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ABSTRACT

Heavily obscured, Compton thick (CT, NH > 1024 cm�2) active galactic nuclei (AGN) may represent an important phase in
AGN/galaxy co-evolution and are expected to provide a signi�cant contribution to the cosmic X-ray background at its peak. However,
unambiguously identifying CT AGN beyond the local Universe is a challenging task even in the deepest X-ray surveys, and given
the expected low spatial density of these sources in the 2�10 keV band, large area surveys are needed to collect sizable sam-
ples. Through direct X-ray spectra analysis, we selected 39 heavily obscured AGN (NH > 3 × 1023 cm�2) at bright X-ray �uxes
(F2�10 >� 10�14 erg s�1 cm�2) in the 2 deg2 XMM-COSMOS survey. After selecting CT AGN based on the �t of a simple absorbed
two power law model to the shallow XMM-Newton data, the presence of bona �de CT AGN was con�rmed in 80% of the sources
using deeper Chandra data and more complex models. The �nal sample comprises ten CT AGN (six of them also have a detected
Fe K� line with EW � 1 keV), spanning a wide range of redshifts (z � 0.1�2.5) and luminosity (L2�10 � 1043.5�1045 erg s�1) and is
complemented by 29 heavily obscured AGN spanning the same redshift and luminosity range. We collected the rich multi-wavelength
information available for all these sources, in order to study the distribution of super massive black hole and host properties, such as
black hole mass (MBH), Eddington ratio (�Edd), stellar mass (M�), speci�c star formation rate (sSFR) in comparison with a sample
of unobscured AGN. We �nd that highly obscured sources tend to have signi�cantly smaller MBH and higher �Edd with respect to
unobscured sources, while a weaker evolution in M� is observed. The sSFR of highly obscured sources is consistent with the one
observed in the main sequence of star forming galaxies, at all redshifts. We also present and brie�y discuss optical spectra, broadband
spectral energy distribution (SED) and morphology for the sample of ten CT AGN. Both the optical spectra and SED agree with
the classi�cation as highly obscured sources: all the available optical spectra are dominated by the stellar component of the host
galaxy, and to reproduce the broadband SED, a highly obscured torus component is needed for all the CT sources. Exploiting the high
resolution Hubble-ACS images available, we are able to show that these highly obscured sources have a signi�cantly larger merger
fraction with respect to other X-ray selected samples of AGN. Finally we discuss the implications of our �ndings in the context of
AGN/galaxy co-evolutionary models, and compare our results with the predictions of X-ray background synthesis models.

Key words. galaxies: nuclei � galaxies: Seyfert � quasars: general � X-rays: galaxies

1. Introduction

Observational and theoretical arguments suggest that the ob-
scured phase of super massive black hole (SMBH) growth
holds important information on both the accretion history of the

� Appendices are available in electronic form at
http://www.aanda.org
�� Zwicky postdoctoral fellow.

Universe and the interplay between active galactic nuclei (AGN)
and their host galaxies. Obscured AGN for example, are essen-
tial for reconciling the mass function of black holes in the local
Universe with that expected from AGN relics, i.e. inferred by
integrating the luminosity function of AGN via the continuity
equation (e.g. Soltan 1982; Marconi et al. 2004). The spectral
shape of the di�use X-ray background also requires a large num-
ber of mildly obscured AGN (Gilli et al. 2007) and even possi-
bly deeply buried ones with column densities in excess of the
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Compton thick limit (CT AGN, NH >� 1024 cm�2; Treister et al.
2009; Akylas et al. 2012).

X-ray surveys provide a relatively unbiased census of the
accretion history in the Universe, as they can penetrate large
amounts of dust and gas, especially in the hard, 2�10 keV
band. X-ray surveys indeed �nd that the accretion density of the
Universe is dominated by black holes that grow their mass be-
hind large columns of dust and gas clouds (e.g. Mainieri et al.
2002; Ueda et al. 2003; Tozzi et al. 2006; Akylas et al. 2006;
Buchner et al. 2014; Ueda et al. 2014).

