ωλ = 0.7 was assumed. Magnitudes
are reported in the AB magnitude system.
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Chapter 2

Multi-wavelength Datasets &
Catalog Construction

2.1 Deep & Wide X-ray Datasets
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Figure 2.1: 0.5-10 keV flare-filtered exposure map in the HSC Deep XMM-LSS survey area (Chen et al.,
2018). The coverage of CLAUDS, HSC-Deep, HSC-UDeep, VIDEO, and SERVS is shown in purple solid,
blue dashed, red dashed, orange solid, and black solid lines, respectively. The pink boundary shows the
area of the XMM-SERVS datasets. The color bar represents the commutative exposure time. This figure
was reproduced with permission from Vijarnwannaluk et al. (2022).

The XMM-SERVS X-ray point-source catalog in the XMM-LSS region (Chen et al., 2018) was used
to identify AGN in the HSC-Deep field XMM-LSS region. The area was observed by the XMM-Newton
satellite over a total survey area of 5.3 Deg2. XMM-Newton has 2 main instruments, an X-ray imager
called the European Photon Imaging Camera (EPIC) and an X-ray spectrograph called the Reflection
Grating Spectrometers (RGS). The EPIC camera has three detectors, MOS1, MOS2, and PN which were
used to perform the survey in the 0.5-2 keV, 2-10 keV, and 0.5-10 keV energy bands. A total of 5242
X-ray point sources were detected.

The whole survey area was observed at an average flair-filtered exposure time of ∼ 50ks for each
pointing. Deeper X-ray observations are available in some regions from projects listed in table 2 of
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Chen et al. (2018). The survey flux limits over 90% of the total area are 1.7 × 10−15, 1.3 × 10−14, and
6.5× 10−15 erg cm−2 s−1 in the 0.5-2 keV, 2-10 keV, and 0.5-10 keV bands, respectively.

The flux measured by each detector was derived using an energy conversion factor (ECF) assuming
a power-law continuum with photon index, Γ = 1.7, and galactic absorption column density. The error-
weighted average of the flux estimated by all three detectors was adopted for the combined source flux.
The error-weighted average count rates were converted to the expected count rates detected with the
PN-detector, also known as PN-equivalent count rates. The conversion to count rates was performed
using the ECF of the PN detector reported by Chen et al. (2018)

2.2 Deep & Wide Optical & Infrared Imaging Datasets

2.2.1 Hyper-Suprime Cam Subaru Strategic Program

The Hyper-Suprime Cam Subaru Strategic Program (HSC-SSP) is an optical survey performed by the
8.2-meter Subaru telescope. The survey has 3 layers of depth including wide, deep, and ultra-deep. This
study uses imaging data from the S19A and S20A data release of the deep and ultra-deep layers within
the XMM-LSS survey field. For these datasets broadband optical imaging are available in the grizy
bands.

The HSC-SSP survey was performed with the Hyper-Suprime Cam (HSC) wide-field imager (Miyazaki
et al., 2018). The field-of-view is 1.5 square degrees and comprises 116 2K × 4K fully-depleted back-
illuminated CCDs (FDCCD; Kamata et al. 2012). The images were reduced by the HSC-SSP team using
the HSC pipeline (Jurić et al., 2017; Bosch et al., 2018, 2019; Ivezić et al., 2019). The first data release of
the panoramic survey telescope and rapid response system (Pan-STARRS1; Schlafly et al. 2012; Tonry
et al. 2012; Magnier et al. 2013; Chambers et al. 2016; Magnier et al. 2020) was used to calibrate the
photometry and astrometry.

2.2.2 CFHT Large Area U-band Deep Survey

CFHT Large Area U-band Deep Survey (Sawicki et al., 2019) or CLAUDS is a deep U -band imaging
survey conducted by the 3.6m CFHT with Megacam (Sawicki et al., 2019) in the HSC-Deep fields.

The survey was performed using Megacam (Boulade et al., 2003) which is a wide field camera with
40 2048×4612 pixel back-illuminated CCDs and a field-of-view of 1.02 Deg2. Unlike HSC, Megacam has
better sensitivity in the U-band than HSC, which was optimized to be sensitive at longer wavelengths.

Two u-band filters were used in the CLAUDS survey; u∗ and U . Unlike the old u∗-band filter, the
newer U -band filter has a better transmission and no red-leak at 5000 Å. The CLAUDS survey in the
XMM-LSS area was conducted entirely using the u∗-band filter at a depth of 26.6 magnitudes (5 sigma
detection in 2′′ diameter aperture). The depth in the ultradeep area which overlaps with the Subaru
XMM-Newton Deep Survey (SXDS; Furusawa et al. 2008) reaches 1 magnitude deeper.

The CLAUDS data were reduced and calibrated with the Elixir data reduction software (Magnier
and Cuillandre, 2004) at CFHT before further processing with MegaPipe (Gwyn, 2008) at the Canadian
Astronomy Data Centre. Astrometric calibration was performed by MegaPipe performs against Gaia
astrometry while photometry was calibrated against SDSS u band photometry and cross-checked against
synthetic u-band photometry produced from a combination of Pan-STARRS (Magnier et al., 2020) g-
band and GALEX NUV photometry.

2.2.3 VISTA Deep Extragalactic Observations Survey

The VISTA deep extragalactic observations survey (VIDEO; Jarvis et al. 2013) is a deep near-infrared
imaging survey of 3 extragalactic survey fields including the XMM-LSS. The survey was performed with
the VISTA InfraRed CAMera (VIRCAM; Dalton et al. 2006) on the 4.1 meter visible and infrared survey
telescope for astronomy (VISTA) at Cerro Paranal. VIRCAM consists of 16 2K× 2K Raytheon VIRGO
HgCdTe detectors and has a field of view of 1.65 Deg2.

The mosaic images of VIDEO Data-release 5 in the HSC-Deep XMM-LSS field were obtained through
the ESO Phase 3 data archive.1 The survey area in each band is separated into 3 smaller mosaics

1http://eso.org/rm/publicAccess#/dataReleases
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designated as XMM1, XMM2, and XMM3. Among them, XMM1 covers the SXDS. Data reduction was
performed by the VISTA data flow system (VDFS; Irwin et al. 2004) at the Cambridge astronomical
survey unit (CASU) The astrometry and photometry of the survey were calibrated against the 2MASS
point-source catalog (Skrutskie et al., 2006).

2.2.4 Spitzer Extragalactic Representative Volume Survey

The Spitzer Extragalactic Representative Volume Survey (Mauduit et al., 2012) or SERVS is a deep mid-
infrared imaging survey. The survey was performed by the Spitzer space telescope using the Infrared
Array Camera (IRAC;Fazio et al. 2004) during the post-cryogenic mission. During this time, only the
IRAC channel 1 (3.6 µm) and channel 2 (4.5 µm) are operable due to the high background in channel 3
and 4 from the lack of coolant.

SERVS covers 5 deep multiwavelength extragalactic fields including ELAIS-N1, ELAIS-S1, Lockman
Hole, Chandra Deep Field South, and XMM-LSS. The total survey area is 18 square degrees but for the
XMM-LSS it is ∼5.3 square degrees. The survey depth was designed to be close to the confusion limit
of the Spitzer IRAC data with a mean integration time per pixel of ∼ 1200s. The 5-sigma depths in 3.6
and 4.5 µm bands are 1.9 and 2.2 µJy in 3.8-arcsecond diameter aperture.

The data was processed at the Spitzer science center (SSC) using the standard image reduction
and additional detector-specific processing pipelines. MOPEX was used to reproject the images to
a pixel scale of 0.6 arcseconds per pixel. Photometric calibration was performed against dedicated
calibration observations and was cross-checked against the SWIRE survey(Lonsdale et al., 2003). The
analysis suggests that the 3.6µm band flux requires an additional 1.02 correction factor. The mosaic and
uncertainty images are obtained from the NASA/IPAC Infrared Science Archive2.

2.2.5 Optical & Infrared Spectroscopic Datasets

Several public spectroscopic datasets are available in the XMM-LSS region. Spectroscopic redshift mea-
surements were collected from various spectroscopic surveys including those from the Sloan Digital Sky
Survey data release 9 & 16 (SDSS;Ahumada et al. 2020; Ahn et al. 2012), VIMOS Public Extragalactic
Redshift Survey (VIPERS; Scodeggio et al. 2018), Galaxy and Mass Assembly (GAMA; Liske et al. 2015),
VIMOS VLT Deep Survey (VVDS; Le Fèvre et al. 2013), VANDELS (Garilli et al., 2021), MOSFIRE
Deep Evolution Field Survey (MOSDEF; Kriek et al. 2015), Ultradeep Survey3 (UDS; McLure et al.
2013; Bradshaw et al. 2013), 3D-HST (Brammer et al., 2012; Momcheva et al., 2016), and the SXDS
multiwavelength catalog (Akiyama et al., 2015). Also included, are spectroscopic redshifts reported by
individual studies in the SXDS and XMM-LSS regions (Yamada et al. 2005; Geach et al. 2007; Ouchi
et al. 2008; Saito et al. 2008; Smail et al. 2008; van Breukelen et al. 2009; Ono et al. 2010; Simpson et al.
2012; Dı́az Tello et al. 2013; Melnyk et al. 2013; Yabe et al. 2014; Wang et al. 2016; Menzel et al. 2016;
Ono et al. 2018).

Although the depth of the SDSS and VIPERS survey is only up to an i-band magnitude of 22.5,
deeper spectroscopic surveys were also conducted in the area. To sum up, 294,536 secure spectroscopic
redshifts of 238,403 unique galaxies and AGN were collected. While the majority are from wide and
shallow spectroscopic surveys, VVDS-UDEEP, 3D-HST, and follow-up optical spectroscopic of X-ray
sources in the SXDS from Akiyama et al. (2015) reach an i-band magnitude of 24.75 mags.

2.3 PSF-Convolved Photometry

When combined together, photometric data in 13 photometric bands were obtained from the deep imaging
surveys previously described. Because the instruments used to perform each survey is different and each
of them was conducted in different seeing conditions, the shape, and sizes of the point-spread function are
different. PSF-convolved photometry was performed to obtain accurate colors and flux measurements of
the AGNs.

Proper treatment of the PSF and deblending of the sources using PSF-convolved photometry is
important for photometric redshift estimation and SED fitting. This is because photo-z analysis relies

2SERVS Team 2020
3https://www.nottingham.ac.uk/astronomy/UDS/data/data.html
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on comparing the observed colors and fluxes with those estimated from template models. This process
is especially important for the mid-infrared dataset such as SERVS which suffers from severe blending
due to the larger PSF size compared to the other datasets.

Prior-based PSF-convolved photometry was performed using T-PHOT (Merlin et al., 2015, 2016).
Morphological information of an object from a high angular resolution image is used to measure its flux
in images with low angular resolution. The HSC r-band was used as the high angular resolution prior
thanks to the better depth and angular resolution compared to the other bands. In this work, the WCS
system defined in the HSC S19A internal dataset was adopted and other datasets were resampled to
it. The process of image alignment, background subtraction, and preparation of variance images are
described in appendix A.

2.4 Multi-band Survey Area
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Figure 2.2: The distribution of X-ray sources from the XMM-SERVS point source catalog in the HSC-
Deep field. X-ray sources within the multi-band survey area are shown in orange. The black hatched
area shows the edge and bad detector regions of the VIDEO dataset. The red-hatched region shows the
area covered by the HSC survey. This figure was reproduced with permission from Vijarnwannaluk et al.
(2022).

The quality of photometric redshifts depends strongly on the number of photometric bands used.
In order to ensure that the AGN sample contains optical/infrared data of equal quality and with a
similar number of bands, the survey area of the X-ray sample was redefined based on the availability
of multiband photometry. Two conditions were considered including 1)The X-ray counterpart is in the
optical infrared survey coverage and 2) The counterpart is not in any bright star masks of HSC or in the
bad regions of VIDEO H-band.

The first condition maximizes the coverage of multiband photometry since some portions of X-ray
datasets lack some imaging datasets. The second condition removes regions affected by image artifacts
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Figure 2.3: logN − logS of the X-ray sources in the redefined survey area (orange) compared with
that of the full XMM-SERVS (blue) in the 0.5-2 keV, 2-10 keV, and 0.5-10 keV bands. This figure was
reproduced with permission from Vijarnwannaluk et al. (2022).

such as stray light, bright star halos, and edges of the images. Figure 2.3 shows the distribution of the
X-ray and the boundary of the multiband survey. Only 3542 X-ray sources out of the 5237 XMM-SERVS
X-ray sources fall in the multiband survey area which was used for statistical analysis.

A Monte Carlo simulation was performed in order to estimate the size of the multiband survey area.
100,000 mock data points were randomly distributed within the XMM-SERVS area in Chen et al. (2018)
and the fraction of data points that fall into the multiband survey area over the total X-ray survey area
was calculated. The multiband survey area for statistical analysis is 3.52 square degrees. In order to
ensure that the statistical properties of X-ray sources in the redefined survey area are conserved, the
logN − logS diagram in each band was constructed and compared with that from Mauduit et al. (2012)
shown in figure 2.3. There is no significant difference in the measurements hence the survey area is
appropriate for statistical analysis.

2.5 Matching with X-ray Dataset

The optical-infrared counterpart has already been determined by Chen et al. (2018) using a maximum-
likelihood crossmatch with optical-infrared catalogs in the survey area. The counterpart was matched
with the multi-band photometric catalog using a 2′′ radius and found 3180 sources with a counterpart
in the PSF-convolved photometric catalog. The majority of X-ray sources (2762 sources) were matched
with the mid-infrared source which has the lowest angular resolution. Hence, the source may be blended
due to the large PSF size. The number of r-band detected neighbors within a 2′′ radius of the SERVS-
matched counterpart was examined and 342 sources have multiple optical counterparts. This suggests
that they are blended in the mid-infrared. The source with the brightest 3.6µm magnitude was chosen
as the optical counterpart which changes the optical counterpart of 23 AGN.

2.6 Recovery of r-band Non-detected X-ray Source

362 (∼ 10%) sources have no corresponding optical counterpart in the PSF-convolved catalog but have a
significant detection in the NIR bands. This suggests that they are either high redshift galaxies (z > 4)
or they are in heavily dust-obscured host galaxies. Figure 2.4 shows an example of these sources.

PSF-matched photometry was performed using the VIDEO H-band photometry as the detection
image, in order to recover the photometry of the r-band non-detected AGN. PSF-matched cutouts of
each AGN after matching the PSF of each dataset to that of VIDEO H-band. Aperture photometry
was performed using a 2′′ diameter aperture with SExtractor in dual-image mode. Aperture loss was
corrected using growth curves calculated from the VIDEO H-band and were constructed in each patch
individually. The 2′′ diameter aperture contains ∼ 80% of the PSF flux. By performing the correction
patch by patch, the PSF variability in H-band is taken into account over the survey area. Prior-based PSF
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convolved photometry was performed using the VIDEO H-band images as the high-resolution images
instead of the r-band for the mid-infrared datasets.

For 282 of the 362 HSC S19A r-band non-detected sources, the photometry was obtained based
on near-infrared detection. The remaining 80 sources lack both HSC S19A r-band and VIDEO H-
band detection but faint HSC S19A i-band objects close to the detection limit can be seen in some
objects. These remaining sources were not recovered due to their faintness which results in uncertain
optical identification. Lastly, the r-band detected PSF-convolved catalog was combined with the H-
band detected PSF-matched catalog into a single AGN catalog. In total, multi-wavelength photometry
for 3462 (97.7%) out of the 3542 primary X-ray sources was obtained. The catalog was presented as part
of Vijarnwannaluk et al. (2022).
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Figure 2.4: The first and fourth row shows the cutout images of an optical-IR counterpart of an X-ray
source in each photometric band. The second and fifth rows show the model images from the T-PHOT
fitting process. The third and sixth rows show the residual images of the model fitting. The red cross
and blue plus show the center of the X-ray source and optical counterpart, respectively. This figure was
reproduced with permission from Vijarnwannaluk et al. (2022).
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2.7 Photometric Redshift

Only 1321 or 3462 of the X-ray sources have spectroscopic redshift from spectroscopic surveys. The
photometric redshift code LePhare (Arnouts et al., 1999; Ilbert et al., 2006) was used to calculate the
photometric redshift of the remaining X-ray sources and galaxies.

Galaxy templates from Ilbert et al. (2009) were used for spectroscopically confirmed galaxies. For
X-ray sources, templates from Ilbert et al. (2009) which includes templates of the galaxy from Ilbert
et al. (2009), AGN templates, and hybrid templates were used instead.

The model magnitudes were calculated between redshift 0 to 6 in steps of 0.05. Both SMC and
Calzetti extinction laws were used (Prevot et al., 1984; Calzetti et al., 1994) and fit the reddening as
a free parameter with E(B-V) of 0, 0.025, 0.005, 0.075, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.07, 0.08,
0.09, 0.1, 0.125, 0.15, 0.175, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.55 and 0.6 mag. The contribution
from emission lines was added in spectroscopically confirmed galaxies but not for X-ray sources. The
systematic zero-point shifts were estimated automatically by LePhare using a spectroscopically confirmed
galaxy sample and applied to the X-ray-detected AGN sample. The correction values are shown in Table
2.1. Additional photometric uncertainty (ERR SCALE) of 0.05 mag was added into the quadrature to
include any additional systematic uncertainty in the photometry.

Band δmag Band δmag
CLAUDS-u∗ 0.156 VIDEO-Y 0.002

HSC-g -0.027 VIDEO-J 0.049
HSC-r -0.037 VIDEO-H 0.070
HSC-i -0.0254 VIDEO-Ks -0.021
HSC-z -0.022 SERVS-3.6µm -0.005
HSC-y -0.044 SERVS-4.5µm 0.003

Table 2.1: The zero point shifts calculated with LePHARE.

The photometric redshift performance was evaluated against spectroscopically confirm samples of the
same population (eg. AGN or galaxy). In the literature, photometric redshift performance is judged
with two parameters. First, the median absolute deviation or NMAD (σNMAD: Hoaglin et al. (1983)).
NMAD is defined as

σNMAD = 1.48×Median

( |zphz − zspec|
1 + zspec

)
where zphz and zspec are the photometric redshift and spectroscopic redshift, respectively. Second, the
outlier fraction (fout) which is the fraction of objects whose normalized absolution deviation (zphot −
zspec)/(1+zspec) is larger than 0.15 in the spectroscopic redshift sample. While the threshold to consider
a photo-z estimate as an outlier is arbitrary, a value of 0.15 was adopted following studies in deep
multiwavelength fields (Ilbert et al., 2009; Laigle et al., 2016).

The photometric redshift performance was evaluated for non-stellar sources outside the stellar locus
of the g − z against z − 3.6µm plane. In the g − z against z − 3.6µm plane, the boundary is defined as

(g − z)− 0.5937(z − [3.6]) < −1.7

where g, z and [3.6] are the g, z, and 3.6µm band magnitudes. The performance of sources using galaxy
templates was considered for spectroscopically confirmed galaxies and AGN templates for X-ray sources.
A comparison between photo-z and spec-z of X-ray non-detected and X-ray detected sources are shown
in the left and right panels of figure 2.5. For the spectroscopically confirmed galaxies, a photometric
redshift scatter σNMAD of 0.031 and outlier fraction fout of 3% was achieved. For X-ray detected AGN,
a photometric redshift scatter (σNMAD) of 0.07 and an outlier fraction (fout) of 26% was achieved with
4 catastrophic failures where the photometric redshift cannot be determined. The σNMAD and fout
for X-ray detected sources are worse than X-ray non-detected sources. It is well known that accurate
photometric redshifts of AGNs are challenging to obtain especially for unobscured AGN which tends to
have a flat featureless UV-optical continuum. However, for discussing the obscured fraction over a broad
redshift range which is presented in chapter 3, the photometric redshift performance is sufficient.

