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ABSTRACT

We present analyses of host galaxy properties of type 1 and type 2 X-ray selected AGNs in the XMM-XXL field, which have available
optical spectroscopic classification. We model their optical to far-infrared spectral energy distributions (SEDs) using the X-CIGALE
code. X-CIGALE allows the fitting of X-ray flux and accounts for the viewing angle of dusty torus and the attenuation from polar
dust. By selecting matched type 1 and 2 subsamples in the X-ray luminosity and redshift parameter space, we find that both types
live in galaxies with similar star formation. However, type 2 AGN tend to reside in more massive systems (10.87+0.06

−0.12 M�) compared
to their type 1 counterparts (10.57+0.20

−0.12 M�). In the second part of our analysis, we compare the spectroscopic classification with that
from the SED fitting. X-CIGALE successfully identifies all spectroscopic type 2 sources either by estimating an inclination angle
that corresponds to edge on viewing of the source or by measuring increased polar dust in these systems. ∼ 85% of spectroscopic
type 1 AGN are also identified as such, based on the SED fitting analysis. There is a small number of sources (∼ 15% of the
sample), that present broad lines in their spectra, but show strong indications of obscuration, based on SED analysis. These, could be
systems that are viewed face on and have an extended dust component along the polar direction. The performance of X-CIGALE in
classifying AGN is similar at low and high redshifts, under the condition that there is sufficient photometric coverage. Finally, usage
of optical/mid-IR colour criteria to identify optical red AGN (u −W3), suggests that these criteria are better suited for IR selected
AGN and their efficiency drops for the low to moderate luminosity sources included in X-ray samples.

1. Introduction

Active Galactic Nuclei (AGN) play an important role in galaxy
evolution. They are powered by accretion onto the supermas-
sive black hole (SMBH) located at the centre of galaxies. The
AGN-galaxy co-evolution is governed by SMBH feeding mech-
anism(s) and AGN feedback. To decipher this interplay between
the active SMBH and its host galaxy, it is important to shed
light on the AGN structure. One of the most important aspects
of this pursuit is to understand the physical difference between
obscured and unobscured AGN.

According to the simplest form of the unification model (e.g.
Antonucci 1993; Urry & Padovani 1995; Nenkova et al. 2002;
Hönig et al. 2006; Schartmann et al. 2008; Netzer 2015), AGN
are surrounded by a dusty gas torus structure that absorbs radia-
tion emitted from the nucleus, i.e. the SMBH and the accretion
disc around it. This absorbed radiation is then re-emitted at larger
(infrared) wavelengths. In this scenario, the viewing angle that
the AGN is observed determines whether the source is observed
as obscured or unobscured. When the AGN is viewed face-on
then the source is classified as unobscured (type 1), while when
the AGN is observed edge-on the source is characterized as ob-
scured (type 2). Thus, the classification of AGN into different
types is purely a geometrical effect. Although, more complex

AGN structures have been proposed to explain e.g. the diversity
of classification at different wavelengths (e.g., X-ray vs. optical
classifications) under the unified scheme of AGN (e.g., Ogawa
et al. 2021; Arredondo et al. 2021), the inclination angle remains
the determinant factor for classifying obscured and unobscured
AGN.

However, in the context of the evolutionary models, different
AGN types are attributed to SBMH and galaxies being observed
at different phases. The core idea of these models is that obscured
AGN are observed during an early phase, when the SMBH is
still weak and incapable of expelling the surrounding gas and
dust that has been pushed towards the galactic centre. This ma-
terial feeds the AGN that eventually becomes powerful enough
to push away the surrounding material (e.g. Ciotti & Ostriker
1997; Hopkins et al. 2006; Somerville et al. 2008). Under this
scheme, obscuration is not solely related to the AGN torus, but
also to absorbing content at galactic scales (e.g. Circosta et al.
2019; Malizia et al. 2020).

Study of the two AGN populations can shed light on many
different aspects of the AGN-galaxy interplay. Under the evo-
lutionary scheme, study of the obscured and unobscured AGN
populations has further implications regarding e.g., the relation
between BH growth and the growth of the host galaxy and the
lifetime of each classification type (e.g. Hickox et al. 2011; Bal-
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lantyne 2017). However, we first need to understand what is the
nature of obscured and unobscured AGN, i.e., whether the two
AGN types are a geometrical effect or represent different stages
of galaxy evolution. A popular approach to answer this question
is to compare the host galaxy properties of obscured and un-
obscured AGN. If the two AGN populations live in similar en-
vironments this would provide support to the unification model
whereas if they reside in galaxies of different properties, it would
suggest that they are observed at different evolutionary phases.

Previous works have selected AGN at different wave-
lengths and have applied different obscuration criteria to classify
sources. Most studies that examined the host galaxy properties
of X-ray selected AGN and classified them into obscured and
unobscured using X-ray criteria, e.g. the value of the hydrogen
column density, NH , agree that both X-ray absorbed and unab-
sorbed AGN live in galaxies with similar stellar mass, M∗, and
star-formation rate, SFR, (Merloni et al. 2014; Masoura et al.
2021; Mountrichas et al. 2021b, , but see Lanzuisi et al. 2017).
Chen et al. (2015) used IR selected AGN in the Boötes field
and classified their sources using optical/mid-IR colours. Their
analysis showed that type 2 AGN have higher IR star formation
luminosities (i.e., higher SFR) compared to type 1 AGN, by a
factor of ∼ 2. Zou et al. (2019) used X-ray AGN and classified
them based on optical spectra, morphology and optical variabil-
ity. Their analysis showed that type 2 AGN reside in more mas-
sive systems than their type 1 counterparts. Although the results
of Chen et al. (2015) cannot be directly compared to those from
X-ray studies, since their AGN selection is different, the results
of Zou et al. (2019) suggest that although host galaxy properties
are similar for X-ray absorbed and unabsorbed AGN, spectro-
scopically obscured X-ray sources reside in more massive sys-
tems than unobscured sources.

In this work, we use ∼ 2500 spectroscopic, X-ray selected
AGN in the XMM-XXL field that have available classification,
based on their optical spectra from the literature (Menzel et al.
2016). We apply SED fitting using the X-CIGALE code to mea-
sure the host galaxy properties of the two AGN types and com-
pare them. In the second part of the analysis, we use the esti-
mated inclination angle of each source from the SED fitting and
compare it with the spectroscopic classification. Our goal is to
examine the reliability of X-CIGALE classification and its effect
on the accuracy on the measurements of the host galaxy proper-
ties. We also examine the efficiency of optical/mid-IR colour cri-
teria and specifically the u−W3 criterion of Hickox et al. (2017)
in selecting obscured sources in an X-ray selected sample.

Throughout this work, we assume a flat ΛCDM cosmology
with H0 = 69.3 Km s−1 Mpc−1 and ΩM = 0.286.

2. Sample

We use spectroscopic X-ray AGN from the XMM-XXL field
(Pierre et al. 2016). XXL is a medium depth X-ray survey,
with sensitivity of ∼ 6 × 10−15 erg cm −2 s−1 in the [0.5-2] keV
band for point-like sources and exposure time of about 10 ks per
XMM pointing. It consists of two 25 deg2 extragalactic fields.
The data used in this work come from the equatorial sub-region
of the XXM-XXL North. 8,445 X-ray sources have been ob-
served in this field. 5,294 have SDSS counterparts and spectro-
scopic redshifts are available for 2,512 sources. The catalogue is
presented in detail in Menzel et al. (2016).

In our analysis, we use 2,512 spectroscopic X-ray selected
AGN that lie within a redshift range of 0 < z < 5 (94% are
at z < 2.5). The available photometry is described in Section 2

of Mountrichas et al. (2021a). In brief, additionally to the op-
tical (SDSS) photometry available, the sources have also near-
IR and mid-IR photometry from the Visible and Infrared Survey
Telescope for Astronomy (VISTA; Emerson et al. 2006) and the
allWISE (Wright et al. 2010) datasets. We also used catalogues
produced by the HELP1 collaboration to complement our mid-
IR photometry with Spitzer (Werner et al. 2004) observations,
and we added far-IR counterparts. Only the MIPS and SPIRE
fluxes were considered, given the much lower sensitivity of the
PACS observations for this field (Oliver et al. 2012). The W1 and
W2 photometric bands of WISE nearly overlap with IRAC1 and
IRAC2 from Spitzer. When a source had been detected by both
IR surveys, we only considered the photometry with the highest
signal-to-noise ratio (S/N). Similarly, when both W4 and MIPS
photometry is available, we only considered the latter due to the
higher sensitivity of Spitzer compared to WISE.