However, the exact intrinsic fraction of CT AGN remains
highly uncertain, ranging from about 10% of the total AGN pop-
ulation up to 35%. Owing to ultra-hard X-ray surveys above
10 keV performed with Swift and INTEGRAL, CT AGN are
commonly observed in the local Universe, representing up
to 20% of local active galaxies at energies 15�200 keV down
to a �ux limit of 10�11 erg cm�2 s�1 (see Burlon et al. 2011, and
references therein). Still, the identi�cation of CT AGN beyond
the local universe is challenging. Recent results on preliminary
NuSTAR (Harrison et al. 2013) data were only able to put an up-
per limit (<33%) to the fraction of CT AGN between z = 0.5�1
(Alexander et al. 2013).

Within the AGN/galaxy co-evolution perspective, dust and
gas enshrouded AGN represent an evolutionary point that is crit-
ical for understanding how the growth of black holes relates
to the build-up of the stellar populations of their hosts. The
generic picture proposed involves gas in�ows triggered by inter-
nal (Hopkins & Hernquist 2006; Ciotti & Ostriker 1997, 2007;
Bournaud et al. 2011; Gabor & Bournaud 2013) or external
(Sanders et al. 1988; Di Matteo et al. 2005; Hopkins et al.
2006) processes. These result in a period of rapid black hole
growth that takes place within dense dust and gas cocoons. It
is then followed by a blow-out stage during which some form
of AGN feedback depletes the gas reservoirs thereby regulat-
ing both the star-formation and black hole growth. The study of
obscured AGN has the potential to provide important pieces of
the puzzle, such as the nature of the triggering mechanism, the
physics of AGN out�ows and their impact on the host galaxy.

The evidence above motivated numerous studies to identify
the most heavily obscured AGN, determine their space density
relative to unobscured sources and study their host galaxy prop-
erties (e.g. Hickox et al. 2009; Brusa et al. 2009; Mainieri et al.
2011; Donley et al. 2012; Rovilos et al. 2014; Delvecchio et al.
2014). At X-rays in particular, there has been an explosion re-
cently in the quality and quantity of data available, a develop-
ment that led to direct constraints on the fraction of even the
most deeply shrouded CT sources over a wide range of redshifts
(e.g. Tozzi et al. 2006; Burlon et al. 2011; Comastri et al. 2011;
Brightman & Ueda 2012; Georgantopoulos et al. 2013; Buchner
et al. 2014; Brightman et al. 2014). Despite signi�cant progress,
there are still di�erences in the heavily obscured AGN samples
compiled by di�erent groups using the same data. This is pri-
marily related to variations in the spectral analysis methods, e.g.
the complexity of the X-ray spectral models adopted or how un-
certainties due to photometric redshifts or the Poisson nature of
X-ray spectra are propagated in the analysis. It has been shown
for example, that a common feature of obscured AGN spectra
is emission at soft energies in excess to the primary contin-
uum, possibly due to scattered radiation into the line of sight
(Brightman & Nandra 2012; Buchner et al. 2014). Taking this
component into account is clearly important for identifying the
most obscured AGN in X-ray surveys. Recently, Buchner et al.
(2014) also demonstrated the importance of advanced statistical
methods that properly account for various sources of uncertainty,

allow robust X-ray spectral parameter estimation and hence, the
identi�cation of secure heavily obscured AGN samples.

In this paper we search for the most heavily obscured AGN
in the COSMOS �eld (Scoville et al. 2007) starting from the
XMM-COSMOS catalog (Hasinger et al. 2007; Cappelluti et al.
2009) and using deeper Chandra data (Elvis et al. 2009) to test
the e�ciency of our selection method for CT AGN. Moreover,
using the wealth of multi-wavelength data available in the
COSMOS �eld, we explore the accretion and host galaxy prop-
erties of the obscured AGN sample, in order to place them in
the context of AGN-Galaxy co-evolution scenarios. This stage
should be characterized by small BH masses, high accretion and
star formation (SF) rates (e.g. Fabian 1999; Page et al. 2004;
Draper & Ballantyne 2010), and could be possibly merger-driven
(Hopkins et al. 2008). Our multi-wavelength analysis attempts
to provide constraints on such models. Finally we present an
atlas of the multi-wavelength properties (i.e. broadband SED,
optical spectra, morphology) of the sample of 10 bona �de
CT AGN. Throughout the paper, a standard ��CDM cosmol-
ogy with H0 = 70 km s�1 Mpc�1, �� = 0.7 and �M = 0.3 is
used. Errors are given at 90% con�dence level.