The redshift distribution of the AGNs is shown in figure 2.6. Thanks to the deep multiwavelength
datasets and the abundance of spectroscopic surveys in the area, redshift completeness of 99.8% was
reached.
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Chapter 3

The Fraction of Luminous Obscured
AGN at z ≥ 2

Abstract

Statistical studies of X-ray selected Active Galactic Nuclei (AGN) indicate that the fraction of obscured
AGN increases with increasing redshift, and the results suggest that a significant part of the accretion
growth occurs behind obscuring material in the early universe. The obscured fraction of highly accreting
X-ray AGN at around the peak epoch of supermassive black hole growth was investigated using the wide
and deep X-ray and optical/IR imaging datasets. The photometric redshift, hydrogen column density,
and 2-10 keV AGN luminosity of 306 2-10 keV detected AGN above redshift 2 was estimated. The
obscured fraction of AGN was estimated assuming parametric X-ray luminosity and absorption functions.
The results suggest that 76+4

−3% of luminous quasars (logLX (erg s−1) > 44.5) above redshift 2 are
obscured. Both the obscured and unobscured z > 2 AGN show a broad range of SEDs and morphology,
which may reflect the broad variety of host galaxy properties and physical processes associated with the
obscuration.

3.1 X-ray Count-rate Analysis

3.1.1 X-ray Spectral Model

An X-ray AGN spectral model needs to be assumed in order to calculate the AGN properties. The most
basic model for AGN is a power-law spectrum with a slope (also known as photon-index, Γ). This model
works well in most cases of unobscured AGN where there is no photoelectric absorption. However, the
spectral model of obscured AGN is much more complex due to reprocessing of the AGN X-ray continuum
by absorption, scattering, and reflection as shown in figure 3.1. A phenomenological X-ray AGN model
which includes the following main components was adopted for analysis. The XSPEC model names are
listed in parentheses.

1. An Exponential cutoff power-law (zcutoffpl): The exponential decaying power-law represents the
intrinsic AGN X-ray continuum emission. The continuum us modeled with a power-law with a roll-
off at high energy X-rays (∼ 300 keV). It is a multiplicative model combined with a typical power
law and an exponentially decaying function at high energy. The spectrum is expressed as A(E) =
K[E(1+ z)]−α exp (−E(1 + z)/β) where A(E) is the photon flux density (photons keV cm−2 s−1),
E is the energy, z is the redshift α is the photon-index, and β is the e-folding energy of exponential
roll-off.

2. Reflection component (Pexrav) : Pexrav (Magdziarz and Zdziarski, 1995) represents the reflected
AGN continuum off a neutral material. This appears as a ”bump” in the X-ray spectral at approx-
imately ∼ 30 keV. Currently, the geometry and the origin of the reflector is highly debated with
some studies suggesting the reflection is due to the AGN accretion disk while other suggest that the
reflection is due to the dusty torus (Panagiotou and Walter, 2019; Ricci et al., 2011). The model is
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Figure 3.1: Reprocessing of the AGN continuum (thick line) by Thomson scattering (dotted line) and
reflection by the AGN torus (red dashed line) and the AGN disk (blue dashed lines). The left-hand side
shows the case of an obscured AGN where the continuum is absorbed while the right-hand side for the
case of an unobscured AGN.

a tabulated model based on a Monte Carlo simulation. The parameters include the photon index,
the cutoff energy, the reflection scaling factor, the redshift, the abundance of elements heavier than
He relative to solar, the relative abundance of iron, and the cosine inclination angle. By itself,
the model includes the exponential decaying power law but can be removed by setting the relative
reflection to negative values.

3. Scattered component (fscat): A portion of the AGN continuum is scattered into the line of sight by
photoionized gas by Thomson scattering (Noguchi et al., 2010; Gupta et al., 2021). The strength
of the scattering is approximately 1-5% of the intrinsic continuum. The scattered emission was
modeled using the same exponential cutoff power law but at a 1% intensity.

4. Photoelectric absorption (zphabs): zphabs represents the main X-ray absorber along the line of
sight. The parameters include the redshift (z) and the Hydrogen column density (NH).

These models are combined together to construct the intrinsic X-ray spectral model as

TBabs(zphabs ∗ cabs ∗ zcutoffpl + pexrav + fscat ∗ zcutoffpl)

where optically-thin Compton Scattering (cabs) and galactic absorption (Tbabs) in the model was in-
cluded. In this phenomenological model, the hydrogen column density affects solely the AGN continuum
emission and not the scattered component or the reflection component of the AGN. An example of the
obscured and unobscured AGN model is shown in figure 3.2.

3.1.2 Hydrogen Column Density

The most accurate method to determine the hydrogen column density is to perform an X-ray spectral
analysis of the AGN. However, a large number of counts (> 100) is required in order to perform accurate
spectral analysis. This can be difficult to obtain for faint sources at high redshift and especially difficult
for obscured sources due to the long integration time needed. An alternative approach to determine the
hydrogen column density is to use the X-ray hardness ratios. This method uses the observed count rates
in broad energy bands which have many more counts to estimate the hydrogen column density but with
an increased accuracy.

The X-ray hardness ratio (HR) describes the shape of the X-ray spectra using two or more broad
X-ray bands such as the 0.5-2 keV and 2-10 keV bands. In the current literature, HR is typically defined
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Figure 3.2: The unfolded X-ray spectra of an unobscured AGN with logNH [cm−2] = 20 (a) and an
obscured AGN with logNH [cm−2] = 22 (b) at z ∼ 1.3. The AGN transmitted continuum, reflected
component and scattered component are shown in blue, red, and orange, respectively. The total spectrum
is shown in black.

as

HR =
H − S

H + S

where S is the count-rates in the soft 0.5-2 keV band and H is the count-rates in the 2-10 keV band.
As shown in figure 3.2, the lower(softer) energy X-rays are more affected by obscuration than the
higher(harder) energy X-rays. As the column density increases, more of the harder X-rays will be
absorbed. Therefore, the X-ray hardness ratio will increase as a function of column density. In principle,
this allows us to trace back the observed hydrogen column density based on the observed hardness ratio.1
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Figure 3.3: (Left) The expected hardness ratio based on the phenomenological AGN model as a function
of redshift for hydrogen column density of logNH [cm−2] = 20, 22, 23 and 24 shown in blue, orange, red,
and gray, respectively. The width of each band shows the range of hardness ratio when assuming a
photon index of 2 (bottom) to 1.5 (top). (Right) The hydrogen column density as a function of hardness
ratio for z =0.1,1,2,3 and 4 is shown in blue, orange, green, red, and purple, respectively.

An X-ray spectral model and the corresponding calibration files of the detector must be assumed in
order to use this method. Figure 3.3 shows the X-ray hardness ratio as a function of redshift assuming
the phenomenological X-ray model described in section 3.1.1. The width of each band shows the HR

1The true NH is unknown and this method estimates NH under a model assumption and observed HR.
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assuming a photon index of 1.5-2.0 which is the typical range of the photon index of AGN with a photon
index of 1.8 as a nominal value. Here, the redistribution matric files (RMF) and auxiliary response
files (ARF) of the PN detector were used. It should be pointed out that in practice, determining the
hydrogen column density from X-ray hardness ratio is much more uncertain than using X-ray spectra
due to degeneracy in the hardness ratio which arises from the model assumptions but is one of the only
methods available to constrain the hydrogen column density for faint sources.

3.1.3 X-ray Survey Sensitivity

Because obscured AGN appears fainter than unobscured AGN and X-ray survey depth is not completely
uniform over the survey area, the effective survey area with sufficient survey depth to detect obscured
AGN is smaller than unobscured AGN of the same intrinsic luminosity. The survey area function
(Ω(LX , z, logNH)) is used to represent the survey area as a function of the intrinsic AGN properties.
This function is used to account for bias in the survey area due to absorption and flux limit.
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Figure 3.4: (Left) The survey area as a function of survey flux limit in 0.5-2, 2-10, and 0.5-10 keV
shown in blue, red, and black, respectively. (Right) The survey area in the 2-10 keV band with sufficient
survey depth to detect an AGN at z = 2 AGN with 2-10 keV luminosity of logLX [erg s−1] = 44.5
assuming a hydrogen column density of logNH [cm−2] =20, 23, 23.5, and 24, respectively.

The phenomenological AGN model and PN-detector calibration files were used to construct the
survey area function Ω(LX , z, logNH) as a function of redshift, 2-10 keV AGB luminosity, and logNH.
The original survey area curve reported by Chen et al. (2018) is considered and is shown in the left figure
of figure 3.4. The effect of X-ray absorption is shown in the right figure of figure 3.4. For unobscured
AGN with logNH = 20 and a 2-10 keV luminosity of logLX [ergs−1] = 44.5 at z = 2, the survey area with
sufficient depth to detect it is 3.52 Deg2. However, for obscured AGN with large column density near
Compton-thick, the survey area drops by half. The calculation was performed over a range of redshift,
logNH, and 2-10 keV luminosity. An example of the survey area is shown in figure 3.4 for redshift 1 and
2.5.
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Figure 3.5: The survey area function Ω(LX, z, logNH) for AGN at z = 1 (left) and z = 2.5 (right).

3.2 Absorption Function

The absorption function fabs was introduced in Ueda et al. (2003). It is a probability distribution function
defined between logNH (cm−2) = 20 − 26. The shape of the absorption function reflects the column
density distribution at that redshift and by integrating the column density bins with the luminosity
function, the intrinsic number of AGN with logNH can be estimated. The function is normalized to 1
between logNH (cm−2) = 20− 24 as follows,∫ 24

20

fabs(LX , z;NH)d logNH = 1

However at high redshift, the amount of absorption between logNH (cm−2) = 20 − 22 cannot be
distinguished with the HR. Modification of the absorption function was performed by combining the
logNH bins between 20-22 together and re-normalizing the function. The definition is as follows,

fabs(LX , z;NH) =


1−ψ(LX ,z)

2
[20 ≤ logNH < 22]

1
1+ϵ

ψ(LX , z) [22 ≤ logNH < 23]
ϵ

1+ϵ
ψ(LX , z) [23 ≤ logNH < 24]

fCTK
2

ψ(LX , z) [24 ≤ logNH < 26]

(3.1)

where ψ(LX , z) is the fraction of CTN-AGN with logNH (cm−2) ≥ 22 and ϵ is the ratio of AGN with
logNH (cm−2) = 23 − 24 to those with logNH (cm−2) = 22 − 23, and fCTK is the relative number of
Compton-thick AGN (CTK-AGN) relative to obscured CTN-AGN, which is fixed to 1.

ψ(LX , z) describes the dependency on redshift and luminosity of the absorption function. The ob-
scured fraction in the local universe is parameterized as a linearly decreasing function of X-ray luminosity:

ψ(LX , z) =min[ψmax, max[ψ43.75(z)

− β(logLX − 43.75), ψmin]]
(3.2)

where ψmin and ψmax is the minimum and maximum obscured fraction of CTN-AGN, which is deter-
mined to be 0.2 and 0.84, respectively (Ueda et al., 2014). The original formalism of the absorption
function will return negative probability in logNH (cm−2) = 20−21 bin at large obscured fraction larger
than 0.82. However, by combining the logNH (cm−2) = 20 − 22 bin, this effect is removed. Hence,
larger values of ψmax are allowed as discussed in the later sections. β is the slope of the decrease which
is set to 0.24 (Ueda et al., 2014) and ψ43.75(z) is the obscured fraction at a 2-10 keV luminosity of
logLX (erg s−1) = 43.75.

ψ(LX , z) describes the redshift evolution of the obscured fraction as a function of ψ43.75(z)

ψ43.75(z) =

{
ψ0
43.75(1 + z)a1 z < 2.0

ψ0
43.75(1 + 2)a1 = ψ2

43.75 z ≥ 2.0
(3.3)
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where ψ0
43.75 is the obscured fraction in the local universe at 2-10 keV luminosity of logLX (erg s−1) =

43.75 which is set to 0.43± 0.03 (Ueda et al. (2014)). a1 describes the evolution of the obscured fraction
with the best-fitted value of 0.48 ± 0.05. A constant ψ43.75(z = 2) = ψ2

43.75 in the redshift range above
redshift 2 was assumed.

The parameter ψ43.75(z) is not limited to between ψmin and ψmax and solely describes the evolution
of the obscured fraction ψ(LX , z). ψ43.75(z) is equal to ψ(43.75, z) only when ψ43.75(z) ≤ ψmax but the
obscured fraction of higher luminosity AGN can still be lower. Therefore, interpretation of the obscured
fraction is ψ(LX , z) and not solely on ψ43.75(z). For the remaining free parameters of the luminosity
function, the best-fitted values provided by Ueda et al. (2014) were adopted.

3.3 Maximum Likelihood Fitting

The maximum likelihood (ML) method is a parametric fitting method that does not require any binning
of the dataset. It relies on each sample to estimate the likelihood function from individual probability.
The product of all probability densities (P ) in the sample is called the likelihood (L). The probability
density of finding the i -th object with logN i

H at logLi
X and zi is defined as Pi

Pi =
fabs(L

i
X , z

i; logN i
H)Ω(L

i
X , z

i, logN i
H)∫ 24

20
fabs(Li

X , z
i; logNH)Ω(Li

X , z
i, logNH)d logNH

where fabs and Ω is the absorption function and survey area function, respectively.
It is more convenient to calculate the likelihood function in the logarithmic formM where the product

becomes a sum of the probability density instead

M(ψ2
43.75, ϵ) = −2

∑
i

lnPi(ψ
2
43.75, ϵ).

The minimum point of the likelihood gives the best-fitted parameter of interest. In this case, the
parameter ϵ and ψ2

43.75 were set free parameters for the fitting routine and the 1-sigma uncertainty is
defined as the range where the log-likelihood value changes from minimum by one.

3.4 High Redshift AGN Sample Selection

I selected a sample of 672 AGN between redshift 2-5 based on the best available redshift (spec-z or photo-
z) to estimate the obscured fraction. Among them, 37%(251) was detected in both energy bands. 40%
(275) was detected only in the 0.5-2 keV band. 7% (53) were detected only in the 2-10 keV band. The
remaining, 13%(93) were detected only in the 0.5-10 keV band and not the other two. The spectroscopic
completeness of the sample is 30%(203 AGN) but most of the AGN are broad-line AGN(71%). The
extinction-corrected X-ray 2-10 keV luminosity can be calculated using

LX = ext(z,NH)k(z)4πD
2
L(z)fX

where k(z) is the k-correction term, and ext(z,NH) is the absorption correction in the observed frame
assuming the best available redshift and logNH, DL is the luminosity distance, and fX is the observed
X-ray flux in 2-10 keV band. The PN-equivalent count-rate in the 2-10 keV band was converted into 2-10
keV flux assuming an ECF of 1.26× 1011 counts−1 / erg s−1cm−2.2 The phenomenological AGN model
presented in section 3.1.1 as well as the PN-detector calibration files were used to calculate the extinction
correction and the k-correction. The model without absorption was used to calculate the ECF. The flux
ratio between the model without absorption to that with logNH = 20− 24 is adopted as the extinction
correction factor.

The 2-10 keV luminosity and logNH of the high redshift AGN are shown in figure 3.6 and 3.7. Most of
the AGN possess quasar level luminosity (logLX (erg s−1) > 44.5) and are mostly obscured by hydrogen
column density larger than logNH (cm−2) > 21. Only upper limits can be placed on logNH and logLX

for 0.5-2 keV detected AGN and they show a large scatter. On the other hand, lower limits of logNH

2For 0.5-2 keV and 0.5-10 keV bands, the ECF are 6.84 × 1011 and 3.36 × 1011 counts−1/erg s−1cm−2, respectively
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Figure 3.6: The extinction-corrected 2-10 keV luminosity of z=2-5 AGN that is detected in both 0.5-2
keV and 2-10 keV as a function of redshift (purple) is shown in the left-hand panel while the right-hand
panel shows for AGN detected only in either the 0.5-2 keV band (blue downward triangle) or the 2-10
keV bands (orange upward triangle). Black open circles represent broad-line AGN. The faceless error
bar shows the typical uncertainty for spec-z (long caps) and photo-z samples (long caps). respectively.

and logLX are obtained for AGN detected only in the 2-10 keV band. Most of them are located above
logNH > 23, which implies that they are heavily obscured AGN.

In the end, only the 304 AGN which was detected in the 2-10 keV band was selected for the statistical
analysis since those detected only in the 0.5-2 keV band have uncertain hydrogen column density. The
possibility of detecting each AGN was calculated using the survey area function and one AGN was
removed because the corresponding survey area is zero. For the AGN detected only in the 2-10 keV
band, the Hydrogen column density was assigned to logNH (cm−2) = 23.5.
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Figure 3.7: The hydrogen column density of z=2-5 AGN that are detected in both 0.5-2 keV and 2-10
keV as a function of redshift (purple) is shown in the left-hand panel while the right-hand panel shows
for AGN detected only in either the 0.5-2 keV band (blue downward triangle) or the 2-10 keV bands
(orange upward triangle). Black open circles represent broad-line AGN. The faceless error bar shows the
typical uncertainty. The bottom panel shows the redshift distribution of AGN with HR softer than the
model and is set to logNH (cm−2) = 20, the data-points in this panel are randomly shifted in y-axis for
clarity.

3.5 Results

3.5.1 The Obscured fraction at z ≥ 2

The fitting was performed under two conditions. First is the 1D fitting where ϵ is fixed to 1.7 as seen
in the local universe and ψ2

43.75 is set as a free parameter. The 2nd is the 2D where both of ψ2
43.75 and

ϵ simultaneously. The 1D case was performed as a comparison with the work of Ueda et al. (2014). In
addition, I also examined the effect of the choice of the maximum obscured fraction (ψmax). ψmax) was
first set to 0.84 following Ueda et al. (2014). Under this setting, the best-fit results are the same as ψmax

which suggests that ψmax affects the fitting. Hence, ψmax was set to 0.99 instead. Table 3.1 shows the
best-fitted results of both cases.

Parameter 1D 2D
ϵ 1.7 (fixed) 1.4± 0.3

ψ2
43.75 1.01+0.03

−0.04 0.99+0.04
−0.03

Table 3.1: Maximum Likelihood Fitting Results

The obscured fraction was calculated from the intrinsic number of luminous obscured CTN-AGN.
The intrinsic number of AGN in each logNH bin is calculated with the following equation:

N =

∫ ∫ ∫
fabs(logLX , z,NH)

dΦ(logLX , z)

d logLX
Ω(1 + z)3dA(z)

2 dτ

dz
d logLX dz d logNH (3.4)

where fabs, dΦ, Ω, d logLX , dA, and τ are the absorption function, 2-10 keV luminosity function,
survey area, angular size distance, and look-back time, respectively. The integration limits are between
the redshift, luminosity, and column density of interest. Replacing the survey area with the survey area
function Ω(LX , z, logNH) gives the expected number of AGN instead.