Robust measurements of galaxy properties are essential in
our analysis. For this reason, we require sources to have the fol-
lowing photometry available: u, g, r, i, z, W1 or IRAC1, W2
or IRAC2, W3, W4 or MIPS1. The resulted sample consists of
2,134 sources. UV photometry allows tracing the young stellar
population. At z > 0.5, the u optical band is redshifted to rest-
frame wavelength < 2000 Å, allowing observation of the emitted
radiation from young stars. At z < 0.5, shorter wavelengths are
required (e.g. GALEX). GALEX photometric data are available
for only 216 out of the 2,512 X-ray sources (∼ 8%). Since the
vast majority of AGN does not have GALEX photometry, we
choose not to include it in the construction of the SEDs. There-
fore, at z < 0.5, in the absence of UV photometry, we only keep
sources that have available Herschel photometry. This reduces
the number of sources to 1,897. Finally, we exclude from our
analysis sources that do not have reliable optical spectral classi-
fications (for details see Section 4). This results in 1,577 X-ray
selected AGN.

3. Analysis

In this Section, we describe the SED fitting analysis we follow to
measure galaxy properties. We present our criteria to select only
those sources with robust galaxy properties calculations that are
included in our final sample. Finally, we examine the reliability
of the SED fitting measurements.

3.1. SED analysis using X-CIGALE

We measure the host galaxy properties of X-ray AGN in our
sample, by applying SED fitting using the X-CIGALE code
(Yang et al. 2020). X-CIGALE is a newly developed branch of
the CIGALE fitting code (Boquien et al. 2019) that adds some
important new features. The new algorithm has the ability to ac-
count for extinction of the ultraviolet (UV) and optical emission
in the poles of AGN and models the X-ray emission of galaxies.
For the latter, it requires the intrinsic X-ray fluxes, i.e., X-ray
fluxes corrected for X-ray absorption. The improvements that
these new features add in the fitting process are described in de-
tail in Yang et al. (2020) and Mountrichas et al. (2021a).

For the SED fitting process, we use the intrinsic X-ray fluxes
estimated in Mountrichas et al. (2021a). These measurements are

1 The Herschel Extragalactic Legacy Project (HELP;
http://herschel.sussex.ac.uk/) is a European-funded project to
analyse all the cosmological fields observed with the Herschel
satellite. All the HELP data products can be accessed on HeDaM
(http://hedam.lam.fr/HELP/).
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Table 1: The models and the values for their free parameters used by X-CIGALE for the SED fitting of our galaxy sample.

Parameter Model/values
Star formation history: delayed model and recent burst

Age of the main population 1500, 2000, 3000, 4000, 5000 Myr
e-folding time 200, 500, 700, 1000, 2000, 3000, 4000, 5000 Myr

Age of the burst 50 Myr
Burst stellar mass fraction 0.0, 0.005, 0.01, 0.015, 0.02, 0.05, 0.10, 0.15, 0.18, 0.20

Simple Stellar population: Bruzual & Charlot (2003)
Initial Mass Function Chabrier (2003)

Metallicity 0.02 (Solar)
Galactic dust extinction

Dust attenuation recipe Charlot & Fall (2000)
V-band attenuation AV 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 1.5, 2, 2.5, 3, 3.5, 4

Galactic dust emission: Dale et al. (2014)
α slope in dMdust ∝ U−αdU 2.0

AGN module: SKIRTOR
Torus optical depth at 9.7 microns τ9.7 3.0, 7.0

Torus density radial parameter p (ρ ∝ r−pe−q|cos(θ)|) 1.0
Torus density angular parameter q (ρ ∝ r−pe−q|cos(θ)|) 1.0

Angle between the equatorial plan and edge of the torus 40◦
Ratio of the maximum to minimum radii of the torus 20

Viewing angle 30◦ (type 1), 70◦ (type 2)
AGN fraction 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 0.99

Extinction law of polar dust SMC
E(B − V) of polar dust 0.0, 0.2, 0.4

Temperature of polar dust (K) 100
Emissivity of polar dust 1.6

X-ray module
AGN photon index Γ 1.8

Maximum deviation from the αox − L2500Å relation 0.2
LMXB photon index 1.56
HMXB photon index 2.0

Total number of models 320,760,000

Notes. For the definition of the parameters see Section 3.1.

based on hardness ratio estimations, calculated via a Bayesian
approach called Bayesian Estimation of Hardness Ratios code
(BEHR; Park et al. 2006). The details are presented in Section
3.1 of Mountrichas et al. (2021a). X-CIGALE uses the αox −

L2500Å relation of Just et al. (2007) to connect the X-ray flux
with the AGN emission at 2500Å. We adopt a maximal value of
|∆αox|max = 0.2 that accounts for a ≈ 2σ scatter in the above
relation. Photon index, Γ, i.e., the slope of the X-ray spectrum,
is set to 1.8.

AGN emission is modelled using the SKIRTOR templates
(Stalevski et al. 2012, 2016). SKIRTOR assumes a clumpy two-
phase torus model, based on 3D radiation-transfer. The model
presented in Stalevski et al. is used for the UV to far-IR AGN
emission with some modifications: the accretion disc is updated
with the spectral energy distribution of Feltre et al. (2012) and
dust emission and extinction is added in the poles of the AGN.
For more details we refer to Yang et al. (2020). AGN fraction is
defined as the ratio of the AGN IR emission to the total IR emis-
sion of the galaxy, i.e., the integrated luminosity from 8-1000 µm
in rest-frame. The extinction due to polar dust is modelled as
a dust screen geometry and a grey-body dust re-emission. The
amount of extinction is measured with the EB−V parameter. We
adopt the Small Magellanic Cloud extinction curve (SMC; Pre-
vot et al. 1984). Re-emitted grey-body dust is parameterized with
a temperature of 100 K and emissivity index of 1.6. Dust tem-

perature has likely a wide distribution, but the its effect on the
SED fitting parameters is minimal (Mountrichas et al. 2021a,
Buat et al. in prep.). The galaxy component is fitted using a
delayed star formation history (SFH) with the functional form
SFR∝ t × exp(−t/τ). A star formation burst is also considered
and modelled as a constant ongoing star formation no longer
than 50 Myr. The burst is superimposed to the delayed SFH
(Buat et al. 2019). Stellar emission is modelled using the Bruzual
& Charlot (2003) single stellar populations template. The ini-
tial mass function (IMF) of Chabrier (2003) is adopted. Metal-
licity is fixed to 0.02. Stellar emission is attenuated following
the Charlot & Fall (2000) recipe. We adopt a value of µ = 0.5,
where µ is the ratio of the total attenuation undergone by stars
older than 10 Myr to that undegone by stars younger than 10 Myr
(Małek et al. 2018; Buat et al. 2019). The IR SED of the dust
heated by stars is implemented with the Dale et al. (2014) li-
brary, without the AGN component.

3.2. Selection of galaxy SEDs with secure fits

For each parameter estimated via SED fitting, the algorithm pro-
vides two estimates. One is calculated using the best-fit model
(best value) and the other estimate of a parameter corresponds
to the likelihood weighted mean value measured from its proba-
bility density function marginalized over all the other parameters
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Fig. 1: Examples of SEDs from sources that satisfy our selection
criteria (see Section 3.2). A source classified as type 1 based
on SED fitting is presented in the top panel. A type 2 AGN is
presented in the bottom panel. (see text for more details on SED
classification).