2. The dataset

2.1. Multi-wavelength coverage in the COSMOS field

One of the main goals of the Cosmic Evolution Survey
(COSMOS; Scoville et al. 2007) is to trace star formation
and nuclear activity along with the mass assembly history of
galaxies as a function of redshift. The 2 deg2 area of the
HST COSMOS Treasury program is bounded by 9h57.5m <
RA < 10h03.5m; 1�27.50 < Dec < 2�57.50. The �eld
has a unique deep and wide multi-wavelength coverage, from
the optical band (Hubble, Subaru, VLT, and other ground-
based telescopes), to the infrared (Spitzer, Herschel), X-ray
(XMM-Newton and Chandra) and radio (Very Large Array
(VLA) and future Jansky-VLA, P.I. V. Smolcic) bands. Large
dedicated ground-based spectroscopy programs in the optical
with Magellan/IMACS (Trump et al. 2009), VLT/VIMOS (Lilly
et al. 2009), Subaru-FMOS (P.I. J. Silverman), and DEIMOS-
Keck (P.I. N. Scoville) have been completed or are well under
way. Very accurate photometric redshifts are available for both
the galaxy population (�z/(1+z) < 1%; Ilbert et al. 2009) and the
AGN population (�z/(1 + z) � 1.5% Salvato et al. 2009, 2011).

The COSMOS �eld has been observed with XMM-Newton
for a total of �1.5 Ms at a rather homogeneous depth of �60 ks
(Hasinger et al. 2007; Cappelluti et al. 2009). The XMM-Newton
catalog used in this work includes �1800 point-like sources, de-
tected in one or more of the 3 adopted bands (0.5�2, 2�10 and
5�10 keV), and having a hard (2�10 keV) band limiting �ux of
2.5 × 10�15 erg cm�2 s�1 (and 5.6(9.3) × 10�15 erg cm�2 s�1 on
50% (90%) of the area). The adopted likelihood threshold cor-
responds to a probability of �4.5 × 10�5 that a catalog source
is a spurious background �uctuation. 197 sources are classi�ed
as stars or unclassi�ed (Brusa et al. 2010), so they are excluded
from the following X-ray spectral analysis.

At the hard band �ux limit of the XMM-COSMOS survey,
current CXB models predict a fraction of CT-AGN between 1
and 3% (Gilli et al. 2007; Treister et al. 2009; Ueda et al. 2014),
while at a �ux limit of F2�10 � 10�14 erg cm�2 s�1, above which
a basic spectral analysis is viable, this fraction is even smaller
(<�1%, see Sect. 8). Therefore, the XMM-COSMOS catalog may
seem not the best place where to look for, in order to select a
large sample of CT AGN, even taking into account the large area
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covered. However, the great advantage of the XMM-COSMOS
dataset is that there are deeper X-ray observations available in
the same area: the Chandra-COSMOS and its new extension,
COSMOS legacy (Elvis et al. 2009; Civano et al. 2014), that
together cover the same 2 deg2 area of the XMM-Newton ob-
servation, with a homogeneous exposure time of �160 ks (�ux
limit F2�10 � 7 × 10�16 erg cm�2 s�1). This will allow us to use
the deeper X-ray data to evaluate, a posteriori, the e�ciency of
our XMM-based CT AGN selection method (see Sect. 4.1), with
the �nal goal to extend, in the future, these studies to the deeper
full Chandra catalog in COSMOS. Given the di�culty of unam-
biguously identifying CT AGN beyond the local Universe, this
is a valid alternative approach to simulations, to evaluate the ef-
�ciency of the selection method.

Furthermore, a great wealth of information has been made
available in the latest years, regarding multi-wavelength, host
and SMBH properties of the sources in the XMM-COSMOS cat-
alog: Trump et al. (2009), Merloni et al. (2010) and Rosario et al.
(2013) present SMBH masses for large samples of type-1 AGN
(182, 89 and 289, respectively, the latter computed from a com-
pilation of all the spectra available); Mainieri et al. (2011)
present multi-wavelength properties of 142 obscured QSOs;
Bongiorno et al. (2012, B12 hereafter) present host properties
(star formation rate, stellar mass etc.) of a sample of 1700 AGN;
Lusso et al. (2012, L12 hereafter) present bolometric lumi-
nosities and Eddington ratios of a sample of 929 AGN, both
type-1 and type-2, and SMBH masses estimated trough scal-
ing relations for 488 type-2 AGN. Delvecchio et al. (2014, D14
hereafter) performed broadband SED decomposition for all the
160 µm Herschel detected COSMOS sources. The availability
of all this information is crucial in order to study the role of
CT AGN in the context of AGN/galaxy co-evolution.