The expected number of AGNs from the fitting was calculated to examine the reliability of the fitting.
The observed logNH distribution of the 2-10 keV band detected AGN is shown in figure 3.8 and shows
that the 2D case reproduces the observed distribution better than 1D. Figure 3.9 based on the best-fitted
parameters from the 2D ML-fit shows the distribution of AGN in the 2-10 keV luminosity, logNH, and
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Figure 3.8: Comparison between the logNH distribution (filled data points) with the expected number
of AGN (hatched and shaded area). The filled gray and hatched gray boxes show the 1D and 2D
cases, respectively. The vertical width of each box represents the uncertainty of the models. Open
round symbols show the unbinned observed number of AGN with logNH(cm

−2) < 22. The expected
distributions from 1D and 2D fits are scaled by a factor of 1.72 and 1.68 so that the total number of
CTN-AGN is consistent with observation.

redshift plane. The predicted distributions reproduce the observed distribution well and the best-fitted
2D-ML parameters were adopted for further discussion.

To estimate the obscured fraction of luminous AGN, the lower limit of the luminosity integration
was set to logLX (erg s−1) = 44.5 and corresponds to an obscured fraction of 0.76+0.04

−0.03. This boundary
corresponds to the break in the hard X-ray luminosity function at z ∼ 2. In order to compare with other
studies, the luminosity limit was set to logLX (erg s−1) = 44 − 45 which corresponds to an obscured
fraction is 0.85+0.04

−0.03 for logNH(cm
−2) = 22− 24 while obscured fraction with logNH(cm

−2) = 23− 24 is

0.50+0.07
−0.06.
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Figure 3.9: 2-10 keV luminosity, redshift, and hydrogen column density distribution. The observed,
and expected distribution is shown in blue and black, respectively. The expected distribution was scaled
by a factor of 1.68 so that the total number of CTN-AGN is consistent with observation. The projected
distribution is shown on the top and right sides of each diagram.
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3.5.2 The Slope of the Luminosity Dependence

The model of the obscured fraction assumes dependence on luminosity and does not depend on redshift.
This means that the obscured fraction increases at the same rate at all luminosity. In this section,
I investigate the slope of the luminosity dependence by allowing the slope parameter β to be a free
parameter instead of the obscured fraction which represents the overall normalization. The obscured
fraction at logLX (erg s−1) ∼ 43.5 was set to ψ2

43.75 = 0.73 following Ueda et al. (2014) and ϵ is set to
1.4 following the 2D ML-fit results.

The fitting suggest that the slope is β = −0.09+0.04
−0.03 and the obscured fraction of luminous CTN-

AGN with logLX (erg s−1) = 44 − 45 is 0.78 ± 0.02. The slope suggests there is nearly no luminosity
dependence on the obscured fraction. However, due to the limited luminosity coverage of the sam-
ple (logLX (erg s−1) ∼ 44 − 45), the obscured fraction at the most luminous end cannot be reliably
constrained.

3.5.3 Obscured Fraction at High Redshift

Here, the best-fitted results are compared with the previous estimations of the obscured fraction in the
literature assuming a luminosity range of logLX (erg s−1) ∼ 44 − 45. The best-fit obscured fraction
based on the 2D ML best-fit parameters compared with previous measurements in the local universe and
at z > 2 in figure 3.10. The results suggest that the obscured fraction at high redshift is larger than in
the local universe which supports the increasing evolution of the obscured fraction toward high redshift.
Again, my results are the largest compared to previous results in the same redshift range except against
Liu et al. (2017). They determined the obscured fraction at logLX (erg s−1) = 43.5−44.2 as 0.91±0.03
which is consistent with my results if extrapolated toward lower luminosity without the maximum limit.
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Figure 3.10: Obscured fraction as a function of 2-10 keV luminosity. The left panel shows the results at
z > 2 compared with Hasinger (2008) (H08; opened and closed magenta triangles), Iwasawa et al. (2012)
(I12; pink cross), Hiroi et al. (2012) (H12; black star), Kalfountzou et al. (2014) (K14; red squares), and
Liu et al. (2017)(L17; opened and closed plus symbols), and Ueda et al. (2014) (U14, thin black line),
respectively. (Right) Same as left but compared with the results at low redshift compared with Burlon
et al. (2011) (B11; open black circles), Georgakakis et al. (2017) (G17; purple diamonds), and Ueda et al.
(2014)(U14; solid black line), respectively. The lower and upper limit of the model is shown with thick
blue lines. The luminosity range of the sample is shown with the shaded area.

The obscured fraction of AGN with logNH (cm−2) = 22− 24 and 23− 24 compared with the results
in different redshifts are shown on the left and right panels of figure 3.11, respectively. The results are
larger than previous results in the same luminosity range from Ueda et al. (2014) (black solid line).

In a similar redshift, Liu et al. (2017) estimated the obscured fraction using AGN in the C-COSMOS
legacy catalog (Civano et al., 2011, 2016) combined with the Chandra deep field south 7M catalog
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(CDF-S, Luo et al. 2017). The obscured fraction of AGN with logNH(cm
−2) = 22 − 23 among those

with logNH(cm
−2) < 23. For AGN with logLX (erg s−1) = 44.1 − 44.9 at redshift 2-3, the fraction

is 0.67 ± 0.07. Under similar luminosity between logLX (erg s−1) = 44 − 45 the obscured fraction is
0.70+0.05

−0.01 which is consistent to the above value within 1σ uncertainty.

At redshift 3-5, Vito et al. (2014) estimated the obscured fraction of logNH (cm−2) = 23 − 24 and
logLX (erg s−1) ≥ 43 as 0.54±0.05. Under the same luminosity and redshift range, the obscured fraction
based on the best-fitted results is 0.57 ± 0.05 which is consistent with that of Vito et al. (2014) within
1σ uncertainty.

My results are the largest compared to others that use the LDDE model and are in the same
redshift and luminosity range. Hiroi et al. (2012) estimated the obscured fraction of quasars with
logLX (erg s−1) = 44 − 45 at redshift 3-5 to be 0.54+0.17

−0.19, while the best-fit parameters of Ueda et al.
(2014) suggest an obscured fraction of 0.50± 0.09 above redshift 2.

In order to reconcile the obscured fraction at redshift z > 2 with the evolution from the local universe,
the evolution parameter (a1) must be 0.75+0.10

−0.08, stronger than that determined by previous studies at
lower redshift. However, this change will systematically increase the obscured fraction at z < 2. Another
possibility is that the obscured fraction may still evolve above redshift 2, and the obscured fraction of
high luminosity AGN saturates at a higher redshift than that of low luminosity AGN.
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Figure 3.11: The obscured fraction at different redshifts compared with the obscured fraction of
AGN with logLX (erg s−1) = 44 − 45 from the 2D ML best-fit parameters shown with the red round
symbol. (Left) Obscured fraction of AGN with logNH (cm−2) = 22 = 24 with redshift. The result is
compared with Burlon et al. (2011)(B11; grey hexagon), Iwasawa et al. (2012)(I12; pink cross), Hiroi
et al. (2012)(H12; black star) Kalfountzou et al. (2014)(K12; blue square), Liu et al. (2017)(L17; orange
plus), and Georgakakis et al. (2017) (G17; purple diamonds), respectively. (Right) The obscured fraction
of AGN with logNH (cm−2) > 23 among CTN-AGN. The results are compared with Vito et al. (2014)
shown with gray hexagons. In both panels, The black solid line shows the lower and upper limits of Ueda
et al. (2014)(U14). The logLX (ergs−1) range are shown in parenthesis.

Recently, Gilli et al. (2022) constructed a model describing the evolution of the ISM hydrogen column
density using data from ALMA. Using their model, they estimated the evolution of the obscured fraction
as a function of redshift. The best-fitted 2D results in this work is consistent with Gilli et al. (2022) for
AGN with logNH (cm−2) = 23 − 24 with logLX (erg s−1) ∼ 44. but not with the obscured fraction of
AGN with logNH (cm−2) > 22 at the same luminosity. The discrepancy in the latter case may be due to
the difficulty in separating unobscured AGN from mildly obscured AGN (logNH (cm−2) ∼ 22) through
the hardness ratios.
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Figure 3.12: (Left) The median SED of unobscured AGN. (Right) The median SED of obscured AGN.
In both panels, the dashed line shows the 16th and 84th percentile SED uncertainty. The orange SED
represents the median SED of broad-line AGN. The SED are compared with QSO1 and QSO2 SED from
Polletta et al. (2007).

3.5.4 The Rest-frame Spectral Energy Distribution

As discussed in the introduction, X-ray absorption is due to metals in gas while optical attenuation is
due to dust. A trend in the AGN SED can be expected where unobscured AGN have bluish SED and
obscured AGN have redded SED since gas and dust are expected to coexist with each other. I examine
the correspondence between the X-ray absorption and the SED shapes by constructing the restframe SED
of the high redshift quasars (logLX (erg s−1) > 44.5) detected in the 2-10 keV band. For each quasar,
I interpolated between the 12-band photometry that was shifted to restframe and normalized at 5500Å.
Additional IRAC3 (5.8µm), IRAC4 (8µm), and MIPS 24µm bands photometry from the SWIRE dataset
(Lonsdale et al., 2003) were also include. I separated the sample into unobscured (logNH (cm−2) < 22)
and obscured (logNH (cm−2) ≥ 22 ) AGN based on the column density. The median SED of unobscured
and obscured quasars was constructed by median-combining the individual SED of X-ray unobscured
and obscured quasars, respectively.

The median SED of the high redshift quasars are shown in figure 3.12, I also compared the SED with
type-1 and type-2 QSO SEDs from Polletta et al. (2007) as well as the median SED of high redshift
BL-AGN. Unobscured AGN have a flat SED similar to the median SED of the BL-AGN. On the other
hand, the median SED of obscured AGN is reddened compared to the BL-AGN model or median SED
of unobscured AGN.

In each figure, the distribution of SED for each case is shown with dashed lines which represent
the 16th and 84th percentile SED distribution. More than 16% of the obscured AGN have a blue UV
continuum similar to the median SED of the BL-AGN, while 16% of the unobscured AGN are redder
than the median SED of the obscured AGN. This large scatter suggests that the correspondence between
the shape of the SED and X-ray absorption is not strong as previously expected.

To further examine the correspondence between optical properties, UV-optical-near-infrared color
and morphology, and X-ray absorption, the AGN were separated into 4 groups based on the restframe
u∗-H color and UV morphology. The restframe colors were calculated from the SED fitting results of
LePhare. The morphology was inferred from the HSC i-band flux ratio between the HSC S20A i-band
PSF and cmodel flux. The PSF (cmodel) flux is derived by fitting PSF (PSF or galaxy) model. If the
AGN appears as a point source on the image then the ratio is expected to approach 1 while extended
AGN will have a smaller flux ratio. AGN with a flux ratio larger than 0.95 is considered a point source.

Figure 3.13 shows the distribution of the high redshift AGN on the rest-frame u∗-H color and the
flux ratio plane. Most of the unobscured AGNs have blue rest-frame color and morphology similar to
a point source. On the other hand, approximately 49% of obscured AGN have extended morphology.
Obscured AGN also has a broader color distribution with colors consistent with the unobscured AGN.
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Figure 3.13: (Left) Rest-frame u∗-H colors vs. the HSC i-band flux-ratio. Red round and blue triangles
symbols represent obscured and unobscured AGN respectively. Black-rimmed symbols are broad-line
AGN. The distribution is separated into 4 quadrants based on the restframe color and morphology. The
numbers in parentheses represent the number of objects in each quadrant. The side histograms show the
projected morphology distribution (right) and color distribution (top). (Right) The hydrogen column
density distribution in each sector. The hatched histogram shows the distribution of broad-line AGN.

Figure 3.13 show the distribution of the high-redshift AGN sample divided into 4 samples based on
the color against the morphology plane. The column density distribution of each sample is shown in
the right panel. Most of the AGN with extended morphology have logNH consistent with the obscured
AGN with logNH (cm−2) > 22. On the other hand, blue point source AGN (case 1) has a mixture of
column density logNH both consistent with obscured and unobscured AGN.

For each type of morphology, I performed a KS-test between the logNH distribution of point source
and extended objects. The test suggest that the blue and red point source (case 1 & case 2) were not
drawn from the same parent distribution at a 0.01 level of significance (Dmax = 0.391, Dcrit = 0.277).
However, the number of samples compared between case 1 and case 2 is small. On the other hand, the
test suggest that blue and red extended sources (case 3 & case 4) were drawn from the same parent
distribution at a 0.01 level of significance (Dmax = 0.256, Dcrit = 0.405). This suggests that both red
and blue extended sources may contain obscured AGN.

The largest difference between the cumulative distribution of logNH of blue extended AGN and
red extended AGN comes from the logNH (cm−2) = 22 − 23 bin. Absorption of the largest column
densities (logNH (cm−2) > 23) generally occurs in the dusty torus while moderate absorption can occur
on kpc scale (Hickox and Alexander, 2018). Red-extended obscured AGN may have larger amounts of
gas and dust in the host galaxy scale compared to blue-extended obscured AGN. Therefore the large
dust attenuation results in redder colors. Another possibility is that the blue UV optical near-infrared
colors seen in blue extended obscured AGN is scattered light from central engine (Alexandroff et al.,
2013; Assef et al., 2016; Alexandroff et al., 2018; Assef et al., 2020) or light from ongoing unobscured
star-formation in the host galaxy.

I also examined the relationship between UV spectral properties and X-ray absorption. I examined
the optical spectra of 26 AGN with SDSS spectroscopic data. The morphology of 21 of these AGNs
is consistent with a point source object. Three sources have flux ratios > 0.90 close to the stellarity
threshold. Of the 26 AGN, two AGN has flux ratios consistent with an extended source with one AGN
showing a narrow CIV emission line (σ < 1000 km s−1). Among these 26 AGN, 2 AGN show absorption
lines associated with the CIV emission line. The detection of broad emission lines and a blue continuum
suggests that the line of sight towards the BLR and accretion disk has low dust content but is gas-rich
since the hydrogen column density is large enough to be classified as an obscured AGN. The dust-free
X-ray absorption may be due to ionized or dust-free gas along the line of sight due to the strong UV
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radiation from the AGN accretion disk (Piconcelli et al., 2005; Merloni et al., 2014). Alternatively, it
may be due to dust-free disk winds driven from the AGN accretion disk Gallagher et al. (2002, 2006).

I conclude that the large variety in the SED shapes may be due to different types of X-ray absorbers,
scattered AGN emission, and the variety of host galaxy star formation and dust content along the AGN
line of sight. This results in a large scatter in the shape of the optical/infrared SED of unobscured and
obscured AGN.

3.6 Discussion

3.6.1 Implications on The Source of Obscuration

The increasing trend of the obscured fraction implies changes either in the physical structure and the
environment of the AGN. In a broader sense, the large obscured fraction implies that the majority of
black hole growth occurs behind large amounts of gas and dust, away from detection by optical detectors.
As discussed in the introduction, the increasing trend of the obscured fraction cannot simply be explained
by torus obscuration. My belief is that the additional obscuration to the AGN is from the host galaxy
ISM but under two major scenarios previously mentioned in section 1.4.

The first scenario is an increase in obscuration due to the cosmological increase in the ISM gas density.
The gas fraction in high redshift galaxies is larger than that of local galaxies of the same stellar mass
and also more compact (Tacconi et al., 2010; Carilli and Walter, 2013; van der Wel et al., 2014). It
suggests that the ISM gas density is higher on all spatial scales of the host galaxy compared to those in
the local universe. Therefore, a higher incidence of obscuration by the ISM may explain the increasing
trend of the obscured fraction of CTN-AGN (Buchner and Bauer, 2017; Buchner et al., 2017; Circosta
et al., 2019; Fabian et al., 2008; Gilli et al., 2022) and may explain the Compton-thick fraction (D’Amato
et al., 2020). Trebitsch et al. (2019) used hydrodynamical simulations to investigate the obscuration of
high redshift AGN host galaxies. They suggest that AGN feedback is less efficient in clearing lines of
sight since dense ISM gas can easily cool and replenish the obscuring material.

The second scenario is that the incidence of obscuration is induced by galaxy mergers. In this
scenario, strong gravitational effects by merging galaxies can funnel large amounts of gas and dust
towards the nuclear region, which results in a heavily obscured AGN activity (Hopkins et al., 2006,
2008a; Hickox et al., 2009). During the obscured quasar phase, absorption with a large column density
(logNH (cm−2) > 22) as well as near Eddington limited accretion are induced. This phase is expected
to last as long as 10 times the following blow-out phase, in which strong winds driven by the AGN blow
out the obscuring material leaving an unobscured quasar at the end of the sequence. observations of
merging galaxies in the local universe show that they are heavily obscured compared to those triggered
in other processes (Ricci et al., 2017a, 2021). It is possible that the fraction of AGN triggered by a major
merger is larger at higher redshifts and the observations of high redshift AGN catch the in the obscured
phase more frequent

The decrease in the obscured fraction from high to low redshift may then be explained due to gas
consumption by star-formation and AGN accretion (Hirschmann et al., 2014). Feedback by AGN-driven
winds further reduces the obscuration within and possibly beyond the nuclear region, as spectroscopic
observations of high redshift AGN show that AGN can drive winds with velocities from several hundred
up to a thousand kilometers per second, such outflows can reach out to several kiloparsecs beyond the
nuclear region (Collet et al., 2016; Nesvadba et al., 2017; Davies et al., 2020).

3.6.2 Implications on Blackhole Growth

In chapter 1, I introduced the importance of cosmic noon as the peak era of SMBH mass growth as shown
in figure 1.1 which showed that roughly 70% of the black hole mass density was obtained between redshift
1-3. I also showed that compared to previous work such as Ueda et al. (2014), the fraction of obscured
AGN with 2-10 keV luminosity of logLX [erg s−1] ∼ 44− 45 is larger than previously estimated thanks
to the increased survey area which picked up the rare luminous AGN that is obscured. At face value,
this has large implications for models of SMBH growth due to two reasons. First, the larger fraction of
obscured AGN that I measure suggests that previous X-ray studies missed a fraction of obscured SMBH
growth due to the narrow survey area of deep X-ray datasets. Second, the mass density of SMBH at
high redshift was grown by AGN with 2-10 keV luminosity logLX [erg s−1] ∼ 44− 45.
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Assuming that the increase in the obscured fraction in my work is due to obscured AGN not accounted
for in previous studies while unobscured AGN is complete, then the black hole mass density at high
redshift estimated by previous studies may be underestimated as high as a factor of 2 assuming the
standard radiation efficiency of 0.1. It should be pointed out that radiation efficiency has a large range
of possible values from ∼ 0.05 in the case of non-rotating black holes to 0.4 in the case of Kerr black
holes as discussed in Ueda et al. (2014). However, due to the limited range of luminosity and redshift of
the current sample. I was unable to reconstruct the hard X-ray luminosity function which is needed to
construct a SMBH growth model. Additional datasets and better modeling of the uncertainties due to
the continuum slope is needed in order to fully trace the SMBH growth.

3.6.3 Systematic Uncertainties

Here, the various selection effects which may affect the results are discussed. First, systematic un-
certainties arise from the photon index and the reflection strength assumed in the phenomenological
AGN model which is used to calculate the column density using the hardness ratio. Assuming a pho-
ton index of 1.7 with the same reflection strength, the obscured fraction for luminous quasars with
logLX (erg s−1) = 44 − 45 is estimated to be 0.77+0.03

−0.04, which is approximately 9% lower than when

assuming a photon index of 1.8 (0.85+0.04
−0.03). Assuming a photon index of 1.8 with a stronger reflection

strength of 1.3 reduces the obscured fraction to 0.82 ± 0.03 for luminous quasars, corresponding to a
systematic change of approximately 3%. The assumption of the photon index and the reflection strength
does not strongly affect the estimate of the column density ratio (ϵ) since the results are consistent with
each other within uncertainties.