(bayes value). The weight is based on the likelihood, exp (-χ2/2),
associated with each model (Boquien et al. 2019). A large dif-
ference between these two values is an indication that the prob-
ability density function (PDF) is asymmetric or multi-peaked.
Therefore, to exclude from our analysis sources with unreliable
SFR and M∗ measurements, we consider only X-ray sources
with 1

5 ≤
SFRbest
SFRbayes

≤ 5 and 1
5 ≤

M∗,best

M∗,bayes
≤ 5, where SFRbest,

M∗,best are the best fit values of SFR and M∗, respectively and
SFRbayes and M∗,bayes are the Bayesian values, estimated by X-
CIGALE. These criteria, reduce the number of X-ray sources
to 1292 (from 1577). The choice of the limits is empirical. Al-
lowing for more strict or loose lower and upper boundaries, e.g.
0.1 − 0.33 and 3 − 10 changes the size of our catalogue by less
than ±0.1% and thus does not affect our results and conclusions.
Additionally, 91 sources (≈ 7% of the sample) with χ2

red > 5 are
excluded from our analysis (see Appendix for more details). Fig.
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Fig. 2: Comparison of SFR measurements with and without Her-
schel photometry, for 683 X-ray sources that have available far-
IR photometry. Spectroscopic type 1 sources are shown by blue
circles, while type 2 by red circles. Black solid line presents the
1:1 relation. Results show a very good agreement between the
two measurements (SFRno Herschel = (0.99 ± 0.03) SFRHerschel +
0.12 ± 0.02). Examining the two AGN types separately, yields,
SFRno Herschel = (0.89 ± 0.05) SFRHerschel + 0.23 ± 0.05 and
SFRno Herschel = (1.02 ± 0.01) SFRHerschel + 0.02 ± 0.01, for type
1 and 2, respectively.

1 presents examples of SEDs from sources that satisfy the afore-
mentioned criteria. Finally, among the 1201 (1292-91) AGN, we
only consider sources with SFR and M∗ measurements that have
statistical significance, S/N > 2. S/N, is defined as S/N = value

error ,
where the error in the denominator is the error of the parame-
ter, estimated by X-CIGALE. This requirement reduces further
the AGN sample and is discussed in more detail in Section 4.2.
The combination of these selection criteria allows us to compare
host galaxy properties of spectroscopic type 1 and 2 X-ray AGN,
using only sources with the most robust host galaxy properties
measurements.

3.3. The effect of Herschel photometry

683 from the 1201 X-ray sources (∼ 57%) in our sample
have been observed by Herschel. For these sources, we run
X-CIGALE again, using the same parametric grid described
in the previous Section. However, in this second run, we do
not take into account the far-IR photometric bands. Our goal
is to examine the effect of Herschel photometry in the SFR
measurements, by comparing the SFR calculations of the two
runs. The results are presented in Fig. 2. The two measure-
ments are in very good agreement (SFRno Herschel = (0.99 ±
0.03) SFRHerschel +0.12±0.02). The distribution of the difference
log SFRno Herschel− log SFRHerschel has a mean value µ = 0.10 and
dispersion of 0.33. Examining the results separately for spec-
troscopic type 1 (blue circles) and type 2 (red circles), yields
SFRno Herschel = (0.89 ± 0.05) SFRHerschel + 0.23 ± 0.05 and
SFRno Herschel = (1.02 ± 0.01) SFRHerschel + 0.02 ± 0.01, respec-
tively. The distribution of the difference has a mean value of
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Fig. 3: Comparison of the values estimated by X-CIGALE with
those from the data, for the SPIRE250 flux from Herschel. The
mean difference log Herscheldata − log Herschelmodel is −0.02
with a dispersion 0.23, regardless of the AGN type.

µ = 0.11, and 0.03 with dispersion of 0.35 and 0.26, for type
1 and 2, respectively.

Furthermore, we compare the values estimated by X-
CIGALE for the Herschel fluxes with those from the data.
The mean difference of log Herscheldata − log Herschelmodel is
−0.02, −0.06 and 0.08, with a dispersion of 0.23, 0.25, 0.33 for
SPIRE250, SPIRE350 and SPIRE500, respectively. The results
are similar for both AGN types. In Fig. 3, we present the com-
parison for SPIRE250. We also compare the reliability of the
SFR measurements of these sources that have been observed by
Herschel with these that do not have Herschel detection. For that
purpose, we use X-CIGALE’s ability to create and analyse mock
catalogues. These catalogues are based on the best fit model of
each source in the dataset. The algorithm uses the best model
flux of each source and inserts a noise, extracted from a Gaus-
sian distribution with same standard deviation as the observed
flux. Then the mock data are analysed in the same way as the ob-
served data (Boquien et al. 2019). We use the mock catalogues
to compare the input and output values of this process and exam-
ine the precision of an estimated parameter. The mean difference
of the estimated SFR of the mock sources from the input SFR
values is 0.01 and 0.00 for Herschel detected and non detected
sources, respectively and the corresponding dispersions are 0.23
and 0.26.

Based on these results and the fact that X-ray sources de-
tected by Herschel have similar properties (e.g. redshift, LX)
with those non detected by Herschel, we conclude that SFR
measurements of those sources in our sample that do not have
Herschel photometry, are reliable. Masoura et al. (2018), found
that SFR calculations without Herschel photometry are system-
atically underestimated compared to SFR measurements includ-
ing Herschel. Their X-ray sample consists of sources observed
in XXL. However, their dataset includes both spectroscopic and
photometric sources, their selection (photometric) criteria are
different and different modules and parametric grid was used for
the SED fitting.

4. Host galaxy properties of obscured and
unobscured AGN classified based on optical
spectra

In this Section, we estimate the host galaxy properties of spec-
troscopic type 1 and 2 X-ray AGN. We select those sources with
the most robust measurements and then compare the SFR, M∗
and SFRnorm of the two AGN populations. SFRnorm is defined as
the ratio of the SFR of AGN to the SFR of star-forming main
sequence (MS) galaxies with the same stellar mass and redshift
(e.g., Mullaney et al. 2015; Masoura et al. 2018; Bernhard et al.
2019; Masoura et al. 2021). The Schreiber et al. (2015) analyti-
cal formula is used for the calculation of the latter.

4.1. Properties of type 1 and type 2 X-ray AGN

For the estimation of SFR and M∗, we apply SED fitting using
the grid described in Section 3.1. In this case, the inclination
angle is fixed to the value that corresponds to the AGN type in-
dicated by the optical spectra, i.e., 30◦ for type 1 and 70◦ for
type 2. In addition to the SFR and M∗ properties, we also com-
pare the SFRnorm parameter of the two AGN types. For the latter,
we use expression (9) of Schreiber et al. (2015). As mentioned in
Mountrichas et al. 2021b, using an expression from the literature
to calculate the SFR of star-forming MS galaxies and compare it
with the SFR of X-ray AGN to estimate SFRnorm, hints at a num-
ber of systematics. For example, different methods and/or (SED
fitting) algorithms may be used in the estimation of SFR and
different definitions of MS may be applied in different studies.
Thus, we only wish to examine in a qualitative manner whether
the SFRnorm parameter differs for different AGN classifications
and not draw conclusions regarding the position of the two AGN
types relative to the MS.

We split the X-ray sample into type 1 and type 2 sources,
using optical spectra. This information is available in the public
catalogue presented in Menzel et al. (2016). The classification
rules are described in detail in Sections 2 and 3 of Menzel et
al. In brief, the optical spectroscopic follow-up was performed
using the BOSS spectrograph of SDSS (Smee et al. 2013). The
full width at half maximum (FWHM) was estimated for emission
lines originating from different regions of the AGN (Hβ, MgII,
CIII and CIV). A source is classified as type 1 when an emission
line has FWHM larger than 1000 km s−1. In our analysis, we only
use AGN with reliable spectral classification, e.g. sources with
lines that have low significance due to very strong host galaxy
continuum contribution or very low signal to noise ratio spectra,
are classified as type 2 candidates in the Menzel et al. catalogue
(NLAGN2cand) and are excluded from our analysis. Therefore,
we consider only sources that are labeled as BLAGN1 (type 1)
and NLAGN2 (type 2), in the catalogue of Menzel et al. (2016).
From the 1,201 X-ray sources in our dataset (see Section 3.2),
1,109 are type 1 and 92 are type 2.