2.2. Sample selection

The XMM-Newton spectra have been extracted as described in
Mainieri et al. (2007). The original spectral extraction was per-
formed only for the EPIC pn-CCD (pn) camera (Struder et al.
2001). All the spectral �ts are performed with Xspec v. 12.7.1
(Arnaud et al. 1996). We analyzed the 1625 X-ray pn spectra
of the identi�ed extragalactic sources, using the same automated
�t procedure presented in Lanzuisi et al. (2013a). This procedure
makes use of the C-statistic (Cash 1979), especially developed to
model spectra with a small number of counts. It requires the si-
multaneous �t of the background (BKG) and very limited counts
binning (minimum of 1 counts per bin, in order to avoid empty
channels).

The global XMM-Newton pn background between 0.3 and
10 keV is complex, and comprises an external, cosmic BKG,
passing through the telescope mirrors, and therefore convolved
with the instrumental Auxiliary Response File (ARF), and the
internal, particle induced BKG, which is not convolved by the
ARF. The external BKG, which dominates at soft energies (be-
low �1 keV) is modeled with two thermal components (Xspec
model APEC), with solar abundances, one for the local hot bub-
ble (kT � 0.04 keV) and the second for the Galactic component
(kT � 0.12 keV), produced by the ISM of the Galactic disk
(Kuntz & Snowden 2000), plus a power-law reproducing the
Cosmic X-ray Background (� � 1.4), mostly due to unresolved
discrete sources (Comastri et al. 1995; Brandt et al. 2002). The
particle induced BKG is well reproduced by a �at power-law
(� � 0.5), plus several strong emission lines at energies of 1.5,
7.4, 8.0 and 8.9 keV, due to Al, Ni, Cu and Zi+Cu K� lines,
respectively (Freyberg et al. 2004).

We adopted as source model a simple double power-law:
the primary power-law, modi�ed by intrinsic absorption at the
source redshift, representing the transmitted component, plus a
second power-law to account for the soft emission commonly
observed in local highly obscured sources (e.g. Done et al.
2003). This emission can be due to unobscured �ux leaking
out in the soft band (through scatter or partial covering), ther-
mal emission related to star-formation, or the blend of emis-
sion lines from photo-ionized circumnuclear gas (Guainazzi &
Bianchi 2007) or a combination of these components. Given the
relatively poor photon statistics and the lack of high spectral res-
olution, distinguishing between these di�erent origins is not pos-
sible here, and the second power-law is only used as a simple
description of the observed spectra in the soft band. However,
the presence of a second, soft component is essential in order
to recover a correct estimate of the intrinsic absorption a�ecting
the primary power-law, especially for highly obscured sources
(Brightman et al. 2014; Buchner et al. 2014).

The normalization of the soft component is constrained to
be less than 10% with respect to the hard component. In well-
studied nearby AGN, a small percentage is the typical �ux
contribution of the soft component with respect to the unob-
scured primary one (e.g. Turner et al. 1997). The photon in-
dex of the soft component is linked to that of the primary
power-law, in order to minimize the number of free parameters.
Both power-laws are absorbed by a Galactic column density of
1.7 × 1020 cm�2 (Kalberla et al. 2005), observed in the direc-
tion of the COSMOS �eld1. The energy range in which the �t is
performed is 0.3�10 keV.

We note that the minimum number of counts for which this
kind of analysis can be applied is constrained only by the maxi-
mum relative error that one wants to allow for the free param-
eters in the �t. Because here we are mainly interested in re-
covering the intrinsic absorption and luminosity of our sources,
we �xed the photon index � to 1.9 for sources with fewer than
100 net counts (70% of the sources have fewer than 100 counts).
This value is the one typically found in AGN at any luminosity
level (Nandra & Pounds 1994; Piconcelli et al. 2005; Tozzi et al.
2006). In this way the number of free parameters is three (NH
and the two power-law normalizations) and we are able to con-
strain, with a typical relative error smaller than 60%, the NH for
sources with more than 30 net counts in the full 0.3�10 keV
band. We discuss in Appendix A the detection limits of the
XMM-COSMOS survey in the z� L2�10 plane, for highly ob-
scured sources with at least 30 net counts in full band, compared
with the one for the full XMM-COSMOS catalog.