Second, the obscured fraction based on a hard X-ray selected AGN sample could suffer from a bias
in which the 2-10 keV count rates close to the detection limit are larger than the true count rates due to
statistical fluctuations of the photon count rates (Eddington bias). As a result, hard X-ray-selected AGN
samples may have harder hardness ratios and as a result, larger column densities overall. This statistical
fluctuation may also affect intrinsically unobscured AGN which makes them show large column density
consistent with obscured AGN due to positive fluctuation in the 2-10 keV band.

Third, the estimates of the column density and luminosity may also be affected by the uncertainty
in the photometric redshift. Contamination from low-redshift AGNs (z < 2) can also affect the best-fit
results. The contamination rate from low-redshift AGN (zspec < 2) was calculated from the fraction
of outlier spectroscopically confirmed quasars above redshift two (AGN above the red-dashed line with
zphz > 2 as shown in Figure 2.5) overall AGN above redshift two (zphz > 2) to be 31%.

3.7 Summary & Conclusion

The obscured fraction of high-redshift luminous quasars (logLX (erg s−1) > 44.5 & z > 2) was deter-
mined as 76+4

−3% thanks to the deep and wide datasets in the HSC-deep region which is able to pick up
a significant number of luminous obscured AGN. In the luminosity range of logLX (erg s−1) = 44− 45
the obscured fraction is 85+4

−3% for logNH (cm−2) > 22 and 50+7
−6% for logNH (cm−2) > 23. The large

obscured fraction indicates that a large fraction of luminous accretion activity of black holes occurs under
large amounts of gas and dust which may have been missed from previous studies but could be recovered
thanks to the large and deep survey area of the XMM-SERVS dataset.

The shape of the optical infrared SED of the AGNs at redshift two was investigated. As expected,
unobscured AGNs have a blue power-law or flat SED while obscured AGNs have a redden optical/infrared
SED. However, the SED shows a large scatter in both cases. This is consistent with reddening due to
dusty gas along the line of sight seen as redden unobscured AGN. On the other hand, evidence of dust-free
X-ray absorption or unobscured star formation is present among obscured AGNs.
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Chapter 4

The Obscuration Process at
z = 0.8− 1.8

Abstract

I investigated the obscuration and host galaxy properties of active galactic nuclei (AGN) during the peak
of cosmic accretion growth of SMBHs at redshift 0.8-1.8. The sample was selected from among X-ray-
detected AGN with mid-infrared and far-infrared detection and was classified as type-1 and type-2 AGN
using optical spectral and morphological classification. The host galaxy properties were estimated with
multiwavelength SED fitting. For type-1 AGN, the supermassive black hole mass was determined from
MgII emission lines while the black hole mass of type-2 AGN was inferred from the host galaxy stellar
mass. By evaluating the Eddington ratio and the distribution in the logNH−λ diagram, I conclude that
obscuration of the majority of AGN at redshift 0.8-1.8 is consistent with that obscured by a radiation
pressure regulated dusty torus. However, there is an increased fraction of AGN that is obscured by
interstellar matter (ISM) which occupy the in the forbidden zone from 11± 3% in the local universe to
26±3% at redshift 0.8-1.8. I discuss the possibility of dust-free absorption in type-1 AGN and heavy ISM
absorption in type-2 AGN for AGN which reside in the forbidden zone. There is no statistical difference
in the star-formation activity between type-1 and type-2 AGN which suggests that obscuration triggered
by a gas-rich merging is not a common occurrence in this epoch.

4.1 Additional Far-infrared & Spectroscopic Data

In order to estimate the star-formation rate and decompose the AGN hot dust emission, additional mid-
infrared and far-infrared datasets were added from the Spitzer data fusion catalog Vaccari (2015). The
Spitzer data fusion catalog contains both IRAC and MIPS 24µm aperture photometry. The catalog also
contains Herschel PACS (Poglitsch et al., 2010) and SPIRE (Griffin et al., 2010) 250, 350, and 500 µm
PRF-photometry based on 24 µm prior positions. Both MIPS 24µmand the FIR photometry fully cover
the multiwavelength survey area presented in V22. First, the two catalogs were matched using a 2”
radius aperture. The band merged IRAC channel 1 & 2 coordinates were used for the matching with the
optical counterpart of V22. 1445 mid-infrared counterparts from the data fusion catalog which have 24
µm photometry were found out of the original 3462 AGN. For the remaining objects no 24 µmdetection
(and subsequently, no FIR data) was found in a 5.25 arcsecond aperture. Visual inspection of the original
images was performed to assess the quality of the far-infrared data. After adding the confusion noise
with the photometric noise in the quadrature, no clear detection in the far infrared bands was seen in
sources with S/N below 3. Therefore, the flux was replaced with 3σ upper limits.

4.2 Sample Selection

The sample was limited to those which have shape measurements and i-band cmodel and PSF flux from
the HSC catalog. In addition, the sample was limited to those above redshift 0 and are not within the
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same region as the local galaxy sample in the HyperLEDA catalog (Makarov et al., 2014). 3203 AGN
remain after the selection and only 3150 AGN within redshift 0.8-1.8 were detected in the 0.5-10 keV
band. 666 AGN have 24µmdetection from the Spitzer data fusion catalog. The 24µmdetected AGN was
selected as the sample. Among them, 395 AGN are detected in both 0.5-2 and 2-10 keV bands. 171 and
72 AGN have single band detection in 0.5-2 keV band and 2-10 keV band, respectively. The number
of spectroscopic redshifts among the 24µmsample is 363. Archival optical spectra from the SDSS DR16
archive(Ahumada et al., 2020) were obtained for 239 AGN in order to construct a comparison sample of
Type-1 AGN in the survey area. In this redshift range, the MgII emission line is expected to fall into
the detector with sufficient continuum emission on both sides of the line.

4.3 Type-1 & Type-2 Classification

The classification of AGN depends strongly on the wavelength used to identify the AGN. From X-ray,
the classification of AGN between obscured and unobscured is based on the hydrogen column density.
Obscured AGN are typically defined as AGN with hydrogen column density of logNH [cm−2] = 22− 24.
Some recent studies define obscured AGN as those with hydrogen column density of logNH [cm−2] =
23−24 (Vito et al., 2014, 2018; Georgantopoulos et al., 2023a). From optical/UV, type-1 and type-2 AGN
were classified based on the optical spectra. AGN that show broad emission lines are classified as type-1
AGN and those that lack broad emission lines are considered as type-2 AGN. From hereafter, obscured
AGN refers to those with hydrogen column density logNH [cm−2] = 22 − 24. Type-1 AGN refers to
those with confirmed broad-line detection (broad-line AGN) or with morphology consistent with a point
source. Type-2 AGN refers to those with extended morphology and are not confirmed to possess broad-
emission lines. In order to classify the AGN as type-1 or type-2 AGN, the spectroscopic classification
presented by Chen et al. (2018) which is based on the classification presented in the compilation of the
spectroscopic surveys was adopted.
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Figure 4.1: The normalized cumulative distribution of the ratio between i-band cmodel flux over
PSF flux. The black line represents the full AGN sample with MIPs 24 µm detection. The blue line
represent spectroscopically confirmed broad-line AGN. The red line represents X-ray detected point
sources classified using the 2nd-moment classification presented by Akiyama et al. (2018).

In order to classify sources as point sources or extended sources, the ratio between the cmodel and
PSF flux in HSC i-band is used. Sources whose morphology is close to a point source will have a flux
ratio near unity. An alternative method to classify point-source was presented in Akiyama et al. (2018)
using the 2nd moment of the PSF. Figure 4.1 shows the normalized cumulative distribution of the i-band
flux ratio of the whole sample of AGNs, the sample of spectroscopic broad-line AGN, and AGN which
were classified as point-sources based on the 2nd moment classification in thick black, blue, and red lines.
It was shown in Akiyama et al. (2018) that the 2nd-moment classification is highly efficient in classifying
point source objects but the performance declines at faint magnitudes i > 24. AGN are classified as
point sources when they have i-band flux-ratio larger than 0.95. This threshold will select more than
half of the spectroscopically confirmed broad-line AGN and all AGN classified as point sources with the
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2nd moment classification. 36 more AGNs were classified as type-1 AGNs using this method. The final
classification in the sample is 328 Type-1 AGN and 338 Type-2 AGN. For the sample of type-1 AGN
and type-2 AGN, 291 and 72 have spectroscopic redshifts from the literature, respectively.

4.4 Optical Spectral Analysis
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Figure 4.2: Example fitting of AGN with SDSS spectra. The top panel shows a type-1 AGN with clear
MgII detection while the bottom AGN shows the spectra of an AGN with no MgII detection. The left
panel shows the full restframe spectra while the right panel shows a zoomed-in on position of the MgII
emission line. The best-fitted pseudo-continuum model is shown with the red line while the emission
lines are shown in cyan. The magenta line in the right panel shows the level of the 1σ residual. Hatched
regions are wavelengths that are affected by strong sky emission lines of telluric absorption.

The black hole mass of broad-line AGN can be estimated using single-epoch virial black hole mass
relationships (Greene and Ho, 2005; Vestergaard and Peterson, 2006; Vestergaard and Osmer, 2009)
with which the black hole mass is estimated with the broad emission line FWHM and the continuum
luminosity. The spectral fitting code PyQSOFit (Guo et al., 2018) was used to fit the MgII emission line
and the AGN continuum of the AGN with SDSS spectra. The AGN continuum was fitted with a power-
law continuum model combined with FeII emission lines. The maximum FWHM of the FeII emission
lines was limited to 10,000 kms−1. Regions in the spectra that are affected by strong optical sky emission
lines and telluric absorption were masked. The MgII emission line was first fitted with 1 single broad
Gaussian component and then add a second broad emission line component after visually examining the
initial fitting results. For each AGN, 25 mock spectra were constructed for each AGN by randomizing
flux based on the photometric uncertainty assuming a Gaussian distribution, and then performing the
spectral fitting again for each realization. The median FWHM of the mock distribution was adopted for
later calculations. The lower and upper uncertainty of each fitting parameter was determined based on
the 16th and 84th percentile of the mock distribution and range of the uncertainty of the MgII FWHM
R84−16 = P84 − P16 where P84 is the 84th percentile and P16 is the 16th percentile of the fitting results
was calculated.
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Figure 4.2 shows the fitting results of an AGN with a clear detection of MgII and an AGN with
no clear broad MgII emission lines. 92 AGN require 2 broad-line components while 124 AGN require
a single broad component. 23 AGN have no broad emission lines based on visual examination. The
23 AGN with no broad emission lines was classified as 17 narrow-line AGN and 6 AGN with low-S/N
spectra. The narrow-line AGN generally shows a reddened continuum with no obvious broad lines.
The spectroscopic redshift was determined from the [OII] emission lines at 3737Åand is consistent with
the redshift determined by SDSS. In some cases, [OIII] emission lines and weak narrow Hβ. were also
detected. For AGN with low-S/N spectra, reliable spectroscopic redshift can not be determined, nor
can broad emission lines be confirmed. The spectroscopic redshift previously adopted from SDSS was
replaced with the photometric redshift instead.

The signal-to-noise is defined as the peak flux over the noise level. Figure 4.3 shows the S/N of
the broad component of the MgII emission line against the MgII FWHM. Spectra with low S/N have
large MgII FWHM due to variations in the continuum noise and not from an emission line. In addition,
the range of the MgII FWHM uncertainty R84−16 = P84 − P16 was calculated, where P84 is the 84th
percentile and P16 is the 16th percentile of the fitting results. The MgII emission line was considered as
detected if the S/N is larger than 1.5 and median FWHM over the uncertainty range is larger than 1
(FWHMMgII/R84−16 > 1). 257 broad-line AGN satisfy this criterion.
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Figure 4.3: (left) The signal-to-noise ratio against the FWHM of the broad MgII emission line com-
ponent. Blue data points are those which show clear MgII emission lines from visual inspection while
orange data points are those which do not show clear MgII emission lines in the spectra. (right) The
number of broad components fitted to the MgII emission lines.

The single-epoch virial mass relationship of Vestergaard and Osmer (2009) was adopted in order to
infer the supermassive black hole mass of the type-1. The relationship presented in Nobuta et al. (2012)
uses the FWHM of the MgII emission line and the continuum luminosity at 3000Åto determine the
SMBH mass. The relationship is expressed as

MBH[M⊙] = 106.86

[
FWHMMgII

1000 km s−1

]2[
3000L3000

1044 erg s−1

]0.5

(4.1)

where FWHMMgII is the FWHM of the MgII emission line and L3000 is the continuum luminosity at
3000 Å. 216 black hole mass estimates were obtained using the SDSS spectra.

In addition to the SDSS broad-line AGN, an additional 109 SMBH mass measurements from Nobuta
et al. (2012) were added. Nobuta et al. (2012) estimated the SMBH mass of broad-line AGN within the
SXDS survey region (Sekiguchi and SXDS Team, 2004; Akiyama et al., 2015) using the MgII emission
line observed using the FOCAS spectrograph (Kashikawa et al., 2002) mounted on the Subaru telescope.
They also use the virial mass relationship of Vestergaard and Osmer (2009) to estimate the SMBH mass of
the AGN. For a sub-sample of AGN observed in the near-infrared with the FMOS spectrograph (Kimura
et al., 2010), they also determined SMBH mass using the Hα emission line which is in good agreement
with MgII selected sample. A sub-sample of 42 AGN has black hole mass measurements from both SDSS
and from Nobuta et al. (2012). The difference between the two samples is the instruments used and how
the emission line fitting is carried out. Figure 4.4 shows the black hole mass estimated by (Nobuta et al.,
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2012) using the MgII or Hα emission lines against the black hole mass estimated with the MgII emission
line detected in SDSS spectra. A linear regression fit was performed to examine the consistency between
the two samples. The black hole mass determination of the two samples is statistically consistent with
each other within 1σ scatter of the data (ϵ). The measurements from (Nobuta et al., 2012) were adopted
in place of the SDSS when available due to the deeper spectroscopic observation performed in the SXDS.
The final number of black hole mass estimations contains 106 from Nobuta et al. (2012) and 148 from
SDSS.
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Figure 4.4: Comparison between the black hole mass estimated by Nobuta et al. (2012) from FOCAS
spectra against SDSS spectra shown in orange. The best-fitted relation is shown with a thick black line.
The dashed line shows the 1-1 relation. The filled black data triangle shows the 1σ scatter of the data
points.

4.5 Spectral Energy Distribution (SED) Fitting
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Figure 4.5: The best-fitted observed SED of the type-1 and type-2 on the left and right, respectively.
The top panels show the model fitting while the bottom panels show the relative uncertainty. The
observations are shown with red datapoint while upper limits are shown with downward arrows. The
attenuated stellar, AGN, dust, and total models show blue, orange, green, and black respectively.

SED fitting was performed using CIGALE 2022(Boquien et al., 2019; Yang et al., 2020) in order to
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estimate the host galaxy stellar mass and the total star-formation rate from the best-fit SED. CIGALE is
a SED fitting code that performs SED fitting by balancing the energy absorbed by dust from optical/UV
and is re-emitted in the infrared. The parameters on the host galaxy properties were computed using
Bayesian posterior distributions.

A simple delayed star-formation history combined with the Chabrier initial mass function (Chabrier,
2003) was adopted for the host galaxy models since only broad-band photometry information is available.
Most of the FIR datasets from Herschel have detection in only one or two bands and with S/N less than
10 for most cases. Due to this limitation, the empirical models from Dale et al. (2014), which contains
only two parameters were adopted instead.

SKIRTOR AGN models (Stalevski et al., 2012, 2016) were used to fit the mid-infrared and optical/UV
continuum of the AGN. CIGALE 2022 can fit the X-ray continuum assuming a power and αOX value.
However, this model was not used since it requires absorption-corrected flux. The parameter set used
for the SED fitting is presented in Table 4.1. The fitting was performed separately for the type-1 and
type-2 AGN samples.

For the spectroscopically confirmed broad-line AGN and the morphologically selected type-1 AGN
sample, the inclination angle in the SKIRTOR AGN model to 30 degrees (face-on) and the AGN fraction
(fAGN) was set to be calculated between 0.1-1 µm and assumed to be fAGN > 0.5. By doing so, the
optical/UV continuum was forced to be dominated by the AGN continuum emission. For the type-2
AGN sample, the inclination angle was set to 70 degrees instead (edge-on), and the AGN fraction was
set to be calculated between 2-10 µm instead, where the AGN torus emission is expected to dominate
the emission with fAGN > 0.5. Figure 4.5 shows the best-fitted SED of the type-1 and type-2 AGN
presented in figure 4.2. For the type-1 AGN, the AGN component dominates the UV/optical emission
over the host galaxy emission and simultaneously dominates the mid-infrared emission. For the type-2
case, the AGN torus emission dominates the mid-infrared emission over the dust emission. The reduced
χ2 distribution of the type-1 and type-2 AGN samples show a similar distribution with 95% of each
sample having a reduced χ2 < 5. For comparison in the later sections, the sample was limited to those
with the SED fitting has reduced χ2 < 5. In addition for type-1 AGN, the sample was limited to AGN
that have reliable detection of the MgII emission line. This reduces the sample of type-1 AGN to 205
AGN and type-2 AGN to 284 AGN.
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Table 4.1: SED fitting parameters used in CIGALE

Star-formation History (sfhdelayed)
e-folding time of main population (τMain) 500,1000,2000,4000,6000,8000 Myr
Age of the main stellar population (AgeMain) 500,2000,3000,4000,6000,8000,10000 Myr
e-folding time of the late starburst population (τBurst) 3,80.0
Age of the late burst in Myr (AgeBurst) 20.0
Mass fraction of the late burst population (fBurst) 0.0,0.01,0.1

SSP Model (BC03)
Initial mass function (IMF) Chabrier
Metallicity 0.02
Separation Age 10.0 Myr

Dust Attenuation (Modified Calzetti et al. (2000) law)
The color excess of the nebular lines (E(B-V)) 0,0.2,0.4,0.6,0.8,1.0,1.5,2.0
Stellar E(B-V) conversion factor 0.44
Ext law emission lines Cardelli et al. (1989)
Ratio of total to selective extinction (RV) 3.1

Dust Emission (Dale et al., 2014)
AGN fraction (fAGN) 0
Alpha slope (α) 0.0625,1.0,2.0,3.0,4.0

AGN Model (SKIRTOR 2016)
Average edge-on optical depth at 9.7µm (τ) 3,7
Power-law exponent (pl) 0.5
Dust density gradient index (q) 0.5
Torus equatorial plane and edge angle (oa) 40 Deg
Ratio of torus outer to inner radius (R) 20
Inclination angle (i) 30(70) Deg
Optical power-law of index (δ) -0.36
AGN fraction fAGN 0.5,0.6,0.7,0.8,0.99
AGN fraction band 0.1/1.0 (2.0/10.0) µm
Extinction law SMC
Polar dust E(B-V) 0.0,0.25,0.5,0.75,1,2
Polar dust temperature 100 Kelvin
Emissivity index of the polar dust 1.6

4.6 Estimation of the Star-formation Rates

In order to calculate the star-formation properties of the host galaxies without the contamination from
the AGN emission, the best-fitted models from CIGALE with all the AGN components removed were
used for the calculation. Firstly, the restframe U − V , and V − J band colors were calculated assuming
the the Subaru U and V filters and the UKIRT J-band filters. Secondly, the total star formation rate
(SFR) and specific star-formation rate (SSFR) were calculated from the host galaxy optical and far
infrared emission using the relationship presented by Murphy et al. (2011) which is given as

SFRtot

M⊙yr−1
= 4.42× 10−44

(
LFUV + 0.88LIR

erg s−1

)
where LFUV is the FUV luminosity assuming the GALEX FUV transmission curve and LIR is the infrared
8-1000µmluminosity. Similar to that done for the UVJ diagram, LFUV and LIR were calculated from the
best-fitted model without the AGN component.