Redshift and X-ray luminosity distributions of the two popu-
lations are presented in Fig. 4. We notice that there are no type 2
sources above z > 1. This is due to two effects. It is well known
that the fraction of type 2 AGN decreases at higher luminosities
(e.g. Merloni et al. 2014; Aird et al. 2015). Moreover, at z > 1.0,
the magnitude of type 2 sources reaches rmodel = 22.5 mag and
the host galaxy becomes too faint to be detected by SDSS im-
ages (Menzel et al. 2016). On the other hand, spectroscopic type
1 AGN are biased towards high luminosity sources, since broad
lines are harder to detect at lower luminosities. To compare the
host galaxy properties of the two subsamples, we first account
for their different LX and redshift distributions. For that pur-
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Fig. 4: Left and middle panels, present the redshift and LX distributions of type 1 and 2 AGN, among 1201 X-ray sources in our
sample. The classification is based on optical spectra. The right panel presents the NH distribution for the 284 type 1 and 2 X-ray
AGN that lie within the same redshift and LX range.

Fig. 5: Comparison of the SFR and M∗ measurements (left and right panel, respectively) for the estimated and true values from the
mock analysis. Blue triangles show the results for type 1 X-ray AGN and red circles for type 2. Sources are classified based on optical
spectra. The black solid line shows the 1:1 relation. Restricting the measurements to those sources with statistical significance,
§/N > 2 (open circles), effectively reduces the scatter of the calculations.

pose, a weight is assigned to each source. For the calculation
of the weight, we join the redshift distributions and normalise
each one by the total number of sources in each redshift bin
(in bins of 0.1). The same process is repeated for the LX dis-
tributions (in bins of 0.1 dex). This gives us the PDF in this 2-
D (LX , redshift) space. The latter is used to weigh each source
based on its redshift and X-ray luminosity (e.g. Mountrichas
et al. 2016; Masoura et al. 2021; Mountrichas et al. 2021b). In
practice, this means that we restrict the redshift range of type
1 and 2 sources to 0.1 < z < 0.9 and the X-ray luminosity to
43.0 < log [LX,2−10keV(ergs−1)] < 44.8. Or equally, that sources
outside these redshift and luminosity ranges are assigned a zero
weight. There are 284 X-ray AGN that satisfy these conditions.
220 are type 1 and 64 are type 2.

The hydrogen column density, NH , quantifies the X-ray ab-
sorption of a source. This parameter has been estimated for
all AGN in the Menzel et al. catalogue, in Liu et al. (2016).
NH have been calculated, by applying X-ray spectral modelling
and stacking, adopting the Bayesian X-ray Analysis software

(BXA; Buchner et al. 2014) to fit the X-ray spectra of individual
sources. The right panel of Fig. 4, presents the NH distributions
of the two AGN types for the 284 AGN. The vast majority (90%)
of type 1 sources are X-ray unabsorbed (NH < 1022 cm−2). On
the other hand, optically classified type 2 AGN have a broad
range of NH , split nearly equal between X-ray absorbed and un-
absorbed sources. These trends (also seen in Fig. 9 of Liu et al.
2016) are consistent with those found in XMM-COSMOS (Mer-
loni et al. 2014) and XMM-LSS (Garcet et al. 2007, see also
Trouille et al. (2009)). NH measurements become less accurate
for X-ray spectra with low number of photons. Restricting the
comparison of the NH distributions to sources with > 50 net pho-
tons does not change the results. This is also true if we replace
the NH values from the Liu et al. catalogue with those estimated
in Mountrichas et al. (2021a) that calculated NH , via hardness ra-
tios, applying a Bayesian approach (Park et al. 2006). A possible
scenario is that the observed trends are related to the large scat-
ter that X-ray and optical obscuration present. This is due to e.g.
X-ray column density variability (Yang et al. 2016), obscuration
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Fig. 6: From left to right: Star formation rate, stellar mass and SFRnorm distributions of type 1 (blue lines) and type 2 (red shaded
histograms) X-ray selected AGN. The classification is based on optical spectra. SFR and SFRnorm distributions of the two populations
are similar. However, type 2 AGN tend to reside in galaxies with stellar mass ∼ 0.30 dex higher than type 1 AGN (log [M∗(M�)] =
10.87+0.06

−0.12 and 10.57+0.20
−0.12, respectively). Although, this difference is statistical significant only at ≈ 1σ, is in agreement with previous

studies.

located at galactic scales that is not related to nuclear absorption
(Malizia et al. 2020) and a complex AGN structure (Ogawa et al.
2021; Arredondo et al. 2021). There are studies that found X-
ray absorbed sources with broad UV/optical lines (e.g. Li et al.
2019) and optical type 2 sources that have low X-ray absorption
(e.g. Masoura et al. 2020).

4.2. Comparison of host galaxy properties of type 1 and 2
AGN

Estimation of host galaxy properties are more challenging for
galaxies that host AGN compared to non-AGN systems. This
is especially true for unobscured AGN. The AGN emission can
outshine the optical emission of the host galaxy, thus increas-
ing the uncertainties of the measurements. To estimate SFR, the
SED code is, additionally, required to disentangle the IR emis-
sion of the host galaxy from the IR emission of the AGN. To
examine the impact of these effects on the reliability of the SFR
and M∗ measurements, we use the mock catalogues created by
X-CIGALE. Fig. 5 presents the results for the SFR (left panel)
and M∗ (right panel) calculations, for the 284 X-ray AGN. The
vertical axis presents the Bayesian values of the parameter ob-
tained from the fit of the mock sources while the horizontal axis
presents the true (input) values from the best fit of the data. Al-
though, X-CIGALE recovers successfully the true SFR and M∗
values for most of the X-ray sources, there is a scatter, in par-
ticular in the M∗ measurements of type 1 AGN. To reduce this
scatter, we estimate the statistical significance of each measure-
ment and consider in our analysis only sources with the most
robust measurements (S/N > 2). These sources are marked
with an open circle in Fig. 5. Specifically, for the comparison
of SFR between different AGN types we keep only sources with
(S/N)S FR > 2. Similarly, only sources with (S/N)M∗ > 2 are
included in the comparison of the stellar mass distributions of
the two populations. In the case of SFRnorm, both requirements
are applied. This effectively reduces the scatter of the SFR and
M∗ measurements. Table 2, presents the number of sources that
satisfy the aforementioned criteria.

SFR, stellar mass and SFRnorm distributions of type 1 and 2
X-ray AGN are presented in Fig. 6. We note, that for the com-
parison of the galaxy properties, the redshift and X-ray lumi-
nosity distributions of the various type 1 and 2 AGN subsamples

have been matched, by weighting each source, following the pro-
cedure described above. The two-sample Kolmogorov-Smirnov
test (KS-test) and the Mann-Whitney test (MW-test), show that
the SFR distributions (left panel) of the two populations are sim-
ilar. The p−values are 0.77 and 0.47, respectively. The two tests,
show that the SFRnorm distributions are also similar (right panel;
p − values = 0.82, 0.56, for the KS- and MW-test, respectively).
However, the M∗ distribution of type 2 X-ray AGN peaks at
higher M∗ values, compared to their type 1 counterparts (middle
panel). The difference is not statistically significant based on the
KS- and MW-tests (p−values = 0.24, 0.17, respectively). We es-
timate the errors on the mean values, using bootstrap resampling
(e.g., Loh 2008). The results are presented in table 3. Based on
these measurements, the difference in stellar mass of type 1 and
2 X-ray AGN is ∼ 0.3 dex, but is significant only at 1σ. How-
ever, this difference is in agreement with previous studies. Zou
et al. (2019), used optical spectra, morphology and optical vari-
ability to classify X-ray sources in the COSMOS field into type
1 and type 2. Their results showed no difference in the SFR dis-
tributions of the two populations. However, they found that type
1 AGN tend to live in galaxies with smaller, by 0.2 dex, stellar
mass than their type 2 counterparts, at a significance of ≈ 4σ.
Thus, both our study and Zou et al. (2019) find a very similar
difference in the mean stellar mass of galaxies that host type 1
vs. type 2 X-ray AGN. A possible reason that the result of Zou
et al. (2019) has a higher statistical significance than ours is the
additional criteria they applied to classify sources.