Figure 1 shows the distribution of the intrinsic column den-
sity NH for the 1184 extragalactic sources with >30 counts.
The �rst bin at NH = 1020 cm�2 includes the 390 sources for
which the NH is an upper limit (for clarity the y-axis of the
plot is rescaled in the range 0�100). With this simple spectral
�t, we are able to select ten CT AGN candidates (best �t NH �
1 × 1024 cm�2, initial Compton thick sample, CTKi hereafter),
plus a larger sample of 29 highly obscured (NH > 3×1023 cm�2),
but nominally not CT (NH < 1×1024 cm�2, initial Compton thin
sample, CTNi hereafter) AGN. The global properties of all the
39 sources comprised in both sample are described in the next
section, before performing more detailed spectral analysis.

1 In XSPEC notation the above model is expressed as
��*(��+���*��).
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Fig. 1. Distribution of NH (in units of 1022 cm�2) in the XMM-
COSMOS survey. Only extragalactic sources with >30 pn net counts
are shown. The green (red) shaded histogram show the sample of CTNi
(CTKi) sources. The �rst bin includes the 390 sources for which the NH
is an upper limit (for clarity the y-axis is rescaled in the range 0�100).

2.3. The obscured sample

Figure 2 (left) shows the distribution of 0.3�10 keV net counts
for the CTKi (red) and CTNi (green) sources. As expected, all
these highly obscured sources are faint, and 40�50% of them
have between 30 and 50 counts, just above the threshold chosen
for the X-ray spectral analysis, with the CTKi sources having
typically fewer counts. As shown by this plot, the ability to push
the analysis to very low counts is crucial, in order to recover a
sizable sample of such highly obscured sources in rather shallow
X-ray catalogs.

The total number of available spectroscopic redshifts in the
obscured sample is 19. The majority of them have optical spec-
tra from the zCOSMOS survey (11 out of 19). Seven sources
have been observed with the IMACS spectrograph on Magellan,
and one has a SDSS spectrum. They are all classi�ed as narrow
line AGN (see Sect. 6.1 for the optical classi�cation of the �nal
CTKi sample). Sources without spectroscopic classi�cation are
classi�ed on the basis of their spectral energy distribution (SED)
best �t template from Salvato et al. (2009, 2011): 15 are classi-
�ed as type-2 and �ve as type-1 (the photometric classi�cation
is however a�ected by large uncertainties). The redshift distri-
bution for CTKi (in red) and CTNi (in green) sources is shown
in Fig. 2 (right) The gray shaded histogram shows the distribu-
tion of photometric redshifts, where we note that the fraction of
sources with photometric redshift increases at higher redshifts,
being �30% for z < 1 and �60% for z > 1. We also underline
that CTNi sources tend to have higher redshift with respect to
CTKi ones.

The XMM-Newton pn spectra analyzed here are obtained
as the sum of X-ray counts collected in di�erent observations,
performed during a period of �3.5 years. X-ray spectral vari-
ability, due to occultation by broad line clouds, and producing
large variation in observed column densities, has been found
to be common in local AGN (e.g. Risaliti et al. 2009; see
Torricelli-Ciamponi et al. 2014; and Markowitz et al. 2014, for
systematic studies). We checked that all the sources in the CTKi

and CTNi samples can be considered not variable in the 0.5�2
and 2�10 keV bands at 95% con�dence level (variability es-
timators for the full XMM-COSMOS catalog are available in
Lanzuisi et al. 2013b) through the 3.5 years of observation of
the XMM-COSMOS survey. Therefore the merged X-ray spec-
tra used in the analysis should be considered as representative of
the typical spectrum for each source.

3. CT spectral modeling

Studies of the X-ray spectra of local Seyferts have identi�ed
di�erent components associated with di�erent physical process,
such as re�ection, scattering and absorption of the direct X-ray
emission. Properly modeling these components is important for
meaningful parameter derivation, especially in the case of heav-
ily obscured and CT sources. Indeed, building a general model
for the X-ray spectrum of CT AGN is di�cult, because of the
complex interplay between photoelectric absorption, Compton
scattering, re�ection and �uorescence emission lines along dif-
ferent lines of sight (see e.g. Murphy & Yaqoob 2009, for a de-
tailed discussion).