CIGALE provides the uncertainty for the total (AGN and host galaxy) FUV luminosity and the
total dust emission. In order to estimate the star-formation rate uncertainty, the uncertainty of the
best-fit AGN FUV luminosity was assumed to be the same as the total FUV luminosity when the AGN
components are removed and assumed that the relative uncertainty of the 8-1000µmis the same as the
relative uncertainty of the total dust luminosity. The uncertainties are then propagated through the
star-formation rate relationship.
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Figure 4.6: The X-ray hardness ratios of type-1 AGN on the left panel and type-2 AGN on the right
panel are shown with blue round and orange triangle symbols, respectively. Spectroscopically confirmed
broad-line AGN are shown with black-rimmed symbols. The black square symbol shows the typical
uncertainty of the AGN in each sample. The blue, yellow, and red bands show the hardness ratio tracks
assuming logNH [cm−2]=20,22, and 23. The bottom edge to the top edge of each band shows the HR
tracks assuming a photon index of 2.0 to 1.5.

4.7 logNH and 2-10 keV AGN luminosity

The hydrogen column density (logNH) can be determined by using the X-ray hardness ratios assuming
an X-ray spectral model and redshift. The X-ray hardness ratio is defined as HR = (H − S)/(H + S)
where S is the count rate detected in the 0.5-2 keV band and H is the count rate detected in the 2-10 keV
band. The same phenomenological X-ray spectral model and process to calculate the hydrogen column
density presented in 3.1.2 was adopted in this section.

Figure 4.7 shows the hydrogen column density determined from the X-ray hardness ratio. The left
panel shows the sample of AGN which is detected in both the 0.5-2 keV band and the 2-10 keV band
while the right-hand panel shows the sample of AGN which is detected only in a single energy band. The
bottom part of each panel shows the AGN that has an X-ray hardness < −0.5, softer than the model
assumed. For these AGN, the hydrogen column density was set to logNH [cm−2] = 20. As previously
mentioned, there is a degeneracy in the hardness ratio when assuming a hydrogen column density and
photon index. This systematic effect was included in the calculations of the hydrogen column density
uncertainty. For objects that are detected only in the 0.5-2 keV band (down arrows), only upper limits
on the hydrogen column density can be determined. On the other hand, for objects that are detected
only in 2-10 keV bands (up arrows), only lower limits on the hydrogen column density can be determined.

In Chen et al. (2018), the flux presented is the weighted average of the flux measured in the PN,
MOS1, and MOS2 detectors. The flux in each detector was converted from the count rates using a
power-law model with a photon index (Γ) of 1.7 for each detector. In Vijarnwannaluk et al. (2022),
the flux was converted back to “PN-equivalent” count rates using the energy conversion factor (ECF)
presented in Chen et al. (2018) and then recalculated assuming a power law model with a photon
index of 1.8 instead. The ECF in soft-band, hard-band, and full-band is 6.84 × 1011, 1.26 × 1011, and
3.36× 1011 count s−1 /erg s−1cm−2. Using the best available redshift and hydrogen column density, the
intrinsic 2-10 keV X-ray AGN luminosity (LX) was calculated using

LX = ext(z,NH)k(z)4πD
2
L(z)fX

where fX is the X-ray flux in either soft-band, hard-band, or full-band. ext(z,NH) is the absorption
correction which is a function of redshift and Hydrogen column density, k(z) is the X-ray k-correction
factor, and DL is the luminosity distance.

The relationship between the X-ray 2-10 keV luminosity and the 6µmAGN luminosity was used
to evaluate the reliability of the SED fitting results. The two 2-10 keV luminosity and the 6µmAGN
luminosity correlate with each other over 3 orders of magnitude (Fiore et al., 2009; Stern, 2015; Toba et al.,
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Figure 4.7: The hydrogen column density of AGN detected in both 0.5-2 and 2-10 keV bands (left)
and single band detected AGN (right). The top panel shows the AGN which has HR within the model
grid. The bottom panel shows the AGN which has an HR softer than the model grid and is set to have
logNH = 20. Type-1 AGN are shown with blue round symbols while type-2 AGN are shown with orange
triangle symbols. For single band detected AGN, lower limits are shown with up arrows while upper
limits are shown with down arrows.

2022). Since the X-ray model in the SED fitting routine of CIGALE was not used, the measurements of
the X-ray luminosity and the infrared luminosity can be considered independent of each other. Linear
regression using the Bayesian linear regression routine1 presented by Kelly (2007) was used to perform
the fitting. The lower and upper uncertainties of the linear regression coefficients were estimated based
on the 16th and 84th percentiles of 10,000 mock-fitting results.
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Figure 4.8: The best-fitted L6µm−LX relationship of type-1 and type-2 AGN shown in blue and orange
bands, respectively. The width of each band represents the 1σ confidence interval. The distribution of
type-1 and type-2 AGN are shown in blue and orange contours. The blue round and orange triangle
data point shows the 1σ scatter of the type-1 and type-2 AGN samples. The best-fitted relationships are
compared to the results from Fiore et al. (2009); Stern (2015) and Toba et al. (2022)

Figure 4.8 shows the 2-10 keV X-ray luminosity vs. the 6µm AGN luminosity relationship of the
hard-band detected sample of AGN with spectroscopic redshift. The hard-band selected sample was
used since it is least affected by obscuration as compared to the other bands. Here redshift range was
not limited to 0.8-1.8 as most type-2 AGN with spectroscopic redshift are at z < 0.8. The results are
consistent with all of the relationships determined by previous studies within the scatter parameter (ϵ)

1https://github.com/jmeyers314/linmix
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determined by the linear regression. Equation 4.2 shows the best-fit linear relationship between the 6µm
infrared AGN luminosity and 2-10 keV AGN luminosity based on the hard-band selected sample.

logLX = 0.66(±0.03) logL6µm + 17.04+0.28
−0.25 : ϵ = 0.27 (4.2)

Observations of high luminosity AGN (logL6µm [erg s−1] > 46) suggest that the X-ray emission
becomes weak at high luminosity, high Eddington ratio systems. This may be due to disruption of the
corona by radiatively inefficient accretion flows or shielding from winds (Nardini et al., 2019; Zappacosta
et al., 2020; Duras et al., 2020). Therefore above logL6µm [erg s−1] > 46, the LX − L6µm relationship
deviates from linear relationships and has to be fitted by a polynomial equation. The results are not
strongly affected by this effect since the luminosity has not entered the hyper-luminous regime and is
still consistent with a linear relationship.
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Figure 4.9: The 2-10 keV luminosity of AGN detected in both 0.5-2 and 2-10 keV bands (left) and
single band detected AGN (right). Type-1 AGN are shown with blue round symbols while type-2 AGN
are shown with orange triangle symbols. For single band detected AGN, lower limits are shown with up
arrows while upper limits are shown with down arrows.

4.8 Results

4.8.1 Host Galaxy Stellar Mass

In order to examine the difference between type-1 and type-2 AGN, the host galaxy stellar estimated
from the SED fitting with type-1 and type-2 AGN models were first examined. Figure 4.10 shows
the stellar mass and 6-micron AGN luminosity of type-1 and type-2 AGN. On average, Type-1 AGN
and Type-2 AGN in the sample have an average host galaxy stellar mass oflogMstellar = 10.6+0.4

−0.3 and

logMstellar = 10.9+0.3
−0.3, respectively. The stellar mass uncertainty of type-1 AGN is on average a factor

of 2 larger than Type-2 AGN. This is because the optical wavelength of type-1 AGN is contaminated by
the AGN optical emission whereas the optical wavelength of type-2 AGN is dominated mainly by stellar
emission of the host galaxy.

The sample of type-1 and type-2 AGN cover a broad range in redshift and luminosity and can be
affected by the cosmological increase of luminous AGN towards redshift ∼ 2. In order to perform a fair
comparison between the host galaxy’s stellar mass, a sub-sample of type-1 and type-2 AGN which has
the same redshift and luminosity distribution was constructed using a matching process similar to that
of Zou et al. (2019) and Georgantopoulos et al. (2023b). The sample was simultaneously divided into
redshift bins of 0.2 between redshift 0.8-1.8 while the luminosity was divided in bins of 0.25 between
logL6µm = 43− 46. This results in a two-dimensional grid in redshift luminosity space with N t1

L,z type-1

AGN and N t2
L,z type-2 AGN. The luminosity matching was also performed using the 2-10 keV luminosity.

In this case, the 2-10 keV luminosity was divided between logLX [erg s−1] = 42.5− 45.5 in bins of 0.25
dex.For each (L, z) bin, minimum number of AGN between type-1 and type-2 Nmatch

L,z = min(N t1
L,z, N

t2
L,z)
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Figure 4.10: The 6-micron luminosity against stellar mass Mstellar of type-1 AGN and type-2 AGN
shown as blue and orange contours, respectively. The contour levels show the area which 10-90% of the
datasets lays under. The 50% level is shown with dashed contours. The faceless data point with error
bars shows the typical uncertainty of the AGN.

was chosen. 10,000 mock samples of type-1 and type-2 AGN were then constructed. For each trial, Nmatch
L,z

were randomly selected among type-1 and type-2 AGNs. A boot-strap style analysis was adopted where
AGN already randomly selected can be selected again.

After constructing the mock samples, an Anderson-Darling k-sample test2 (Anderson and Darling,
1952) was performed between the mock type-1 AGN sample and the mock type-2 AGN sample. Similar
to the KS-test, the Anderson-Darling K-sample test is used to test if two samples are drawn from the
same parent distribution (null hypothesis). A significance level of 5% was assumed for the test. To take
into account the uncertainties in the stellar mass of each AGN into consideration, the stellar mass was
randomly drawn from a Gaussian distribution with a width equal to the 1σ uncertainty of the stellar
mass including an additional uncertainty of 0.1 dex to the quadrature. For a two-sample test with a
significance of 5%, the critical value is 1.96 however all mock sample tests are larger than the critical
value.

The AGN sample contains a mixture of AGN detected in 0.5-2, 2-10 keV, and both bands. There
is a possibility that the type-1 AGN sample contains more luminous AGN than the type-2 AGN due
to the deeper depth of the 0.5-2 keV detected sample which is also more sensitive to unobscured AGN.
For the type-1 AGN sample, this results in an overall bias towards less luminous AGNs in less massive
galaxies since fainter AGNs have smaller black holes and reside in less massive galaxies. In order to
investigate this effect, the test was performed again but limited to those with detection in the 2-10 keV
band and those with detection in both 0.5-2 and 2-10 keV bands. Table 4.2 shows the Anderson-Darling
test statistics for each exercise.

In all cases, type-1 and type-2 AGN have different stellar mass with type-2 AGN residing in more
massive galaxies than type-1 AGN by ∼ 0.3 dex. The results follow the same trend as recent studies
such as Zou et al. (2019); Mountrichas et al. (2021); Koutoulidis et al. (2022) and Georgantopoulos et al.
(2023a) which suggest that type-2 AGN reside in more massive galaxies than type-1 AGN. However, is
in tension with Suh et al. (2019) which concluded that type-1 AGN reside in more massive galaxies, as
well as Bongiorno et al. (2012) who find no significant difference between obscured and unobscured AGN
host.

4.8.2 The Black Hole mass of Type 1 & 2 AGN

In order to estimate the Eddington ratio of the type-2, the SMBH mass of type-2 AGN was inferred
using the Mstellar −MBH. The black hole mass of broad-line type-1 AGN can be estimated from the
FWHM of the broad emission lines. This method is currently the only method to directly estimate the
SMBH mass of AGN at this redshift and is only applicable to broad-line AGN. For type-2 AGN which
shows no broad emission lines in the optical/UV spectrum, there is no direct method to estimate the

2https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.anderson_ksamp.html
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Type-1 vs. Type-2
Case Match Luminosity Nmatch Test Statistics

All AGN 6 µm 171 34.9+8.0
−7.2

All AGN 2-10 keV 172 35.4+8.3
−7.4

2-10 keV 6 µm 128 28.97.0−6.4

2-10 keV 2-10 keV 134 27.87.4−6.6

0.5-2 & 2-10 keV 6 µm 106 24.26.5−5.7

0.5-2 & 2-10 keV 2-10 keV 105 21.76.3−5.7

Table 4.2: Anderson-Darling test statistics for stellar mass.

SMBH mass at this redshift but the black hole mass can be inferred from the host galaxy stellar mass
assuming an MBH −MStellar relationship.

Figure 4.11 shows the distribution of the host galaxy stellar mass and black hole mass of type-1
AGN from the spectral analysis and previously reported values from Nobuta et al. (2012). The sample
is compared to MBH − MStellar in the local universe from Kormendy and Ho (2013) and Reines and
Volonteri (2015). Although the scatter is large (∼0.5 dex), the stellar mass to black hole mass ratio for
the type-1 AGN is consistent with theMBH−MStellar of local early-type galaxies but is inconsistent with
MBH −MStellar relationship of broad-line AGN in the local universe in which is ∼ 1.5 dex away from
the distribution of the datapoint. The results are consistent with previous results of MBH −MStellar of
broad-line AGN in a similar redshift which suggest the MBH −MStellar of high-z broad-line AGN are
consistent with local passive galaxies (Jahnke et al., 2009; Schramm and Silverman, 2013; Ding et al.,
2020; Setoguchi et al., 2021; Mountrichas, 2023; Suh et al., 2020).

To calculate the black hole mass of the type-2 AGN sample, the MBH − MStellar of local early-
type galaxies from Kormendy and Ho (2013) were adopted. This relationship is consistent with that
of early-type galaxies from Reines and Volonteri (2015). Figure 4.12 shows the distribution in the 6-
micron luminosity and black hole mass compared between type-1 and type-2 AGN. The result suggests
that type-2 AGN have MBH of 108.5 M⊙ which is similar to the type-1 AGN sample. The hard X-ray
bolometric correction of type-1 and type-2 AGN from Duras et al. (2020) were used to calculate the
bolometric luminosity. The hard X-ray BC has been shown to be a function of the intrinsic bolometric
luminosity (Lusso et al., 2012) as opposed to those from optical or infrared bands.

4.8.3 Star Formation Activity

In this section, the results related to the star-formation properties of the AGN host galaxies are discussed.
Firstly, the host galaxy colors in the restframe UVJ diagram were examined.

The UVJ diagram galaxies classifies galaxies into two major groups including; star-forming galaxies
on the bottom right side and passive galaxies on the top left wedge. Figure 4.13 show the distribution
of the AGN on the UVJ diagram with the star-forming/passive boundary of z = 1 − 2 galaxies from
(Williams et al., 2009).

The majority of type-1 and type-2 AGN reside in the star-forming portion of the diagram while
13(6%) of type-1 AGN and of 83(29%) type-2 AGN objects reside in the passive region but close to the
boundary of the diagram. A portion of the type-1 AGN occupies the bluer part of the UVJ diagram at
V − J < 0.6 and U − V < 1. It should be pointed out that the host galaxy colors of type-1 on bluer
colors of the diagram may be contaminated by AGN light.

Figure 4.14 shows the distribution of type-1 and type-2 AGN in the SFR −Mstellar diagram. The
samples were separated into smaller redshift bins in order to mitigate the effect of the increasing cos-
mological evolution of star-formation towards cosmic noon and compare with the star-formation main
sequence of Popesso et al. (2023). In order to be consistent with the IMF assumed in of Popesso et al.
(2023), the stellar mass was converted to that when assuming a Kroupa IMF (Kroupa, 2001) with a 1.06
conversion factor (Popesso et al., 2023). A limit of 1% of the main-sequence SFR was adopted as the
fiducial quenched limit.

For the majority of the AGN population, the star-formation rates are consistent with the SFR of
main-sequence galaxies of the same stellar mass or are lower but not quenched. An Anderson-Darling
test was performed to test the similarity between the SFR and the specific star formation rate (SSFR)
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Figure 4.11: Comparison between the host galaxy stellar mass of type-1 AGN. Black crosses and
blue open triangle shows measurements obtained from Nobuta et al. (2012) and from spectral analysis,
respectively. The data points with error bars show the typical uncertainties of the measurements. The
right-hatched and left-hatched areas show the Mstellar−MBH relationship for broad-line AGN and early-
type galaxies in the early universe from Reines and Volonteri (2015). The gray shaded area shows the
the Mstellar −MBH relationship for local early-type galaxies from Kormendy and Ho (2013).

of type-1 and type-2 AGN. The test was performed using the same redshift and luminosity matching as
described in section 4.8.1, but in addition also matched the host galaxy stellar mass distribution since
both SFR and SSFR is a function of host galaxy stellar mass(Feulner et al., 2005; Karim et al., 2011;
Ilbert et al., 2015). The stellar mass distribution was matched between logMstellar = 9 − 12 in bins
of 0.5 dex. Both FIR-detected and FIR-non-detected AGN were used in the analysis since not enough
FIR-detected AGN were available for statistical analysis after matching redshift, AGN luminosity, and
stellar mass.

The results suggest no difference between the SFR and SSFR of type-1 and type-2 AGN at a 95%
confidence and are shown in table 4.3. The results are consistent with Zou et al. (2019); Mountrichas
et al. (2021); Koutoulidis et al. (2022); Suh et al. (2019) who concluded that the SFR of type-1 and
type-2 AGN are statistically consistent with each other and are consistent with typical main-sequenced
galaxies or those below.

4.8.4 NH − λEdd Diagram

The obscuration of type-1 and type-2 AGN was investigated based on scenarios in the local universe
such as the radiation pressure-regulated unified model. The observed Eddington ratio distribution for
type-1 and type-2 AGN detected in the 2-10 keV band is shown in figure 4.15. The effective Eddington
ratio for the median column density is shown with the thick black line. The majority of type-1 AGN are
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Figure 4.12: The 6-micron luminosity against black hole mass MBH of type-1 AGN and type-2 AGN
shown as blue and orange contours, respectively. The contour levels show the area which 10-90% of the
datasets lays under. The 50% level is shown with dashed contours. The lines show the Eddington-ratio
assuming the infrared bolometric correction from Runnoe et al. (2012). The faceless data point with
error bars shows the typical uncertainty of the AGN.
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Figure 4.13: UVJ Diagram of Type-1 and Type-2 AGN assuming the boundary of Williams et al.
(2009). The reddening vector with AV = 1 is shown on the right.

above the effective Eddington ratio for type-1 AGN while the opposite is true for type-2 AGN. When
examining the shape of the distribution, the Eddington ratio distribution of type-2 AGN is skewered
distribution towards the lower Eddington ratio while the type-1 AGN shows a symmetric distribution.
There is no strong difference between the median Eddington ratio between type-1 and type-2 AGN. For
both samples, the typical completeness limit is at an Eddington ratio of log λEdd ∼ −1.9.

Figure 4.16 shows the distribution of type-1 and type-2 AGN at redshift 0.8-1.8 in logNH − λEdd

diagram on the left and right-hand side, respectively. The bottom of each plot shows the distribution
of sources whose hydrogen column density cannot be constrained with the X-ray hardness ratio because
they have a softer hardness ratio than the intrinsic power-law model. Their position along the Eddington
ratio axis is shown but they are randomly distributed vertically for clarity.

For type-1 AGN, only 82 of the 166 2-10 keV detected type-1 AGN sample which logNH can be
constrained with the hardness ratio, the values are distributed between logNH [cm−2] = 21− 23. Broad
lines are observed among this sample hence the column density for the majority should be lower than
logNH [cm−2] = 22 otherwise the optical attenuation will extinguish the AGN emission. Some type-1
AGN has hydrogen column density larger than logNH [cm−2] = 22 but since the optical spectra show
broad-lines, it implies that the X-ray absorption is caused by material with low dust content of free dust.