Zou et al. (2019) suggested that the small difference in stel-
lar mass, between type 1 and type 2 AGN is related to the lower
X-ray absorption of type 1 sources. Some previous studies found
a correlation between NH and M∗ (Buchner et al. 2017; Lanzuisi
et al. 2017). However, other X-ray studies found that X-ray ab-
sorbed and unabsorbed AGN live in galaxies with similar stellar
mass (Merloni et al. 2014; Masoura et al. 2021; Mountrichas
et al. 2021b). In our sample, most type 1 sources have lower NH
values (median of log [NH (cm−2) = 20.60) compared to type 2
sources (median of log [NH (cm−2)] = 21.49), but the distribu-
tion of the latter is very broad (Fig. 4).

We conclude that AGN classified as type 1 and 2 based on
optical spectra, have similar SFR and SFRnorm distributions. On
the other hand, type 2 AGN live, on average, in more massive
galaxies than their type 1 counterparts. Although this difference
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Table 2: Number of X-ray sources classified as type 1 and type 2, using optical spectra and SED fitting, that have reliable SFR and
M∗ measurements.

classification criterion (S/N)S FR > 2 (S/N)M∗ > 2 (S/N)S FR > 2 & (S/N)M∗ > 2
type 1 type 2 type 1 type 2 type 1 type 2

optical spectra 142 42 132 70 89 39
X-CIGALE 430 257 284 292 229 246

Notes. The reliability is quantified by the statistical significance, S/N (see text for more details). The numbers for the type 1 and 2 AGN refer, to
the subsample of 284 sources that lie within the same redshift and LX range. The numbers for the X-CIGALE classification refer to these sources,
among the 972 AGN (out of the 1291) with secure classification from the SED fitting analysis that satisfy the (S/N) > 2 criterion (see text for
more details).

Table 3: Mean values and errors, estimated via bootstrap resampling, for the SFR, M∗ and SFRnorm distributions of spectroscopic
type 1 and 2 X-ray AGN, presented in Fig. 6.

log SFR log M∗ log SFRnorm
(M�yr−1) (M�)

type 1 type 2 type 1 type 2 type 1 type 2
1.27+0.15

−0.11 1.36+0.18
−0.22 10.57+0.20

−0.12 10.87+0.06
−0.12 0.03+0.08

−0.07 0.14+0.05
−0.12
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Fig. 7: Redshift, LX and NH distributions of type 2 and type 1 AGN, based on the inclination angle estimated by X-CIGALE (red
shaded area and blue line respectively). For comparison, the distributions of type 1 and 2 sources, based on optical spectra, are also
presented, with green and black dashed lines, respectively.

does not appear statistical significant is in agreement with previ-
ous studies.

5. Comparison of AGN classification using different
criteria

In the second part of our analysis, we compare the AGN classi-
fication based on optical spectra with that from SED fitting. Our
goal is to investigate the consistency of the classification of X-
CIGALE compared to optical spectra and examine whether the
performance of the SED fitting classification affects the accuracy
of the measurements of the host galaxy properties. We also ex-
amine the efficiency and effectiveness of optical/mid-IR colour
compared to optical spectra and X-CIGALE source classifica-
tion.

5.1. Classification of AGN based on X-CIGALE

5.1.1. X-CIGALE vs. spectral classification and the effect of
polar dust

One of the parameters of the AGN module estimated via SED
fitting is the viewing angle, i, at which the source is observed.
We split X-ray AGN into two types based on the value of the in-
clination angle and compare their X-CIGALE classification with
that from optical spectra. We restrict the AGN sample to the 284
AGN that have secure spectral classification and are within the
same redshift and LX range (see Section 4). Examination of the
mock catalogue reveals that X-CIGALE retrieves the i parame-
ter within ±2◦ (mean value of the difference of the estimated to
the true i values). The dispersion is 10◦. In this exercise, we only
consider AGN with a secure X-CIGALE classification. To iden-
tify these sources, we use the bayes and best estimates of the i pa-
rameter, derived by the SED fitting. Secure type 1 sources, based
on X-CIGALE, are those with ibest = 30◦ and ibayes < 40◦, while
secure type 2 sources are those with ibest = 70◦ and ibayes > 60◦.
240 (∼ 85%) out of the 284 AGN, have secure classification
from X-CIGALE. 187 are type 1 and 53 are type 2 AGN. The
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(187) SED Type 1

(53) SED Type 2

Spec. Type 1 (188)

Spec. Type 2 (52)

55 (44) E(B−V ) < 0.15

105 (39) E(B−V ) ≥ 0.15
27 (5)

28 (17)

25 (22)

Fig. 8: Comparison of the classification of the 240 X-ray AGN in our dataset, using different classification criteria. The left side
presents the number of sources classified based on SED fitting, while the right side shows the number of sources classified based
on optical spectra. Numbers in the parentheses present the classification using the (Hickox et al. 2017) criterion (the number of red
sources is shown in red and non red sources in blue).

Table 4: Comparison of classification of X-ray AGN, based on the inclination angle estimated by X-CIGALE and optical / mid-IR
colours (Hickox et al. 2017) with respect to the classification using optical spectroscopy.

type 1 type 2
criterion reliability completeness reliability completeness

X-CIGALE 86% 85% 47% 48%
X-CIGALE (EB−V = 0) 95% 61% 42% 75%

Hickox et al. 92% 50% 32% 85%

Notes. Completeness refers to how many sources classified as type 1 (or 2) based on optical spectroscopy were identified as such by the other two
classification criteria. The reliability is defined as the fraction of the number of type 1 (or 2) sources classified by SED fitting or colour criteria
that are classified similarly by optical spectra. X-CIGALE completeness for identifying obscured systems rises to 100%, if we consider as type 2
systems that are type 1 based on their inclination angle but have increased polar polar dust. We also quote the percentages when we run X-CIGALE
without the ability to add polar dust (EB−V = 0).

reasons that 44 sources do not have a secure classification are
investigated in the Appendix.

We also examine the classification performance of X-
CIGALE for sources that lie at z > 1. Since at higher red-
shifts there are no spectroscopic type 2 AGN, we compare X-
CIGALE’s classification with that from optical spectra only for
type 1 sources. Our analysis shows that X-CIGALE classifies
type 1 AGN with similar efficiency both at z < 1 and z > 1,
when sufficient photometric coverage is available. The details of
this analysis are presented in the Appendix.

Fig. 7 presents the redshift, LX and NH distributions of the
two AGN populations for the 284 sources. For comparison, we
plot the same distributions for type 1 and 2 sources, based on
optical spectra (dashed lines). The redshift and LX distributions
of sources classified as type 1, based on X-CIGALE and optical
spectra, are similar, peaking at higher redshifts and X-ray lumi-
nosities compared to their type 2 counterparts. The LX and red-
shift distributions of type 2 sources, based on SED fitting, appear
flatter compared to spectroscopic type 2 AGN. The NH distribu-
tion of type 1 sources peaks at low NH values (NH < 1021 cm−2).
The NH distribution of type 2 sources show a second peak at
NH > 1022 cm−2. similar to the NH distribution of type 2 sources,

classified based on optical spectra (right panel of Fig. 4). As pre-
viously noted, broad line AGN that are obscured in X-rays have
been reported in previous studies (e.g. Merloni et al. 2014).

Next, we compare the X-CIGALE classification with that
from optical spectra, for the sample of 240 X-ray AGN. In the
following, completeness refers to how many sources classified as
type 1 (or type 2) based on optical spectroscopy were identified
as such by the SED fitting results. The reliability is defined as
the fraction of the number of type 1 (or type 2) sources classified
by SED fitting that are classified similarly by optical spectra.