In addition to the primary power-law, obscured up to very
high energies (typically up to 7�10 keV rest frame), a rather �at
re�ection component is usually present, together with a strong
(EW >� 1 keV) Fe K� line, which is considered to be the un-
ambiguous sign of the presence of a CT absorber (Matt et al.
2000), and even used as one of the most reliable CT selection
techniques for sources with medium-good quality X-ray spectra
(Corral et al. 2014). Several recent studies showed that a sec-
ond component in the soft band, and a re�ection component
in the hard, are generally both needed by the data, even in the
case of low quality X-ray spectra (Brightman & Nandra 2012;
Brightman & Ueda 2012; Buchner et al. 2014).

Because of the complex spectral shape and typical low
�ux levels, the de�nition of a source as CT, beyond the lo-
cal Universe, is in general model dependent and therefore not
univocal: see for example the di�erences in CT samples in
Chandra Deep Field South (CDFS) data from Tozzi et al. (2006),
Georgantopoulos et al. (2008), Brightman & Ueda (2012),
Georgantopoulos et al. (2013), summarized in Castelló-Mor
et al. (2013, the disagreement is typically �50%), or the case of
IRAS 09104+4109, a rather bright and low redshift (z = 0.442)
hyper-luminous IR galaxy for which the classi�cation as CT has
been debated for a decade (Franceschini et al. 2000; Piconcelli
et al. 2007; Vignali et al. 2011; Chiang et al. 2013).

Given the low statistics available for the X-ray spectra in our
sample, and the need to minimize the number of free parameters,
we will use two rather simple models, in which the geometry is
�xed, based on what we know from local CT sources. This will
allow us to constrain the amount of obscuration, the intrinsic
luminosity, the strength of the scattered emission, and the EW of
the Fe K� line.

The �rst model (Tor hereafter) uses the TORUS tem-
plate presented in Brightman & Nandra (2012), which self-
consistently reproduces photoelectric absorption, Compton
scattering and line �uorescence, as a function of NH and system
geometry (Fig. 3 left). The second (Pl hereafter) is built up with
an obscured power-law (PLCABS, Yaqoob et al. 1997, that prop-
erly takes into account Compton scattering up to 15�20 keV),
a PEXRAV component (Magdziarz & Zdziarski 1995) con-
tributing with only the re�ected component, and a redshifted
Gaussian line, with line energy �xed at 6.4 keV, to reproduce the
Fe K� line (Fig. 3 right). In both models, a second unobscured
power-law is included.
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Highly obscured AGN show a distribution of MBH signi�-
cantly shifted toward smaller masses (at >2.6� signi�cance),
and consequently a distribution of �Edd signi�cantly shifted
toward higher accretion rates (at the same signi�cance), with
respect to type-1 AGN. A somewhat less signi�cant shift to-
ward smaller M� for obscured AGN is observed (�2�).

– We have shown that the sSFR of the selected sources is typi-
cal of MS star forming galaxies al all redshifts, and no source
is observed with sSFR/sSFRMS > 4, typical of major merger
driven starbursts.

– The available optical spectra of CT sources are typical of
highly obscured sources, being dominated by the host stel-
lar component. Four of them show indication of strong dust
reddening occurring on host galaxy scales.

– The broadband SED of all the CT sources show that an
obscured torus component is needed for all the sources
analyzes.

– High resolution, HST-ACS images show that 35�45%
of our CT sources show some indication of being in
merger/disturbed system, a fraction signi�cantly higher than
the one observed in several X-ray selected AGN samples
(around 15%), and than the observed merger fraction of high
luminosity X-ray selected type-2 AGN (20%).

Our results point toward the possibility that X-ray selected,
highly obscured sources preferentially have a small SMBH, ac-
creting close or above Eddington, harbored by a small, strongly
star-forming host galaxy. Finally, we veri�ed that the number
of CT AGN identi�ed in the XMM-COSMOS catalog is con-
sistent with predictions from several CXB synthesis models, i.e.
around 1% for a �ux limit of F2�10 � 1 × 10�14 erg cm�2 s�1.
The depth of the XMM-COSMOS catalog does not allow us to
investigate this fraction at �uxes where the various models start
to strongly diverge. More stringent results, in both cases, will be
obtained applying the same methodology to the deeper Chandra
coverage of the COSMOS 2 deg2.