For type-2 AGN, most of them have a column density larger than logNH [cm−2] = 22 consistent
with the typical classification of AGN in X-rays. However, 24% of the sample of type-2 AGN with
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Star formation Rate
Sample Match Luminosity Nmatch Statistics

All 6 µm 113 0.3+1.5
−0.7

All 2-10 keV 114 0.1+1.4
−0.6

2-10 keV 6µm 73 0.9+1.8
−1.1

2-10 keV 2-10 keV 84 0.1+1.1
−0.5

0.5-2 & 2-10 keV 6 µm 56 −0.2+1.0
−0.5

0.5-2 & 2-10 keV 2-10 keV 64 −0.3+0.8
−0.4

Specific Star Formation Rate
Sample Match Luminosity Nmatch Statistics

All 6µm 113 0.3+1.3
−0.7

All 2-10 keV 114 0.3+1.1
−0.6

2-10 kev 6µm 73 0.9+1.7
−0.9

2-10 kev 2-10 keV 84 0.1+1.2
−0.6

0.5-2 & 2-10 keV 6µm 56 −0.1+0.9
−0.5

0.5-2 & 2-10 keV 2-10 keV 56 −0.1+0.7
−0.5

Table 4.3: Anderson-Darling Test statistics between type-1 and type-2 AGN for the host galaxy star-
formation rate and specific star-formation rates.
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Figure 4.14: The SFR−Mstellar distribution at z = 0.8− 1.3 (left) and at z = 1.3− 1.8 (right). FIR-
detected AGNs are shown as filled data points. The contours show the distribution of FIR non-detected
AGN. The star formation main sequence of Popesso et al. (2023) is shown as the gray area where the
with represents 1σ the confidence interval of the relationship.

logNH [cm−2] ≥ 22 reside above the effective Eddington ratio limit in the forbidden zone. These type-2
AGNs are expected to produce dusty outflows. An alternative explanation is that the X-ray emission is
affected by ISM absorption.
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Figure 4.15: The observed Eddington-ratio distribution of Type-1 AGN (top) and type-2 AGN (bot-
tom). The thick black lines show the effective Eddington ratio at the median hydrogen column density
of each sample. The dashed line shows the median Eddington ratio of each sample.
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Figure 4.16: The NH−λEdd diagram of type-1 AGN (left, blue round symbols) and type-2 AGN (right,
orange triangles). The hydrogen column density uncertainty is shown assuming an intrinsic column
density of logNH [cm−2] = 21 and logNH [cm−2] = 23 and the typical Eddington-ratio uncertainty for
type-1 and type-2 AGN with the data points with error bars. In both panels, the curved thick and
dashed line shows the effective Eddington ratio assuming a dust abundance of 1,0.3, and 0.1, from left to
right. The horizontal dashed line shows the fiducial ISM absorption in the local universe. The bottom
panel shows the Eddington-ratio distribution of AGN which the Hydrogen column density can not be
constrained with the X-ray hardness ratio.

4.9 Discussion

4.9.1 The Obscuration of Type-1 AGN

In this section, the obscuration in type-1 AGN based on the logNH − λ diagram is discussed. The
detection of broad AGN emission lines in the optical spectra and the point source morphology implies
that the dust attenuation is modest compared with type-2 AGN. In principle, the line of sight of type-1
AGN passes through both the host galaxy ISM and the polar dust region. Therefore, the X-ray absorption
can be due to modest ISM obscuration in the line of sight. Since the hydrogen column density of the
majority of type-1 AGN can not be constrained, the effect of ISM obscuration was examined through
the effects on the restframe colors of the AGN.

A toy model to simulate the observed colors when the AGN optical emission is affected by ISM
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Figure 4.17: Rest-frame u*-H color distribution of type-1 and type-2 AGN. shown as blue round and
orange triangles, respectively. The gray shaded area shows the expected color space as a function of
increasing ISM column density near the AGN.

attenuation as a function of ISM hydrogen column density was constructed. In CIGALE, the polar
dust attenuation in the AGN model is applied to the AGN component and independent from the dust
attenuation applied to the stellar component. Since distinguishing between polar dust and the ISM is
not straightforward, no distinction is made between the two here. The component was used to repre-
sent the attenuation by the kpc-scale ISM (< 1kpc) or circumnuclear scale (∼ 100 pc) in the case of
logNH [cm−2] ∼ 24. The SMC extinction curve was adopted to calculate the dust attenuation applied
to the AGN component and convert logNH to E(B-V) assuming AV/NH from Dobashi et al. (2009) and
RV = 2.93 from (Pei, 1992).

Two sets of host galaxy models were adopted from the best-fitted parameters SED fitting parameters
of type-1 AGN. Firstly, a 3 Gyr old stellar population with an e-folding time of 0.5 Gyr and secondly a
1.5 Gyr old stellar population with an e-folding time of 6 Gyr. The dust extinction curves of Cardelli
et al. (1989) with RV = 3.1 with AV of 0.3 and 1 was assumed. In order to realistically set the ratio
between the host galaxy luminosity and the AGN luminosity, the AGN fraction in 2-10 µmwas set to
the best-fitted type-1 AGN AGN fraction in 2-10 µm.

In figure 4.17, the u ∗ −H color distribution of type-1 AGN against the total hydrogen column
density. The u ∗ −H colors of the two models are shown as a function of kpc-scale ISM-only hydrogen
column density. The colors of type-2 AGN are shown as a reference for host galaxy-dominated colors.
With increasing kpc-scale ISM obscuration which affects the AGN emission, the contamination by the
host galaxy increases as seen as the increasingly red colors at logNH [cm−2] ∼ 21.5 − 22. At above
logNH [cm−2] = 22, the colors become dominated by the host stellar emission as there is no longer any
change in the colors.

For type-1 AGN with logNH [cm−2] < 22, the colors are consistent with those which are dominated
by the blue unobscured AGN emission or those affected by mild kpc-scale ISM obscuration of less than
AV ∼ 1.5 mag. Some type-1 AGN have hydrogen column density larger than logNH [cm−2] > 22 but
have colors consistent with the unobscured type-1 AGN or obscured AGN in host galaxies with young
stellar populations with low dust attenuation. However, the latter case cannot explain the broad emission
lines detected in the optical emission of the type-1 AGN since the latter model suggest the AGN emission
is extinct due to the large kpc-scale dust attenuation.

The type-1 AGN with logNH [cm−2] > 22 can be explained if the X-ray absorption occurs from
dust-free gas. Merloni et al. (2014) showed that obscured broad-line AGN make up ∼ 10 − 20% of
the luminous AGN population (logLX [erg s−1] > 44). Ichikawa et al. (2019) investigated the X-ray
and mid-infrared dust covering factor of SWIFT/BAT AGN. They found that for typical AGN with
logLBol [ergs

−1] > 42.5 the covering factor of X-ray absorbing material is larger than that of the mid-
infrared emitting dusty material. Liu et al. (2018) concluded that partial obscuration in lines-of-sight
near the torus edge can result in dust-free obscuration. Another possibility is that dust-free lines of sight
are due to a gas-rich extended time variable dust sublimation zone within the nuclear torus (Kudoh

61



et al., 2023).

Obscured broad-line AGN may also be due to accretion disk winds within the dust sublimation radius
which coincide with the line-of-sight. Since these winds occur within the dust sublimation radius, their
content is dust-free ionized gas. An example of such a case is broad-absorption line quasars (BAL-QSO)
which tend to show complex ionized X-ray absorption (Gallagher et al., 2002, 2006) and broad absorption
features associated with SiV, CIV, or MgII. Since most of the samples are at redshift below that which
CIV can be detected in the optical spectrum, the statistical significance among the sample cannot be
discussed. However, 5 cases of absorption associated with the CIV emission line of type-1 AGN are seen.
For one of the BAL quasars candidates, the column density is logNH [cm−2] = 22.5 under the assumption
of a neutral photoelectric absorber (phabs) while the hydrogen column density of the remaining AGN
cannot be constrained. BAL-QSO tends to have more complex absorption including both ionized and
partially X-ray absorption (Gallagher et al., 2006) which requires X-ray spectral analysis with higher
signal-to-noise.

4.9.2 The Obscuration of Type-2 AGN

In this section, the X-ray absorption of type-2 AGN on the NH − λEdd diagram is discussed. Unlike
type-1 AGN, the lack of broad emission lines and the host galaxy-dominated continuum requires large
amounts of dust along the line of sight. In figure 4.16, the X-ray absorption of 76% of hard band detected
type-2 AGN can be explained by radiation pressure-regulated torus obscuration.

In figure 4.16, 24% of type-2 AGN reside in the forbidden zone which may imply that they are actively
producing outflows. Lansbury et al. (2020) suggest that the time scale in which dusty outflows clear out
Compton-thick line of sight (logNH [cm−2] = 24) is very short (∼ 104 yr) compared to a lifetime of the
AGN (∼ 107−8 yr) and for lower hydrogen column density, the time scale should be shorter. Jun et al.
(2021) estimated that ≤ 20% of the AGN population should occupy the blow-out region of the NH−λEdd

diagram. Hence, only a small fraction of the entire sample of type-2 AGN should occupy the forbidden
zone. The large number of AGN in the forbidden zone can be explained if the X-ray absorption in these
AGN is associated with the heavy nuclear ISM absorption. Therefore, the obscuration can be kept at
accretion rates above the effective Eddington ratio. As shown by Gilli et al. (2022), the ISM absorption
beyond the local universe can reach above logNH [cm−2] ≥ 22.

In order to quantify the increased incidence of ISM-obscured AGN due to the cosmological evolution
of the gas fraction, the fraction of type-2 AGN within the forbidden zone was compared with the fraction
in the local universe. The second data release of the Swift-BAT AGN Spectroscopic Survey (BASS DR2,
Koss et al. (2022); Oh et al. (2022)) was adopted as the local universe sample. BASS is a highly complete
sample of local AGN(z < 0.1) thanks to the detection of hard X-rays (> 10 keV) and high spectroscopic
completeness from dedicated follow-up efforts to measure the black hole mass from broad emission lines
or stellar velocity dispersion. The hydrogen column density from Ricci et al. (2017b) was added and the
sample was limited to 681 non-beamed and non-lensed AGN that have similar redshift (|∆z| < 0.01)
between the two reports. The spectral classification presented in Koss et al. (2022) was adopted to
classify the AGN into type-1 or type-2. The NH − λ diagram of BASS AGN is shown in the 4.18.

In the local universe, the fraction of Compton-thin type-2 AGN in the forbidden zone among AGN
with Eddington ratio larger than λEdd ≥ −2 is 11±3%. If Seyfert 1.9 are considered as type-1 AGN due
to the detection of broad Hα emission line then the fraction is reduced to 7 ± 2%. In comparison, the
fraction of type-2 AGN at z=0.8-1.8 in the forbidden zone with Eddington ratio larger than λEdd ≥ −2 is
26±5%. The fraction was also examined in the case of the Eddington ratio larger than λEdd ≥ −1 which
is less affected by the detection limits. Overall, the results support the increased fraction of obscured
AGN due to the cosmological evolution of the galaxy’s ISM.

Since ISM gas is dusty, the large ISM hydrogen column density will also affect the AGN optical/UV
emission. As a brief reminder, the sample of type-2 AGN was selected based on their extended morphol-
ogy. The torus hydrogen column density in the observed line of sight should be low because the Eddington
ratio of type-2 AGN in the forbidden zone is above the effective Eddington ratio. Hence, without the ISM,
The AGN should appear similar to a typical unobscured AGN or broad-line AGN. For ISM dust, Zhu et al.
(2017) presented the Milky-way gas-to-attenuation ratio as NH/AV = (2.08±0.02)×1021 H cm−2 mag−1.
Therefore, ISM hydrogen column densities of logNH [cm−2] = 22 will produce a V-band attenuation of
AV ∼ 4 magnitudes and is much larger by a factor of 2-5 times for the UV emission when assum-
ing ISM extinction curves (Cardelli et al., 1989; Calzetti et al., 2000). As shown in figure 4.17 above
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Figure 4.18: The observed Eddington-ratio distribution of Type-1 AGN (top) and type-2 AGN (bot-
tom) in the local universe from the BASS survey. The thick black lines show the effective Eddington ratio
at the median hydrogen column density of each sample. The dashed line shows the median Eddington
ratio of each sample.

logNH [cm−2] ≥ 22, the colors become dominated by the host galaxy even for type-1 AGN. Hence, the
observed morphology may be dominated by the host galaxy because the contrast between AGN and the
host galaxy emission is reduced due to ISM obscuration.

The effects are similar to intermediate Seyfert galaxies in the local universe (Maiolino and Rieke,
1995) but at a higher severity. In the most severe case, the ISM obscuration may be enough to obscure
the whole galaxy as seen in SMG populations. Among the sample of AGN, 14 of the type-2 AGN
were not detected in the HSC bands but are detected in the NIR bands. Their column density exceeds
logNH [cm−2] = 22 and the SED-fitting based ISM V-band attenuation distributes between AV = 1− 6
magnitudes. However, the nuclear ISM attenuation must be larger the that estimated by SED fitting
since this SED fitting attenuation represents the average optical attenuation over the whole galaxies.
These AGNs may be analogous to SMG-AGN at z ≥ 2 which show heavy X-ray absorption from the
ISM components (Circosta et al., 2019; D’Amato et al., 2020)

4.9.3 Star-formation Activity and Obscuration

In this section, the properties of the star formation of type-1 and type-2 AGN in the context of the
evolutionary scenario are discussed. Intense star formation is expected to occur simultaneously with
obscured AGN activity following a gas-rich merger event as seen in local ULIRGs. If gas-rich merger-
triggered obscuration is common in the AGN population at high redshift, the star-formation activity in
type-2 AGN should be more intense than unobscured AGN (Hopkins et al., 2006, 2008b).

However, firstly the statistical analysis suggests no significant difference between the SFR or SSFR
of type-1 and type-2 AGN. Secondly, the SFR of type-1 and type-2 AGN is consistent with the typical
star-formation rate main sequence. Thirdly, the Eddington ratio distribution of the majority of type-2
AGN is lower than the effective Eddington ratio of their respective hydrogen column density. Based on
these facts, I believe that the majority of type-2 AGN are obscured by a radiation pressure-regulated
torus or obscuration due to the cosmological evolution of galaxies and not kpc-scale obscuration as a
result of gas-rich mergers.

Although the results support the scenario of the radiation pressure-regulated torus, selection ef-
fects may affect the result. During the coalescent phase which corresponds to peak accretion and star-
formation activity, the large influx of gas towards the nuclear regions may result in near Compton-thick
absorption (Blecha et al., 2018), which can be missed from X-ray selection due to their faintness. This
would suggest that the sample of type-2 AGN which I selected may be analogous to galaxies in the early
stage of coalescence where the AGN is triggered by the gravitational disturbance of nearby galaxies.
Their SFR and SSFR are consistent with the main-sequence galaxies and the absorption is due to torus
or nuclear ISM obscuration. On the other hand, type-1 AGN are those in the post-blowout stage after a
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decline in SFR but not quenched due to the longer time scale of star formation compared to the AGN.
High angular resolution deep imaging and spectroscopic follow-up will be required to identify AGN in a
merger sequence.

4.9.4 Systematic Uncertainties

In this section, the systematic uncertainties which may affect the analysis are discussed. First, the effects
of AGN light on the estimation of stellar mass. For type-1 AGN, estimation of the stellar mass can be
uncertain due to the dominance of AGN emission in the optical/UV. Due to contamination from the
AGN emission, the SED can be fitted with a younger stellar population with lower stellar mass or a SED
with a larger burst fraction. It should be pointed out that reliable stellar age indicators from spectral
analysis are not available. The stellar age of the best-fitted SED does not show any strong difference
between type-1 and Type-2 AGN and the burst fraction used in the fitting is limited to at most 10% of
the total stellar mass.

Second, the choice of the MBH −MStellar relationship can affect the determination of the Eddington
ratio through the black hole mass estimate. There is currently no reliable direct estimate of black hole
mass available for most of the sample at z=0.8-1.8. Hence, the MBH −MStellar was adopted based on
the assumption that type-2 AGN follows a similar MBH −MStellar relationship as type-1 AGN samples
shown in figure 4.11.

On the one hand, assuming MBH−MStellar of local broad-line AGN will decrease the black hole mass
of type-2 AGN by approximately 1.5 dex and will increase the Eddington ratio by a similar amount.
In such a case, most of the type-2 AGN will appear in the forbidden region near the Eddington limit
above the effective Eddington ratio limit. Under such a scenario, all type-2 AGN are affected by ISM
absorption instead of a mixture of nuclear and ISM obscuration.

On the other hand, the MBH −MStellar of high redshift AGN may have a higher normalization than
that of local passive galaxies. Merloni et al. (2010) showed that the deviation from the local black hole
mass to stellar mass ratio of type-1 evolves with redshift as (1+z)0.68. Hence, accounting for the redshift
evolution of the MBH −MStellar, the mass of type-2 AGN is larger by ∼ 0.62 log(1 + z) ∼ 0.27 which
reduces the Eddington ratio for type-2 AGN. In this case, the fraction of AGN in the forbidden zone is
reduced, and most AGN is obscured by the dusty torus.

Recently, there has been development of a virial mass calibration using the Paschen-β emission lines
(Onori et al., 2017a) which suggest that type-2 AGN have a smaller black hole masses than type-1 AGN
by ∼ 0.8 − 1 dex (Onori et al., 2017b; Ricci et al., 2017d). While there are differences in the AGN
luminosity compared to the sample, future observations of Paschen-β emission lines may shed light on
the mass of type-2 AGN.

4.10 Summary & Conclusion

In this work, I investigated the incidence of obscuration, stellar mass, and star-formation rate of X-ray
selected type-1 and type-2 AGN at z = 0.8−1.8 in the HSC-Deep XMM-LSS survey field. I performed a
spectral analysis of the MgII emission lines to determine the black hole mass of type-1 AGN. For type-2
AGN, I inferred the blackhole mass by assuming a MBH −Mstellar relationship where the stellar mass
was estimated using SED fitting. I estimated the hydrogen column density using the X-ray hardness
ratio by a phenomenological X-ray spectral model. The important results are summarized as follows.

1. The majority of type-1 AGN have an Eddington ratio above the effective Eddington ratio whereas
most type-2 AGN are below. The observed Eddington ratio distribution of type-2 AGN is skewed
towards a lower value than type-1 AGN consistent with the radiation-regulated unified model.
(section 4.8.4)

2. The X-ray absorption of type-1 AGN may be due to mild ISM obscuration logNH [cm−2] < 22 but
for larger hydrogen column density dust-free sight lines or disk-winds are needed. (section 4.9.1)

3. Among the type-2 AGN sample, 24% reside in the forbidden zone. The X-ray absorption among
type-2 AGN in the forbidden zone can be explained by additional ISM obscuration which is not
strongly affected by the AGN radiation pressure. (section 4.9.2)
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4. The fraction of type-2 AGN in the forbidden zone increased from 11 ± 3% in the local universe
to 26± 5% at redshift 0.8-1.8. The increased fraction of AGN in the forbidden zone supports the
increasing incidence of ISM absorption due to the cosmological evolution of galaxy ISMs 4.9.2).