Fig. 8 presents the comparison of the two criteria. SED fit-
ting efficiently recovers the majority (160/188=85%, Table 4)
of spectroscopic type 1 AGN. Moreover, most of the sources
(160/187=86%) classified as type 1, based on the inclination an-
gle estimates of X-CIGALE, are also identified similarly using
optical spectra. The performance of SED fitting drops for type 2
sources. The reliability and completeness of X-CIGALE to un-
cover type 2 sources is 47% (25/53) and 48% (25/52), respec-
tively (Table 4).

The ability of X-CIGALE to model and quantify the pres-
ence of polar dust in AGN, was shown to improve e.g., the
AGN fraction estimates of the SED fitting (Mountrichas et al.
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Fig. 9: Examples of SEDs of the 27 type 2 sources that are clas-
sified as unobscured, based on inclination value estimated by X-
CIGALE. We notice that their AGN emission presents (some)
absorption in the optical part of the spectrum in agreement with
their spectral classification.
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Fig. 10: SED of AGN that is spectroscopic type 2, but type 1
based on X-CIGALE and does not have significant polar dust
(E(B−V),bayes < 0.15). Although, the χ2

red is lower than the thresh-
old we set to exclude sources, the optical and far-IR photometry
is inconsistent and could not be fit by X-CIGALE.

2021a). However, it makes more complex the definition of ob-
scured and unobscured sources. Although polar dust does not
affect the UV/optical SED of type 2 AGN, which is already ab-
sorbed by the dusty torus, it reddens the UV/optical SED of type
1 AGN. Thus, the polar dust model provides a physical explana-
tion for red, type 1 AGN (Yang et al. 2020). Here, we examine
how the addition of polar dust in the SED fitting process affects
the comparison between X-CIGALE and spectral classification.
First, we run X-CIGALE without the ability of adding polar dust
(EB−V = 0) for all 240 AGN and compare its classification with
that of optical spectra. In this case, X-CIGALE securely classi-
fies 214/240 AGN. Setting EB−V = 0.0, lowers the efficiency of
X-CIGALE to identify spectroscopic type 1 sources to ∼ 61%
(from 85% when polar dust is considered) and increases it effi-
ciency in recovering spectroscopic type 2 sources to 75% (from
48% when polar dust is considered). The percentages are shown
in Table 4. We note, that excluding the X-ray flux from the SED
fitting process does not affect the classification of the sources.

There are 131 out of the 187 type 1 sources based on the
inclination angle that have E(B−V),bayes > 0.15 (105/131 are also
classified as type 1, based on optical spectra). This value cor-
responds to substantial extinction in the UV (∼ 50%), given the
SMC extinction curve assumed for the SED modelling. For these
sources, we examine whether the fits with polar dust are statisti-
cally different from those without polar dust. For that, we com-
pute the Bayesian Information criterion (BIC). The two fits are
then compared using the ∆BIC parameter (e.g. Ciesla et al. 2018;
Buat et al. 2019; Pouliasis et al. 2020). Only three sources show
strong preference for polar dust, based on the ∆BIC parameter
(∆BIC > 6.0). 45 out of the 131 AGN are classified as secure
type 2 sources, based on the inclination angle values, when po-
lar dust is not considered. 15/45 are also spectroscopic type 2
(none has ∆BIC > 6.0). We conclude that a significant frac-
tion (45/131 ≈ 35%) of type 1 (X-CIGALE) systems with in-
creased polar dust, could be classified securely as type 2 if polar
dust is ignored, with the two classifications to not differ statisti-
cally. Thus, in the following, when we examine sources that have
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Fig. 11: Examples of SEDs of the 28 spectroscopic type 1
sources that are classified as type 2, i.e., dust obscured with a
viewing angle of i = 70◦, based on X-CIGALE.

different classification from X-CIGALE and optical spectra, we
take into account the effect of polar dust in these systems.

The comparison of the two classification criteria, presented
in Fig. 8, reveals that there are 27 sources that are type 2, based
on optical spectra but classified as type 1, based on SED fitting.
There are also 28 sources that are spectroscopic type 1 but type
2, based on X-CIGALE. We examine these sources further to
understand possible reasons for their different classification.

Among the 27 sources that are spectroscopic type 2, but
type 1 based on the inclination angle of X-CIGALE, 26 have
E(B−V),bayes > 0.15 and 15 are classified as type 2, when we run
X-CIGALE without the option of polar dust (EB−V = 0.0). Visual
inspection of the SEDs of these 26 AGN, showed that although
they are classified as type 1 based on the inclination angle, their
AGN emission presents (some) obscuration in the optical part
of the spectrum. Fig. 9, presents three examples of these cases.
The SED of the one source out of the 27, that is type 1 and with
E(B−V),bayes < 0.15, is presented in Fig. 10. We notice, that al-
though the χ2

red is lower than the threshold we set to exclude
sources, optical photometry appears problematic, possibly due
to blending with nearby, bright optical sources, and thus the fit
from X-CIGALE is unreliable.

Regarding the 28 X-ray AGN that are spectroscopic type 1,
but type 2 based on X-CIGALE, 23 of them are systems with
increased polar dust (E(B−V),bayes > 0.15). High values of po-
lar dust in type 2 systems imply that there is a strong mid-IR
emission detected in these systems. We run X-CIGALE forcing
the 28 sources to be type 1 (i = 30◦). Based on ∆BIC, only
two sources strongly favour (∆BIC > 6.0) the fit with the run
that has the inclination angle free. However, when the classifi-
cation is forced to type 1 to match the spectral classification,
polar dust, in most systems, increases further. Specifically, the
mean E(B−V),bayes = 0.28 and E(B−V),bayes = 0.23, when i = 30◦
and i is free, respectively. Examples of the SEDs of these 28
AGN are presented in Fig. 11. Although these sources appear as
type 1 based on the optical spectra, SED fitting analysis strongly
suggests that these are absorbed systems. Merloni et al. (2014)
found that a fraction of high luminosity AGN, present broad
lines in their optical spectra, but have absorbed X-ray spectra.
The mean NH of the 28 sources is increased compared to that of
the 160 AGN that are classified as type 1, based on both opti-
cal spectra and SED fitting (21.2 cm−2 vs. 20.8 cm−2), but only
7/28 have NH > 21.5 cm−2. Previous studies have also reported
similar cases of broad line X-ray AGN classified as type 2 based
on SED fitting, without being necessarily X-ray absorbed (e.g.,
Masoura et al. 2020, see their Table 7 and Figures in their Ap-
pendix). Different scenarios that allow a complex distribution of
gas and dust in AGN have been suggested to explain the large
variety of AGN properties (e.g. Lyu & Rieke 2018; Ogawa et al.
2021; Arredondo et al. 2021).

Overall, regarding the type 2 population of X-ray AGN,
X-CIGALE identifies all of them, either as type 2 based on
the inclination angle or as type 1 systems with increased po-
lar dust. The only spectroscopically classified as type 2 source
that has neither of the above, presents problematic optical pho-
tometry (Fig. 10). About the type 1 population of X-ray AGN,
X-CIGALE identifies as type 1 160/188 sources. The 28 type 1
AGN that X-CIGALE classifies as type 2, could be systems with
an extended, clumpy dust component along the polar direction.
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Fig. 12: Comparison of the SFR and M∗ measurements (left and right panel, respectively) for the estimated and true values from
the mock analysis. Blue triangles show the results for type 1 X-ray AGN and red circles for type 2. Sources are classified using the
value of inclination angle, estimated by SED fitting. The black solid line shows the 1:1 relation. Restricting the measurements to
those sources with statistical significance, S/N > 2 (open circles), effectively reduces the scatter of the calculations.