Acknowledgements. We thank the anonymous referee for constructive com-
ments that have helped us to improve the quality of this paper. The authors
thank M. Brightman for useful discussions on the X-ray selection of CT AGN.
G.L. and M.B. acknowledge support from the FP7 Career Integration Grant
eEASy (CIG 321913). G.L. acknowledges support from the PRIN 2011/2012.
K.I. acknowledges support by DGI of the Spanish Ministerio de Economía
y Competitividad (MINECO) under grant AYA2013-47447-C3-2-P. This work
bene�ted from the ���	
� project 383549 that is jointly funded by the
European Union and the Greek Government in the framework of the programme
�Education and lifelong learning�. This work is based on observations obtained
with XMM-Newton, an ESA science mission with instruments and contributions
directly funded by ESA Member States and NASA. Also based on observations
made with Chandra X-ray satellite, founded by NASA. This research has made
use of data and/or software provided by the High Energy Astrophysics Science
Archive Research Center (HEASARC), which is a service of the Astrophysics
Science Division at NASA/GSFC and the High Energy Astrophysics Division of
the Smithsonian Astrophysical Observatory.

References
Akylas, A., Georgantopoulos, I., Georgakakis, A., Kitsionas, S., &

Hatziminaoglou, E. 2006, A&A, 459, 693
Akylas, A., Georgakakis, A., Georgantopoulos, I., Brightman, M., & Nandra, K.

2012, A&A, 546, A98
Alexander, D. M., Chary, R.-R., Pope, A., et al. 2008, ApJ, 687, 835
Alexander, D. M., Stern, D., Del Moro, A., et al. 2013, ApJ, 773, 125
Alonso-Herrero, A., SÆnchez-Portal, M., Ramos Almeida, C., et al. 2012,

MNRAS, 425, 311
Arnaud, K. A. 1996, Astronomical Data Analysis Software and Systems V, 101,

17
Avni, Y., Soltan, A., Tananbaum, H., & Zamorani, G. 1980, ApJ, 238, 800
Ballantyne, D. R., Draper, A. R., Madsen, K. K., Rigby, J. R., & Treister, E.

2011, ApJ, 736, 56

Barmby, P., Alonso-Herrero, A., Donley, J. L., et al. 2006, ApJ, 642, 126
Berta, S., Lutz, D., Santini, P., et al. 2013, A&A, 551, A100
Bianchi, S., Guainazzi, M., Matt, G., & Fonseca Bonilla, N. 2007, A&A, 467,

L19
Bongiorno, A., Merloni, A., Brusa, M., et al. 2012, MNRAS, 427, 3103
Bongiorno, A., Maiolino, R., Brusa, M., et al. 2014, MNRAS, 443, 2077
Bournaud, F., Dekel, A., Teyssier, R., et al. 2011, ApJ, 741, L33
Brandt, W. N., Alexander, D. M., Bauer, F. E., & Hornschemeier, A. E. 2002,

Roy. Soc. London Philos. Trans. Ser. A, 360, 2057
Brightman, M., & Nandra, K. 2012, MNRAS, 422, 1166
Brightman, M., & Ueda, Y. 2012, MNRAS, 423, 702
Brightman, M., Nandra, K., Salvato, M., Hsu, L.-T., & Rangel, C. 2014,

MNRAS, 443, 1999
Brown, M. J. I., Brand, K., Dey, A., et al. 2006, ApJ, 638, 88
Brusa, M., Fiore, F., Santini, P., et al. 2009, A&A, 507, 1277
Brusa, M., Civano, F., Comastri, A., et al. 2010, ApJ, 716, 348
Bruzual, G., & Charlot, S. 2003, MNRAS, 344, 1000
Buchner, J., Georgakakis, A., Nandra, K., et al. 2014, A&A, 564, A125
Bundy, K., Fukugita, M., Ellis, R. S., et al. 2009, ApJ, 697, 1369
Burlon, D., Ajello, M., Greiner, J., et al. 2011, ApJ, 728, 58
Cameron, E., Carollo, C. M., Oesch, P. A., et al. 2011, ApJ, 743, 146
Cappelluti, N., Brusa, M., Hasinger, G., et al. 2009, A&A, 497, 635
Cappi, M. 2006, Astron. Nachr., 327, 1012
Cash, W. 1979, ApJ, 228, 939
Castelló-Mor, N., Carrera, F. J., Alonso-Herrero, A., et al. 2013, A&A, 556,