5. There is no trend between star-formation activity and obscuration. The total star-formation rate
of AGN host galaxies is consistent with typical main sequence galaxies in the same redshift or lower
but not quenched (1% SFR-MS). The star-formation rate and specific star-formation rate of type-1
and type-2 AGN are consistent with each other at a 95% confidence level. (section 4.9.3)

The results indicate that the main obscuration mechanism for the majority of AGN at redshift 0.8-
1.8 is due to radiation pressure-regulated dusty torus. However, the incidence of obscuration above
logNH [cm−2] ≥ 22 by the galaxy ISM is larger than that in the local universe, as seen by the in-
creased fraction of AGN occupying the forbidden zone. I believe that this is increase can be due to the
cosmological evolution of the host galaxy ISM.
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Chapter 5

Summary & Conclusion

In this study, I investigated the obscuration of active galactic nuclei during the peak of SMBH growth by
using deep and wide multiwavelength datasets. In chapter 2, I explained the construction of a multiband
photometric catalog using the deep and wide optical infrared datasets in the HSC-Deep field, XMM-LSS
survey area which covers 13-band of photometry from u*-band to 4.5 µm. PSF-convolved photometry
was performed in order to obtain accurate colors and fluxes of optical/infrared counterparts of X-ray
sources. This is especially important for mid-infrared datasets such as SERVS 3.6 and 4.5 µm which are
heavily affected by blending. By using this photometry, the photometric redshift was estimated using
AGN and galaxy models for sources with no prior spectroscopic redshift. Good photo-z statistics scatter
of 0.1 when compared with spectroscopic redshift was achieved and a sample of 3462 X-ray detected
AGN with multiband photometry up to redshift 5 was presented.

A sub-sample of 2-10 keV detected AGN was used to study the obscured fraction of Compton-thin
AGN above redshift 2 as described in chapter 3. Here, I adopted a modified version of the absorption
function model described in Ueda et al. (2014) to estimate the obscured fraction. Thanks to the deep and
wide X-ray dataset, luminous obscured AGN which may have been missed in shallower or narrow field
X-ray surveys have been detected. Using the best-fit parameters I estimated that 76+4

−3% of Compton-
thin AGN with 2-10 keV luminosity above logLX [erg s−1] ≥ 44.5 at above redshift 2 are obscured which
is a factor of ∼ 2 large than that in the local universe. The large obscured fraction of AGN could be a
result of the cosmological evolution of the ISM component in normal star-forming galaxies or due to a
large fraction of mergers triggered AGN at high redshift.

Using the multiwavelength photometry, I further examined the optical infrared SED of obscured and
unobscured AGN at z > 2. On average, unobscured AGNs have a flat optical infrared SED as opposed
to obscured AGNs which have a reddened SED. However, the scatter in the median SED is large. This
indicates that a significant fraction of the AGN are affected by dust reddening or contain dust-free X-ray
absorption.

Inspired by the large scatter in the SED. I further investigated the obscuration properties of AGN
at redshift 0.8-1.8 using the logNH − λEdd in chapter 4. The AGN was classified into type-1 and type-2
AGN based on the spectroscopic classification and the optical morphology. For broad-line AGN, the
black hole mass was estimated from the MgII emission lines while for type-2 AGN, the black hole mass
was inferred from the host galaxy stellar mass assuming a stellar mass to black hole mass of local passive
galaxies. On average, type-2 AGN has a lower Eddington ratio than type-1 AGN and has a distribution
of Eddington ratios skewed towards a lower Eddington ratio. My investigation of the star-formation rate
of type-1 and type-2 AGN also suggest no difference between the two population and both are consistent
with the typical star-forming galaxies.

A larger fraction of type-2 AGN is within the forbidden zone of the logNH−λEdd as compared to the
local universe. The increased fraction suggests an increased incidence of ISM absorption in the sample
of type-2 AGN which is due to the cosmological evolution of galaxy ISMs. For type-1, the large column
density above logNH [cm−2] ≥ 22 can be explained by dust-free absorption. Figure 5.1 summarizes
the mechanism of AGN obscuration for type-1 and type-2 AGN as well as for unobscured and obscured
AGN. All in all, it suggests that most of the AGN are obscured by radiation pressure-regulated dusty
torus with an increased fraction of ISM obscuration due to the cosmological evolution of the host galaxy
ISM.

67



Figure 5.1: The mechanism of AGN obscuration broken down by classification.

As mentioned in the introduction, the obscured fraction shows an increase from the local universe up
to high redshift as summarized in chapter 3. My investigation of the obscuration properties in chapter
4 at redshift 0.8-1.8 suggest that radiation pressure-regulated dusty torus is the primary mechanism of
obscuration but with an increased fraction of ISM absorption. These results show that the inclination
angle of the line of sight may not simply explain the mechanism of AGN obscuration. Therefore, the
cosmological evolution of the obscured fraction may be driven by the cosmological evolution of the AGN
host galaxy ISM. Figure 5.2 shows the summary phenomenological view of AGN obscuration at low and
at high redshift including each mechanism of AGN obscuration.
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Figure 5.2: The current schematic image of AGN obscuration. The left-hand side shows the physical
structure of obscuration including the ISM, torus, winds, and dust-free lines of sight. The right-hand
side shows the phenomenological view in terms of covering factors of each mechanism. At high redshift,
the evolution of the galaxy ISM increases the ISM covering factor (blue-shaded area) in both the height
and hydrogen column density. The torus covering factor is shown in gray and is assumed to have no
evolution.

5.1 Future Prospects

It is becoming increasingly clear that the build-up of black holes and stellar mass at high redshift universe
occurs under heavy obscuration. Although our statistical understanding of the increased obscuration has
progressed significantly, the reality is that the obscuration has decreased since the formation of those
galaxies. The process by which a galaxy has become less obscured is still not well understood. Some
possible processes include intense AGN feedback which can blow out even the ISM or consumption of
the ISM by star formation and accretion. For the former, high angular resolution imaging of the AGN
and spectroscopic confirmation of merging galaxies is needed in order to determine the fraction of AGN
in a merger sequence.

In this work, I used the hardness ratio to estimate the hydrogen column density of the AGN. As
mentioned, this method is subject to the assumption of the model especially the photon index of the
AGN. With recent advancements in computation power, a Bayesian spectral analysis of the X-ray sources
would provide a better understanding of the uncertainties of the AGN properties.

As described in section 4.9.4, gas-rich mergers may result in Compton-thick levels of absorption which
can be missed by the X-ray surveys. In order to investigate the obscuration of luminous CTK-AGN near
the knee of the luminosity function, deep & wide mid-infrared and far infrared datasets are needed to
identify CTK-AGN without X-rays. Future projects such as PRIMA Bradford et al. (2022) and GREX+
(Inoue et al., 2022) would aid in this investigation.
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Appendix A

Multi-band Photometry

A.1 Image Alignment and Background Subtraction

For HSC images, we perform global background subtraction to the image in each patch image. The
background levels were determined from the mean pixel value of the image after applying a 3σ clip.
After that, 200 blank pixels were padded to each side of the image.

CLAUDS data used in this work were aligned to the tract-patch definition as of the HSC S16A
dataset which is a prior version to the HSC data. Hence, there is a 1-2 pixel offset in the image pixel
grid compared to the S19A and S20A data used in this work. We match the astrometry to the HSC
S19A dataset and apply an additional local background subtraction using SWarp (Bertin, 2010).

For the pipeline-reduced VIDEO DR5 images of the XMM1, 2, and 3, the background of each area
was subtracted using SExtractor (Bertin and Arnouts, 1996). The images were then resampled into
the same pixel scale as in the HSC images and combined together into a single mosaic using SWarp.
Resampled variance images on the same pixel scale were also produced using SWarp. However, these
variance images do not preserve the original variance. We created new variance images by converting
the original weight images to variance and then passing them to SWarp as images to be combined. This
method preserves the original variance measured from the background images. Cutouts in the same tract
and patch as HSC images were created from the mosaics and resampled to the same S19A WCS system.

SERVS mid-infrared images are provided as a single mosaic with the RMS image. We use SWARP to
resample the image to the same WCS coordinates as the HSC S19A dataset and to perform background
subtraction. The RMS image was converted to a variance image and resampled in the same manner
applied to the VIDEO images. We then cut the mosaic images according to each patch and tract defined
in the S19A dataset using SWARP.

A.2 PSF Modeling and Kernel Construction

Measurements of the color of an object can be affected by the PSF difference between the images in two
bands. This is because the amount of flux measured in the two bands using the same aperture size is
systematically off due to the difference in the PFS shape and size. In order to obtain accurate colors
either the PFS of each dataset needs to be normalized to the same shape and size or a template-fitting
type of photometry should be used.

The point-spread function gives the distribution of the intensity that falls on the detector by a
point source. Its shape and size are governed by the instrument’s optical system. For seeing limited
observations, the size of the PSF is limited by the sky conditions at the time of the observations. This
differs for each dataset due to different locations, times, and instruments that were used to obtain
the data. In the case of observations taken with space-based facilities, the angular resolution depends
solely on the instrument. A convolution kernel is needed in order to convert an image with one angular
resolution to another. The convolution kernel is a 2-dimensional matrix that converts the PSF shape
of the high-resolution image (HRI) to the PSF shape of the low-resolution image (LRI). It can be
constructed by deconvolving the LRI PSF with the HRI PSF.

In this work, we construct a PSF in each patch in order to take into account the PSF variation over
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the survey area. However, PSF variation within each patch is ignored. The PSF of the HSC datasets
were obtained from the HSC database while the PSF models for CLAUDS, VIDEO, and SERVS were
constructed directly from the images of stellar objects which were chosen from the 2MASS point-source
catalog (Skrutskie et al., 2006)1.

At first, catalogs in each patch produced using SExtractor are matched with Ks band sources in
the 2MASS point-source catalog. For CLAUDS and VIDEO, 2MASS sources with 15 ≤ Ks < 17 were
selected for the PSF modeling. Due to the low angular resolution of 2MASS, some extended sources
were identified as point sources in the 2MASS point-source catalog. We remove these extended sources
using CLASS STAR < 0.9 and ELLIPTICITY > 0.2 measured in the CLAUDS and VIDEO catalogs.

For SERVS, sources with 14 ≤ Ks < 17 were selected for the PSF modeling. Since the PSFs of Spitzer
IRAC are asymmetric, the same criteria as the CLAUDS and VIDEO datasets cannot be used to remove
extended sources. Extended sources were rejected by examining the FWHM distribution; sources whose
FWHM exceeds 2σ scatter were removed.

After removing extended sources from the models, the individual images of stellar sources were re-
centered, background subtracted, and normalized to unity. The final PSF images were constructed using
a median combination of each individual stellar source. Finally, the final PSF image is re-centered and
normalized once again, and the images are padded to 55× 55 pixels.

Local PSF images were constructed only for patches with more than 7 individual stellar sources. A
median PSF image of each tract is used for patches with fewer than 7 individual sources. The HSC
S19A r-band PSF images were adopted as the HRI PSF and Pypher (Boucaud et al., 2016) was used to
construct the convolution kernels of images in other bands.

A.3 Pixel-to-Pixel Correlation Correction

Pixel-Pixel correlation is an effect that occurs due to the resampling of pixelated images. Resampling
smooths the image thus the variance in the image becomes artificially smaller than the original image.
Therefore, it is necessary to correct the underestimation of the variance in order to obtain accurate
photometric uncertainties for each pixel.

The HSC pipeline has already performed the correction for pixel-pixel correlation and no resampling
was done for the reduced image. For CLAUDS, VIDEO, and SERVS, we examine the effects of pixel-pixel
correlation by performing a fixed-aperture analysis similar to Bielby et al. (2012). SExtractor was used to
produce segmentation images of all CLAUDS and VIDEO images and 1000 fixed apertures of 2′′ radius
were placed in regions with no source detections. We use PhotUtils to measure the sky background from
the science images in the 1000 apertures while the photometric uncertainties were estimated from the
weight images in the same aperture. Since some apertures may overlap with the image boundary or a
bad detector region, we use a 4σ clip was used to remove these apertures. The sky background variance
(σ2

sky) was estimated by fitting a Gaussian distribution to the distribution of the sky background values

and compared the variance with the median of the variance image in the same aperture (σ2
wei). If there

is no pixel-pixel correlation, the two values are consistent with each other.
For the SERVS dataset, thanks to the resampling process described in section A.1, the SERVS

variance data preserved correct variance and is consistent with the variance in the sky background. On
the other hand, The variances measured in CLAUDS and VIDEO were significantly smaller than the
variance measured in the sky background. The correction factor k = σ2

sky/σ
2
wei was estimated in each

patch of CLAUDS and VIDEO data.
The correction factors for the VIDEO images are relatively constant over the survey area of the

VIDEO survey. This is expected since the survey depth of VIDEO is the same over the full survey area.
Therefore, we adopt a single correction factor determined from the median of the correction factors in
all of the VIDEO images for simplicity. On the other hand, the correction factor of CLAUDS shows
significant variation due to the variation in the survey depth in each area. The correction factor was
applied individually in each patch. We used the median of all correction factors in each tract when the
correction factor cannot be determined within the patch itself.

12MASS Collaboration 2003
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Figure A.1: The distribution of pixel-pixel correlation correction factor among the CLAUDS datasets.

A.4 Source Detection & T-Phot photometry

Among all datasets, the HSC S19A r-band image has the highest angular resolution among the imaging
datasets and is deep enough to detect a large fraction of objects in the other bands. Therefore, we use the
r-band image as the high-resolution prior and perform source detection and constructed segmentation
images using SExtractor. We then use the images to perform PSF-convolved photometry using T-Phot.

The T-PHOT fitting process fails in some regions where bright stars are present in the image. This
is likely due to the fact that the SExtractor deblending algorithm divides the star and halo into many
individual sources. Therefore, we remove any source that lies within the HSC S19A r-band bright star
masks (Coupon et al., 2018). T-PHOT was run twice in each patch to take into account small sub-pixel
astrometric offsets that were determined in the first run and applied automatically during the second run.
The results include catalogs containing the fitting results, model images, residual images, and residual
statistics. The residual images in the 3.6 and 4.5 µm bands show systematic residuals. This is possibly
due to the PSF asymmetry and its variation over the field of view of the IRAC datasets.
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Figure A.2: (First and fourth rows) cutout images of an optical-IR counterpart of an X-ray source in
each photometric band. (Second and fifth rows) model images from the T-PHOT fitting process. (Third
and sixth rows) residual images of the model fitting. The blue plus and red cross symbols mark the
center of the optical-infrared counterpart and X-ray source center, respectively.
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A.5 Multi-band Catalog Construction

We combine the T-PHOT catalogs of each patch together to remove duplicated objects that lie in overlap-
ping regions of the patch and tracts. We then calculated the photometric magnitudes and uncertainties
in each band using the zero-points and zero-point uncertainties shown in Table A.1. The 2σ upper limits
were calculated instead if the signal-to-noise ratio of the measurement is below 2σ.

We flag objects that fall into the HSC S20A bright star mask, bad detector regions affected by stray
light, or detector defects, sources on the edge of the survey area, saturated sources, and sources with failed
fitting results. In addition, sources that are likely local galaxies and were broken up by the detection
algorithm were also identified using region files created from the Hyper-LEDA catalog (Makarov et al.,
2014). The galactic reddening value for each object was retrieved from the IRAS reddening map2 of
Schlegel et al. (1998) and we calculate the dust attenuation by galactic dust in each band assuming the
galactic dust extinction law of Fitzpatrick 1999.

Band Zero-point Uncertainty
CLAUDS-u∗ 30.0 0.035

HSC-g 27.0 0.010
HSC-r 27.0 0.010
HSC-i 27.0 0.010
HSC-z 27.0 0.011
HSC-y 27.0 0.013

VIDEO-YJHKs 30.0 0.020
SERVS 3.6 & 4.5µm 23.9 0.030

Table A.1: Zeropoint uncertainty of each dataset.

2https://irsa.ipac.caltech.edu/applications/DUST/
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Appendix B

The Forbidden Zone

The discussion of radiation pressure on dusty gas and the NH − λ was first discussed in Fabian et al.
(2006) and Fabian et al. (2008). Their prescription of radiation pressure ignores the radiation pressure
from the infrared emission effect which was not considered in previous studies. In Fabian et al. (2008),
infrared radiation was assumed to radiate away without interaction due to the low optical depth of
infrared radiation. However as discussed in recent work, at high hydrogen column density the optical
depth of the dusty gas can be optically thick to infrared radiation (Schulze et al., 2015; Ishibashi and
Fabian, 2016). Ishibashi et al. (2018) presented a revision of the forbidden zone previous work which
includes the effect of infrared radiation pressure (AKA infrared trapping) and is shown here.

For spherical shell of mass with a hydrogen column density of NH, the magnitude of the total gravi-
tational force on the shell of mass is

FGrav = −GMBH(4πr
2mpNH)

r2

where G is the gravitational constant, MBH is the supermassive black hole mass, mp is the mass of a
proton, NH is the hydrogen column density, and r is the radius to the shell. The total radiation pressure
upon the shell of gas by radiation from the AGN is expressed as

Frad = FUV + FIR =
(L− Le−τUV)

c
+
L

c
τIR

where L is the total luminosity of the AGN, c is the speed of light, τUV is the UV optical depth, and τIR
is the infrared optical depth. both of the optical depths depend on the hydrogen column density which
can be expressed as τUV = τUV(NH) = κUVmpNH and τIR = τIR(NH) = κIRmpNH where κUV and κIR
is the UV and infrared opacity, respectively. The equation of motion of the shell can be expressed as

Ftot = −4πGMBHmpNH +
L

c
(1− e−τUV + τIR) (B.1)

The critical luminosity is the luminosity in which the radiation pressure balances the gravitational
force of the gas shell. Therefore, the total force is set to zero. Hence

4πGMBHmpNH =
L

c
(1− e−τUV + τIR)

and can be rearranged in terms of luminosity as

LEff =
4πGMBHcmpNH

(1− e−τUV + τIR)
(B.2)

Here, LEff is the effective Eddington luminosity of partially ionized or dusty gas. The generalized
Eddington ratio is then expressed as Λ = L/LEff . The generalized Eddington can also be expressed in
terms of the classical Eddington ratio limit

Λ =
L

LEff
=
λLEdd

LEff
= λ

4πGmpcMBH

σT
· (1− e−τUV + τIR)

4πGMBHcmpNH
=

(1− e−τUV + τIR)

σTNH
λ
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.
By setting Λ = 1 where the AGN luminosity has reached the effective Eddington luminosity, the

effective Eddington ratio can be expressed in terms of the hydrogen column density.

λEff =
σT

(1− e−τUV + τIR)
NH (B.3)

We expressed equation B.3 different from that presented in Ishibashi et al. (2018) because both τUV

and τIR are depends on the hydrogen column density. The fiducial UV and IR opacities are κUV =
200fdust,MW cm2g−1 and κIR = 4fdust,MW cm2g−1 where fdust,MW is the dust-to-gas ratio normalized
to the Milky way value. Figure B.1 show the NH − λ based on the formalization presented here and
compared with previous work.

Figure B.1: The NH − λ diagram presented from Ishibashi et al. (2018). The effective Eddington ratio
including the effect of infrared trapping is shown as a thick red line. The relationship presented by Fabian
et al. (2008) without infrared trapping is shown as a black dashed line. This figure was reproduced with
permission from figure 1 of Ishibashi et al. (2018).