5.1.2. The effect of X-CIGALE classification on the accuracy
of host galaxy property measurements

In Section 4, we examined the reliability of the SFR and M∗ mea-
surements of the SED fitting, when the inclination angle of each
source is fixed to a value based on the classification from optical
spectra. Now, we use the 1201 X-ray sources in our dataset (see
Section 3.2) and repeat the same exercise, setting the viewing an-
gle free to examine whether the misclassification of X-CIGALE
for some AGN, affects the reliability of the calculations of the
host galaxy properties. There are 972 (∼ 81%) sources with se-
cure classification from X-CIGALE. 681 are type 1 and 291 are
type 2, based on SED fitting. We use the mock catalogues created
by X-CIGALE and follow the procedure described in Section 4.
Fig. 12 presents the results. Sources that have S/N > 2 are pre-
sented by open circles. The number of X-ray AGN that satisfy
the aforementioned criterion are shown in Table 2. We conclude,
that although in this case the classification of AGN was not fixed
and thus some sources are misclassified by X-CIGALE, this does
not affect the reliability of the host galaxy measurements.

5.2. Effectiveness of optical / mid-IR colours in classifying
X-ray AGN

In this Section, we discuss the performance of optical/mid-IR
colour criteria to detect obscured (type 2) AGN. The obscured
AGN population is known to present very red optical/mid-IR
colours, due to the extinction of the nuclear emission in (rest-
frame) optical and UV wavelengths (e.g. Hickox et al. 2007). Al-
though these colour criteria are very efficient in uncovering ob-
scured AGN selected in the mid-IR, X-rays are known to miss a
large fraction of obscured sources selected based on optical/mid-
IR colours. Mountrichas et al. (2020) used sources detected in
Stripe 82 and found that among IR selected AGN with SDSS
detection, 43% are optically red. However, this percentage drops
to 23% among those AGN that are also X-ray detected. Masoura
et al. (2020), used data from the XMM-XXL and found that only
∼ 25% of red, IR selected AGN are detected in X-rays. There-

fore, our X-ray selected AGN sample is biased against optical
red sources.

Different optical/mid-IR criteria exist in the literature that
classify sources into obscured and unobscured. Yan et al. (2013),
proposed that red sources are identified using r −W2 > 6. How-
ever, this criterion is not sensitive at redshifts below z < 0.5 (Yan
et al. 2013; Hickox et al. 2017). This is also true for other simi-
lar criteria (e.g., Hickox et al. 2007; LaMassa et al. 2016). Thus,
we choose to apply an optical/mid-IR criterion that effectively
separates AGN into type 1 and 2 at all redshifts and most im-
portantly at low redshift (z < 1) where our spectroscopic type
2 sources lie. Thus, we select red AGN among the 240 X-ray
sources (see Section 5.1.1), by applying the criterion presented
in Hickox et al. (2017). Specifically, red sources are identified
using u −W3 [AB] > 1.4(W1 −W2 [VEGA]) + 3.2.

The comparison of Hickox et al. (2017) optical/mid-IR crite-
ria with optical spectra is shown in Fig. 8 and Table 4. The colour
criterion classifies many sources as red (138/240 ≈ 57%). It re-
covers most of spectroscopic type 2 AGN, but also includes a
large number of spectroscopic type 1 AGN. Only 32% (44/138)
of red AGN are spectroscopically classified as type 2. Moreover,
only half of type 1 sources are identified as non red systems
(94/188). Hickox et al. (2017) find that the criterion identifies
> 90% of spectroscopic type 1 and 2 AGN. We note that their
sample consists of SDSS (luminous) quasars. Our sample, al-
though consists of sources observed by SDSS, is X-ray selected
and therefore includes sources with lower and moderate lumi-
nosities in addition to luminous AGN. We select the most lumi-
nous sources in our sample, by applying the following criteria:
W1 −W2 > 0.7 and W2 < 15.05 (e.g., Stern et al. 2012). There
are 11 and 67 spectroscopic type 2 and type 1 sources that satisfy
these criteria. Hickox et al. criterion identifies 28 red and 50 non
red sources. The first noticeable difference is that in this more
luminous AGN subsample, the fraction of red sources is signifi-
cantly lower (28/78 = 36%). This is expected since the fraction
of obscured sources drops as the luminosity increases. 8 sources
are both red and type 2, i.e. ∼ 73% of spectroscopy type 2 are
also red, while 47/67 (∼ 70%) are type 1 and non red. These
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Fig. 13: The solid line splits the colour-colour diagram into red and non red AGN, using the Hickox et al. 2017 criterion. The
horizontal dashed line indicates the W1−W2 > 0.7 limit for the selection of IR AGN. Sources classified as optical red, are shown in
red, while the rest are shown in blue. AGN classified as type 2 from the SED fitting are presented in green. Sources with EB−V > 0.15
are shown with triangles. Sources spectroscopically classified as type 2, are marked by open squares.

numbers are closer to the percentages of correct identifications
quoted in Hickox et al. (2017). This indicates that optical/mid-IR
colours could be less effective in separating X-ray AGN into ob-
scured and unobscured, compared to optically selected quasars
and IR selected AGN. IR and optical selected AGN samples are
dominated by luminous AGN (e.g. log [LX(ergs−1)] > 44) and a
clear separation is observed between unobscured AGN, that are
optically bright, and obscured AGN, for which we only observe
their stellar emission. On the other hand, X-ray detected AGN
include a large fraction of moderate to low luminosity AGN that
blur the separation of optical magnitude distributions of the two
AGN types (Georgakakis et al. 2020).

Figure 13, shows the colour-colour space diagram, that
Hickox et al. used to define their criterion (shown by the solid
line). The plot is made using magnitudes from the data, i.e., not
those estimated by X-CIGALE during the SED fitting. Sources
classified as red are shown in red colour and lie on the right side
of the solid line. AGN classified as type 2 from the SED fitting
are shown in green, while those spectroscopically classified as
type 2 are marked with open squares. Sources with EB−V > 0.15
are presented with triangles. Among the 138 sources classified
as red, by the Hickox et al. criterion, only 39 are type 2, based
on X-CIGALE. However, most red sources are systems with in-
creased amount of polar dust (121/138=88%), because of the
strong reddening of their optical continuum. In the remaining 99
AGN (138-39), only 22 are spectroscopically classified as type 2.

We note that all these 22 sources have EB−V > 0.15, i.e. are AGN
that although are classified as type 1 by X-CIGALE, based on
their inclination angle, they have increased polar dust. This can
be, at least partially, attributed to the fact that different obscura-
tion criteria are sensitive to different levels of obscuration (e.g.,
Mountrichas et al. 2019; Masoura et al. 2020). Finally, among
the 28 sources that are spectroscopically classified as type 1 but
as type 2, based on X-CIGALE (see previous Section), 17 are
red systems based on the colour criterion.

Our analysis is based on SED fitting of individual AGN
which increases the diversity of the examined cases. Inclusion
of different stellar spectra and the ability to model the AGN
absorption (polar dust) are some of the factors that increase
the complexity and introduce degeneracies that could blur the
boundaries of the locus that the two AGN populations occupy
in the optical/mid-IR colour space. The effect of polar dust on
the AGN classification also depends on the adopted extinction
curve and could change significantly if a flatter extinction curve
(e.g., Gaskell et al. 2004) is adopted instead of the SMC that is
used in our analysis. Moreover, SED fitting requires good qual-
ity of photometric data and large wavelength coverage. In cases
that these criteria are not satisfactory met, the errors on the calcu-
lated fluxes can be quite large and the final fits do not necessarily
reproduce well the colours. The effects of these factors will be
investigated in an upcoming paper.
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6. Summary

In this work, we study a sample of spectroscopic, X-ray selected
AGN in the XMM-XXL field, which have type 1 and type 2
classifications based on their optical spectra from Menzel et al.
(2016). Our goal is to examine the host galaxy properties of the
two AGN populations and compare the spectroscopic classifica-
tion of AGN with that from SED fitting.

To estimate the SFR and M∗, we construct SEDs for 1,577 X-
ray AGN, using optical to far-IR photometry. About half of the
sources have been observed by Herschel. The SEDs are fit using
the X-CIGALE code. X-CIGALE allows the inclusion of the X-
ray flux in the fitting process and has the ability to account for
extinction of the UV and optical emission in the poles of AGN,
by modelling polar dust. We restrict our analysis to those X-ray
sources that meet our photometric criteria for available optical
and mid-IR photometry, have secure optical classification and
reliable estimates from the SED fitting.