At low hydrogen column density (and hence low optical depth), the infrared optical depth approaches
0 at quicker than the UV optical depth. The term eτUV can be approximated as e−τUV ∼ 1 + τUV and
therefore equation B.3 can be written has

λEff ∼ σT
τUV

NH =
σT

κUVmp
=

6× 10−25

200 · 1 · 1.66× 10−24
∼ 0.002

when assuming a Milky way gas to dust ratio.
At large hydrogen column density (logNH [cm−2] ≥ 24) both infrared and UV emission becomes

optically thick (τIR = 4 ·1.66×10−24 ·1024 ≥ 1), the term e−τUV can be approximated as e−τUV ∼ 0 since
the UV optical depth is a few hundred times larger than the infrared optical depth. Assuming Milky
way gas to dust ratio, equation B.3 can be approximated similarly as

λEff ∼ σT
1 + τIR

NH ∼ σT
τIR

NH =
σT

κIRmp
=

6× 10−25

4 · 1 · 1.66× 10−24
∼ 0.1

. Here, I also assume that τIR ≫ 1 therefore absorbed 1 into τIR.
The difference of the NH − λ in this work as compared to previous studies can be seen in the optical

thick regime logNH [cm−2] ≥ 24. In the original prescription which ignores infrared trapping, the
effective Eddington ratio at large hydrogen column density can be approximated as λEff ∼ σTNH which
is shown as the black dashed lines in figure B.1. Ignoring the infrared trapping would imply that the
obscuration of most of the heavily obscured AGN is static and will never blow out. The inclusion of
infrared trapping reduces the effective Eddington ratio because of the additional radiation pressure from
the infrared radiation.
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B. Femeńıa Castellá, E. Fernández Alvar, L. D. Ferreira,
N. Filiz Ak, H. Finley, S. W. Fleming, A. Font-Ribera,
P. M. Frinchaboy, D. A. Garćıa-Hernández, A. E. Garćıa
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T. Contini, O. Le Févre, S. Lilly, V. Mainieri, A. Renzini,
and M. Scodeggio. Tracing the cosmic growth of super-
massive black holes to z ∼ 3 with Herschel. MNRAS, 439
(3):2736–2754, Apr. 2014. doi: 10.1093/mnras/stu130.

82



J. Dı́az Tello, C. Donzelli, N. Padilla, N. Fujishiro,
H. Hanami, T. Yoshikawa, and B. Hatsukade. Physical
Properties, Star Formation, and Active Galactic Nucleus
Activity in Balmer Break Galaxies at 0 ¡ z ¡ 1. ApJ, 771
(1):7, July 2013. doi: 10.1088/0004-637X/771/1/7.

X. Ding, J. Silverman, T. Treu, A. Schulze, M. Schramm,
S. Birrer, D. Park, K. Jahnke, V. N. Bennert, J. S. Kartal-
tepe, A. M. Koekemoer, M. A. Malkan, and D. Sanders.
The Mass Relations between Supermassive Black Holes
and Their Host Galaxies at 1 ¡ z ¡ 2 HST-WFC3. ApJ,
888(1):37, Jan. 2020. doi: 10.3847/1538-4357/ab5b90.

K. Dobashi, J.-P. Bernard, A. Kawamura, F. Egusa,
A. Hughes, D. Paradis, C. Bot, and W. T. Reach. Ex-
tinction Map of the Small Magellanic Cloud Based on the
SIRIUS and 6X 2MASS Point Source Catalogs. AJ, 137
(6):5099–5109, June 2009. doi: 10.1088/0004-6256/137/
6/5099.

F. Duras, A. Bongiorno, F. Ricci, E. Piconcelli, F. Shankar,
E. Lusso, S. Bianchi, F. Fiore, R. Maiolino, A. Marconi,
F. Onori, E. Sani, R. Schneider, C. Vignali, and F. La
Franca. Universal bolometric corrections for active galac-
tic nuclei over seven luminosity decades. A&A, 636:A73,
Apr. 2020. doi: 10.1051/0004-6361/201936817.

A. C. Fabian, A. Celotti, and M. C. Erlund. Radiative pres-
sure feedback by a quasar in a galactic bulge. MNRAS,
373(1):L16–L20, Nov. 2006. doi: 10.1111/j.1745-3933.
2006.00234.x.

A. C. Fabian, R. V. Vasudevan, and P. Gandhi. The effect of
radiation pressure on dusty absorbing gas around active
galactic nuclei. MNRAS, 385(1):L43–L47, Mar. 2008. doi:
10.1111/j.1745-3933.2008.00430.x.

A. C. Fabian, R. V. Vasudevan, R. F. Mushotzky, L. M.
Winter, and C. S. Reynolds. Radiation pressure and ab-
sorption in AGN: results from a complete unbiased sam-
ple from Swift. MNRAS, 394(1):L89–L92, Mar. 2009. doi:
10.1111/j.1745-3933.2009.00617.x.

G. G. Fazio, J. L. Hora, L. E. Allen, M. L. N. Ashby,
P. Barmby, L. K. Deutsch, J. S. Huang, S. Kleiner,
M. Marengo, S. T. Megeath, G. J. Melnick, M. A. Pahre,
B. M. Patten, J. Polizotti, H. A. Smith, R. S. Tay-
lor, Z. Wang, S. P. Willner, W. F. Hoffmann, J. L.
Pipher, W. J. Forrest, C. W. McMurty, C. R. Mc-
Creight, M. E. McKelvey, R. E. McMurray, D. G. Koch,
S. H. Moseley, R. G. Arendt, J. E. Mentzell, C. T.
Marx, P. Losch, P. Mayman, W. Eichhorn, D. Krebs,
M. Jhabvala, D. Y. Gezari, D. J. Fixsen, J. Flores,
K. Shakoorzadeh, R. Jungo, C. Hakun, L. Workman,
G. Karpati, R. Kichak, R. Whitley, S. Mann, E. V.
Tollestrup, P. Eisenhardt, D. Stern, V. Gorjian, B. Bhat-
tacharya, S. Carey, B. O. Nelson, W. J. Glaccum,
M. Lacy, P. J. Lowrance, S. Laine, W. T. Reach, J. A.
Stauffer, J. A. Surace, G. Wilson, E. L. Wright, A. Hoff-
man, G. Domingo, and M. Cohen. The Infrared Array
Camera (IRAC) for the Spitzer Space Telescope. ApJS,
154(1):10–17, Sept. 2004. doi: 10.1086/422843.

G. Feulner, A. Gabasch, M. Salvato, N. Drory, U. Hopp, and
R. Bender. Specific Star Formation Rates to Redshift 5
from the FORS Deep Field and the GOODS-S Field. ApJ,
633(1):L9–L12, Nov. 2005. doi: 10.1086/498109.

F. Fiore, S. Puccetti, M. Brusa, M. Salvato, G. Zamorani,
T. Aldcroft, H. Aussel, H. Brunner, P. Capak, N. Cap-
pelluti, F. Civano, A. Comastri, M. Elvis, C. Feruglio,
A. Finoguenov, A. Fruscione, R. Gilli, G. Hasinger,

A. Koekemoer, J. Kartaltepe, O. Ilbert, C. Impey, E. Le
Floc’h, S. Lilly, V. Mainieri, A. Martinez-Sansigre, H. J.
McCracken, N. Menci, A. Merloni, T. Miyaji, D. B.
Sanders, M. Sargent, E. Schinnerer, N. Scoville, J. Sil-
verman, V. Smolcic, A. Steffen, P. Santini, Y. Taniguchi,
D. Thompson, J. R. Trump, C. Vignali, M. Urry, and
L. Yan. Chasing Highly Obscured QSOs in the COS-
MOS Field. ApJ, 693(1):447–462, Mar. 2009. doi:
10.1088/0004-637X/693/1/447.

E. L. Fitzpatrick. Correcting for the Effects of Interstel-
lar Extinction. PASP, 111(755):63–75, Jan. 1999. doi:
10.1086/316293.

H. Furusawa, G. Kosugi, M. Akiyama, T. Takata,
K. Sekiguchi, I. Tanaka, I. Iwata, M. Kajisawa, N. Ya-
suda, M. Doi, M. Ouchi, C. Simpson, K. Shimasaku,
T. Yamada, J. Furusawa, T. Morokuma, C. M. Ishida,
K. Aoki, T. Fuse, M. Imanishi, M. Iye, H. Karoji,
N. Kobayashi, T. Kodama, Y. Komiyama, Y. Maeda,
S. Miyazaki, Y. Mizumoto, F. Nakata, J. Noumaru,
R. Ogasawara, S. Okamura, T. Saito, T. Sasaki, Y. Ueda,
and M. Yoshida. The Subaru/XMM-Newton Deep Survey
(SXDS). II. Optical Imaging and Photometric Catalogs.
ApJS, 176(1):1–18, May 2008. doi: 10.1086/527321.

S. C. Gallagher, W. N. Brandt, G. Chartas, and G. P.
Garmire. X-Ray Spectroscopy of Quasi-Stellar Objects
with Broad Ultraviolet Absorption Lines. ApJ, 567(1):
37–41, Mar. 2002. doi: 10.1086/338485.

S. C. Gallagher, W. N. Brandt, G. Chartas, R. Priddey, G. P.
Garmire, and R. M. Sambruna. An Exploratory Chan-
dra Survey of a Well-defined Sample of 35 Large Bright
Quasar Survey Broad Absorption Line Quasars. ApJ, 644
(2):709–724, June 2006. doi: 10.1086/503762.

B. Garilli, R. McLure, L. Pentericci, P. Franzetti,
A. Gargiulo, A. Carnall, O. Cucciati, A. Iovino,
R. Amorin, M. Bolzonella, A. Bongiorno, M. Castellano,
A. Cimatti, M. Cirasuolo, F. Cullen, J. Dunlop, D. El-
baz, S. Finkelstein, A. Fontana, F. Fontanot, M. Fumana,
L. Guaita, W. Hartley, M. Jarvis, S. Juneau, D. Maccagni,
D. McLeod, K. Nandra, E. Pompei, L. Pozzetti,
M. Scodeggio, M. Talia, A. Calabrò, G. Cresci, J. P. U.
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D. R. Neill, S. P. Newbry, J.-Y. Nief, A. Nomerot-
ski, M. Nordby, P. O’Connor, J. Oliver, S. S. Olivier,
K. Olsen, W. O’Mullane, S. Ortiz, S. Osier, R. E. Owen,
R. Pain, P. E. Palecek, J. K. Parejko, J. B. Parsons,
N. M. Pease, J. M. Peterson, J. R. Peterson, D. L. Pe-
travick, M. E. Libby Petrick, C. E. Petry, F. Pierfederici,
S. Pietrowicz, R. Pike, P. A. Pinto, R. Plante, S. Plate,
J. P. Plutchak, P. A. Price, M. Prouza, V. Radeka,
J. Rajagopal, A. P. Rasmussen, N. Regnault, K. A. Reil,
D. J. Reiss, M. A. Reuter, S. T. Ridgway, V. J. Riot,
S. Ritz, S. Robinson, W. Roby, A. Roodman, W. Ros-
ing, C. Roucelle, M. R. Rumore, S. Russo, A. Saha,
B. Sassolas, T. L. Schalk, P. Schellart, R. H. Schindler,
S. Schmidt, D. P. Schneider, M. D. Schneider, W. Schoen-
ing, G. Schumacher, M. E. Schwamb, J. Sebag, B. Selvy,
G. H. Sembroski, L. G. Seppala, A. Serio, E. Serrano,
R. A. Shaw, I. Shipsey, J. Sick, N. Silvestri, C. T.
Slater, J. A. Smith, R. C. Smith, S. Sobhani, C. Sol-
dahl, L. Storrie-Lombardi, E. Stover, M. A. Strauss, R. A.
Street, C. W. Stubbs, I. S. Sullivan, D. Sweeney, J. D.
Swinbank, A. Szalay, P. Takacs, S. A. Tether, J. J. Thaler,
J. G. Thayer, S. Thomas, A. J. Thornton, V. Thukral,
J. Tice, D. E. Trilling, M. Turri, R. Van Berg, D. Van-
den Berk, K. Vetter, F. Virieux, T. Vucina, W. Wahl,
L. Walkowicz, B. Walsh, C. W. Walter, D. L. Wang,
S.-Y. Wang, M. Warner, O. Wiecha, B. Willman, S. E.
Winters, D. Wittman, S. C. Wolff, W. M. Wood-Vasey,
X. Wu, B. Xin, P. Yoachim, and H. Zhan. LSST:
From Science Drivers to Reference Design and Antici-
pated Data Products. ApJ, 873(2):111, Mar. 2019. doi:
10.3847/1538-4357/ab042c.

K. Iwasawa, R. Gilli, C. Vignali, A. Comastri, W. N.
Brandt, P. Ranalli, F. Vito, N. Cappelluti, F. J. Carrera,
S. Falocco, I. Georgantopoulos, V. Mainieri, and M. Pao-
lillo. The XMM deep survey in the CDF-S. II. A 9-20
keV selection of heavily obscured active galaxies at z ¿
1.7. A&A, 546:A84, Oct. 2012. doi: 10.1051/0004-6361/
201220036.

K. Jahnke, A. Bongiorno, M. Brusa, P. Capak, N. Cap-
pelluti, M. Cisternas, F. Civano, J. Colbert, A. Comas-
tri, M. Elvis, G. Hasinger, O. Ilbert, C. Impey, K. In-
skip, A. M. Koekemoer, S. Lilly, C. Maier, A. Merloni,
D. Riechers, M. Salvato, E. Schinnerer, N. Z. Scoville,
J. Silverman, Y. Taniguchi, J. R. Trump, and L. Yan.
Massive Galaxies in COSMOS: Evolution of Black Hole
Versus Bulge Mass but not Versus Total Stellar Mass Over
the Last 9 Gyr? ApJ, 706(2):L215–L220, Dec. 2009. doi:
10.1088/0004-637X/706/2/L215.

M. J. Jarvis, D. G. Bonfield, V. A. Bruce, J. E. Geach,
K. McAlpine, R. J. McLure, E. González-Solares, M. Ir-
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C. Carilli, M. Pannella, A. M. Koekemoer, E. F. Bell, and
M. Salvato. The Star Formation History of Mass-selected

86



Galaxies in the COSMOS Field. ApJ, 730(2):61, Apr.
2011. doi: 10.1088/0004-637X/730/2/61.

N. Kashikawa, K. Aoki, R. Asai, N. Ebizuka, M. Inata,
M. Iye, K. S. Kawabata, G. Kosugi, Y. Ohyama, K. Okita,
T. Ozawa, Y. Saito, T. Sasaki, K. Sekiguchi, Y. Shimizu,
H. Taguchi, T. Takata, Y. Yadoumaru, and M. Yoshida.
FOCAS: The Faint Object Camera and Spectrograph for
the Subaru Telescope. PASJ, 54(6):819–832, Dec. 2002.
doi: 10.1093/pasj/54.6.819.

B. C. Kelly. Some Aspects of Measurement Error in Linear
Regression of Astronomical Data. ApJ, 665(2):1489–1506,
Aug. 2007. doi: 10.1086/519947.

M. Kimura, T. Maihara, F. Iwamuro, M. Akiyama,
N. Tamura, G. B. Dalton, N. Takato, P. Tait, K. Ohta,
S. Eto, D. Mochida, B. Elms, K. Kawate, T. Kurakami,
Y. Moritani, J. Noumaru, N. Ohshima, M. Sumiyoshi,
K. Yabe, J. Brzeski, T. Farrell, G. Frost, P. R. Gilling-
ham, R. Haynes, A. M. Moore, R. Muller, S. Smed-
ley, G. Smith, D. G. Bonfield, C. B. Brooks, A. R.
Holmes, E. Curtis Lake, H. Lee, I. J. Lewis, T. R. Froud,
I. A. Tosh, G. F. Woodhouse, C. Blackburn, R. Content,
N. Dipper, G. Murray, R. Sharples, and D. J. Robert-
son. Fibre Multi-Object Spectrograph (FMOS) for the
Subaru Telescope. PASJ, 62:1135–1147, Oct. 2010. doi:
10.1093/pasj/62.5.1135.

M. Kishimoto, S. F. Hönig, T. Beckert, and G. Weigelt.
The innermost region of AGN tori: implications from
the HST/NICMOS type 1 point sources and near-IR
reverberation. A&A, 476(2):713–721, Dec. 2007. doi:
10.1051/0004-6361:20077911.

J. Kormendy and L. C. Ho. Coevolution (Or Not)
of Supermassive Black Holes and Host Galaxies.
ARA&A, 51(1):511–653, Aug. 2013. doi: 10.1146/
annurev-astro-082708-101811.

M. J. Koss, C. Ricci, B. Trakhtenbrot, K. Oh, J. S. den Brok,
J. E. Mej́ıa-Restrepo, D. Stern, G. C. Privon, E. Treis-
ter, M. C. Powell, R. Mushotzky, F. E. Bauer, T. T.
Ananna, M. Baloković, R. E. Bär, G. Becker, P. Bessiere,
L. Burtscher, T. Caglar, E. Congiu, P. Evans, F. Har-
rison, M. Heida, K. Ichikawa, N. Kamraj, I. Lamperti,
F. Pacucci, F. Ricci, R. Riffel, A. F. Rojas, K. Schawinski,
M. J. Temple, C. M. Urry, S. Veilleux, and J. Williams.
BASS. XXII. The BASS DR2 AGN Catalog and Data.
ApJS, 261(1):2, July 2022. doi: 10.3847/1538-4365/
ac6c05.

L. Koutoulidis, G. Mountrichas, I. Georgantopoulos, E. Pou-
liasis, and M. Plionis. Host galaxy properties of X-ray ac-
tive galactic nuclei in the local Universe. A&A, 658:A35,
Feb. 2022. doi: 10.1051/0004-6361/202142466.

M. Kriek, A. E. Shapley, N. A. Reddy, B. Siana, A. L.
Coil, B. Mobasher, W. R. Freeman, L. de Groot, S. H.
Price, R. Sanders, I. Shivaei, G. B. Brammer, I. G. Mom-
cheva, R. E. Skelton, P. G. van Dokkum, K. E. Whitaker,
J. Aird, M. Azadi, M. Kassis, J. S. Bullock, C. Con-
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XMM-Newton view of PG quasars. I. X-ray continuum
and absorption. A&A, 432(1):15–30, Mar. 2005. doi:
10.1051/0004-6361:20041621.

M. Pierre, F. Pacaud, C. Adami, S. Alis, B. Altieri,
N. Baran, C. Benoist, M. Birkinshaw, A. Bongiorno,
M. N. Bremer, M. Brusa, A. Butler, P. Ciliegi, L. Chi-
appetti, N. Clerc, P. S. Corasaniti, J. Coupon, C. De
Breuck, J. Democles, S. Desai, J. Delhaize, J. Devriendt,
Y. Dubois, D. Eckert, A. Elyiv, S. Ettori, A. Evrard,
L. Faccioli, A. Farahi, C. Ferrari, F. Finet, S. Fotopoulou,
N. Fourmanoit, P. Gandhi, F. Gastaldello, R. Gastaud,
I. Georgantopoulos, P. Giles, L. Guennou, V. Guglielmo,
C. Horellou, K. Husband, M. Huynh, A. Iovino, M. Kil-
binger, E. Koulouridis, S. Lavoie, A. M. C. Le Brun, J. P.
Le Fevre, C. Lidman, M. Lieu, C. A. Lin, A. Mantz, B. J.
Maughan, S. Maurogordato, I. G. McCarthy, S. McGee,
J. B. Melin, O. Melnyk, F. Menanteau, M. Novak,
S. Paltani, M. Plionis, B. M. Poggianti, D. Pomarede,
E. Pompei, T. J. Ponman, M. E. Ramos-Ceja, P. Ranalli,
D. Rapetti, S. Raychaudury, T. H. Reiprich, H. Rottger-
ing, E. Rozo, E. Rykoff, T. Sadibekova, J. Santos,
J. L. Sauvageot, C. Schimd, M. Sereno, G. P. Smith,
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