The redshift and X-ray luminosities of spectroscopic type 1
and type 2 AGN, present very different distributions (Fig. 4).
To compare their host galaxy properties, we match their LX and
redshift distributions, by weighting each source. This effectively
reduces our sample to 284 sources. Our analysis reveals that both
AGN populations live in galaxies with similar SFR and SFRnorm.
The latter is defined as the ratio of the SFR of AGN to the SFR of
star-forming main sequence (MS) galaxies with the same stellar
mass and redshift. However, type 2 AGN tend to reside in more
massive hosts compared to their type 1 counterparts. Specifically
the average stellar mass of type 1 host galaxies is 10.57+0.20

−0.12 M�,
compared to 10.87+0.06

−0.12 M� for type 2. Although, this result is
statistical significant only at ≈ 1σ, most likely due to the small
examined sample, it is in agreement with previous studies (Zou
et al. 2019).

One of the parameters estimated by the SED fitting process is
the inclination angle, i, that each AGN is observed. We compare
the classification from X-CIGALE, based on the inclination an-
gle, with that from optical spectra. X-CIGALE classifies as type
2 all spectroscopic type 2 sources, either by determining an edge
on inclination angle or by measuring increased presence of polar
dust in these systems. The algorithm, also successfully identifies
the vast majority of type 1 sources (160/188 ≈ 85%). There are
28 type 1 sources that X-CIGALE securely classifies as type 2.
Seven of them are also X-ray obscured (NH > 21.5 cm−2). Visual
inspection of their SEDs shows that these AGN experience either
a strong absorption in the optical part of the spectrum and/or
large contribution of polar dust. Similar sources have also been
found in previous studies (e.g., Merloni et al. 2014; Liu et al.
2018; Masoura et al. 2020). This class of AGN could be systems
observed face on, that explains the presence of broad lines in
their optical spectra with an extended dust component along the
polar direction. This dust obscures the central SMBH causing an
excess of mid-IR emission (Lyu & Rieke 2018). Similar results
are found at z > 1, under the condition that sufficient and robust
photometric data are available.

Finally, we compare the classification from SED fitting and
optical spectra with that from optical/mid-IR colours using the
criteria of Hickox et al. (2017). ∼ 30% of red sources are iden-
tified as type 2 based on X-CIGALE/spectra. However, this per-
centage increases to ∼ 75%, if we restrict the X-ray AGN sample
to those sources that are also IR selected AGN (W1−W2 > 0.7).
Therefore, optical/mid-IR colours seem to be more reliable in
identifying obscured sources among IR selected AGN.
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Appendix A: Sources with problematic photometry
and unsecure X-CIGALE classification

From our analysis, we have excluded sources that have χ2
red >

5 (Section 3.2). Visual inspection of their SEDs shows that in
these cases there are some problematic photometric bands that
did now allow a reliable fit. Fig. A.1 presents two examples of
these SEDs.

We also investigate further, the 44 sources that, although
meet our selection requirements, they do not have secure clas-
sification from the SED fitting (Section 5.1.1). Visual inspec-
tion of their SEDs reveals that X-CIGALE failed to provide a
secure classification for at least one of the following reasons:
one or more photometric data appear inconsistent, resulting to
increased χ2

red values, but lower than the threshold we set to
exclude sources. The majority of these sources has a low(er)
AGN fraction compared to the rest of the population (mean
fracAGN = 0.28, compared to fracAGN = 0.43 for those with
secure classification). The UV/optical continuum is dominated
by the stellar component, rendering hard to distinguish between
a type 2 AGN and a type 1 AGN with increased polar dust (see
below for the effect of polar dust on the classification). The latter
is, in particular true, for these systems with low AGN fraction.
Among the 44 AGN, 32 are spectroscopic type 1 and 12 are type
2. Sixteen out of the 32 have ibest = 30◦, i.e., X-CIGALE iden-
tifies them as type 1, in agreement with their spectroscopic clas-
sification, but not securely since ibayes > 40◦. We fit again the
remaining 16 sources, forcing them to be type 1 AGN (i = 30◦).
All 16 sources have 2.0 < ∆BIC < 4.0. This suggests that
there is no statistical difference in the SED fits, regardless of
whether these sources are fitted as type 1 or type 2. The twelve
sources that are type 2, but do not have secure classification from
their SED fitting, present similar results. Specifically, 5/12 have
ibest = 70◦. For the remaining seven, we run X-CIGALE again
and force them to be type 2 (i = 70◦) and compare the fits from
the two runs. ∆BIC analysis shows that there is no strong pref-
erence in favour of either of the two fits. We conclude that the
X-CIGALE classification for these 44 AGN is ambiguous.

Appendix B: Classification of AGN based on
X-CIGALE at z>1

In the previous Sections, we restricted our analysis to those
sources that lie at z < 1. This was due to the fact that there are
no AGN classified as type 2 based on optical spectra, at higher
redshift (Section 4). In this Section, we present the X-CIGALE
classification of sources at z > 1 and compare it with spectro-
scopically classified type 1 AGN for which there is available in-
formation from the Menzel et al. (2016) catalogue.

There are 978 X-ray AGN that satisfy our photometric crite-
ria, have a secure optical classification (Section 2) and χ2

red < 5
from their SED fitting. 785 of them (∼ 80%) have secure classifi-
cation. This is similar to the fraction of sources that have secure
classification at z < 1 (∼ 85%, Section 5.1.1). 566 AGN are
classified by X-CIGALE as type 1 and 219 as type 2. Thus, X-
CIGALE classification agrees with that from optical spectra for
72% (566/785) of the sources. This number, is somewhat lower
compared to the percentage of sources that are classified as type
1, by X-CIGALE, and are also spectroscopic type 1, at z < 1
(160/188 ≈ 85%, Section 5.1.1).

We note that, at high redshifts, a larger fraction of sources is
missing photometric data. Among the 240 AGN at z < 1 (Sec-
tion 5.1.1), 80% have near-IR observations. However, at z > 1,
37% of the sources lack near-IR data (48% among the 219 that
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Fig. A.1: Examples of SEDs that have been excluded by our
analysis, due to their problematic photometry that results in un-
reliable SED fits (χ2

red > 5).

are classified as type 2, at z > 1, by X-CIGALE). Similarly, 75%
of the 240 AGN have been observed by Herschel. This fraction
drops to 55% at z > 1 and decreases further among the 219 AGN
classified as type 2 (27%). It is also worth pointing out that the
219 AGN that are spectroscopic type 1, but classified as type 2
by X-CIGALE, lie at a mean redshift of z = 2.0, i.e. higher than
that of the 566 sources that are classified as type 1, both from
optical spectroscopy and SED fitting (z = 1.6).

We run X-CIGALE forcing these 219 sources to be classi-
fied as type 1, in accordance with their spectroscopic classifica-
tion. We then compare the fits from this run with that when the
classification is free. For that, we estimate the ∆BIC parameter.
With the exception of three sources that have ∆BIC > 6.0, ∆BIC
varies from two to six, which indicates that the two fits do not
differ statistically. Thus, the 219 AGN could also be classified as
type 1, in agreement with their spectroscopic classification.

From the 219 sources, we select 20 of them that satisfy
the photometric criteria presented in Section 2 and addition-
ally have near-IR and Herschel observations. Similarly to the
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results we found at z < 1, for the 28 spectroscopic type 1, X-
ray AGN classified as type 2 by X-CIGALE, the majority of
the sources (12/20) present increased polar dust (E(B−V),bayes >
0.15). The mean E(B−V),bayes increases, from E(B−V),bayes = 0.12
to E(B−V),bayes = 0.19, when we force these AGN to be fitted as
type 1 . Two sources have NH > 21.5 cm−2.

We conclude that, X-CIGALE can classify type 1 AGN at
z > 1 with the same efficiency as at lower redshifts, under the
condition that there is sufficient photometric coverage at high
redshifts.
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