A114
Chabrier, G. 2003, ApJ, 586, L133
Chiang, C.-Y., Cackett, E. M., Gandhi, P., & Fabian, A. C. 2013, MNRAS, 430,

2943
Ciotti, L., & Ostriker, J. P. 1997, ApJ, 487, L105
Ciotti, L., & Ostriker, J. P. 2007, ApJ, 665, 1038
Cisternas, M., Jahnke, K., Inskip, K. J., et al. 2011, ApJ, 726, 57
Civano, F., Elvis, M., Brusa, M., et al. 2012, ApJS, 201, 30
Civano, F. M., & the Chandra COSMOS Legacy Team 2014, AAS Meet.

Abstracts, 223, 254.46
Comastri, A., Setti, G., Zamorani, G., & Hasinger, G. 1995, A&A, 296, 1
Comastri, A., Ranalli, P., Iwasawa, K., et al. 2011, A&A, 526, L9
Conselice, C. J., Yang, C., & Bluck, A. F. L. 2009, MNRAS, 394, 1956
Corral, A., Georgantopoulos, I., Watson, M. G., et al. 2014, A&A, 569, A71
da Cunha, E., Charlot, S., & Elbaz, D. 2008, MNRAS, 388, 1595
Delvecchio, I., Gruppioni, C., Pozzi, F., et al. 2014, MNRAS, 439, 2736
Di Matteo, T., Springel, V., & Hernquist, L. 2005, Nature, 433, 604
Done, C., Madejski, G. M., �Zycki, P. T., & Greenhill, L. J. 2003, ApJ, 588, 763
Donley, J. L., Koekemoer, A. M., Brusa, M., et al. 2012, ApJ, 748, 142
Draper, A. R., & Ballantyne, D. R. 2010, ApJ, 715, L99
Elvis, M., Civano, F., Vignali, C., et al. 2009, ApJS, 184, 158
Fabian, A. C. 1999, MNRAS, 308, L39
Fabian, A. C., Vasudevan, R. V., Mushotzky, R. F., Winter, L. M., & Reynolds,

C. S. 2009, MNRAS, 394, L89
Feltre, A., Hatziminaoglou, E., Fritz, J., & Franceschini, A. 2012, MNRAS, 426,

120
Feruglio, C., Daddi, E., Fiore, F., et al. 2011, ApJ, 729, L4
Fiore, F., Puccetti, S., Grazian, A., et al. 2012, A&A, 537, A16
Franceschini, A., Bassani, L., Cappi, M., et al. 2000, A&A, 353, 910
Freeman, P., Doe, S., & Siemiginowska, A. 2001, Proc. SPIE, 4477, 76
Freyberg, M. J., Briel, U. G., Dennerl, K., et al. 2004, Proc. SPIE, 5165, 112
Fritz, J., Franceschini, A., & Hatziminaoglou, E. 2006, MNRAS, 366, 767
Frontera, F., Orlandini, M., Landi, R., et al. 2007, ApJ, 666, 86
Fukazawa, Y., Hiragi, K., Mizuno, M., et al. 2011, ApJ, 727, 19
Gabor, J. M., & Bournaud, F. 2013, MNRAS, 434, 606
Gandhi, P., Horst, H., Smette, A., et al. 2009, A&A, 502, 457
Georgakakis, A., Coil, A. L., Laird, E. S., et al. 2009, MNRAS, 397, 623
Georgantopoulos, I., & Akylas, A. 2010, A&A, 509, A38
Georgantopoulos, I., Georgakakis, A., Rowan-Robinson, M., & Rovilos, E.

2008, A&A, 484, 671
Georgantopoulos, I., Akylas, A., Georgakakis, A., & Rowan-Robinson, M. 2009,

A&A, 507, 747
Georgantopoulos, I., Comastri, A., Vignali, C., et al. 2013, A&A, 555, A43
Ghisellini, G., Haardt, F., & Matt, G. 1994, MNRAS, 267, 743
Gilli, R., Comastri, A., & Hasinger, G. 2007, A&A, 463, 79
Giustini, M., Cappi, M., & Vignali, C. 2008, A&A, 491, 425
Goulding, A. D., Alexander, D. M., Mullaney, J. R., et al. 2011, MNRAS, 411,

1231
Guainazzi, M., & Bianchi, S. 2007, MNRAS, 374, 1290
Guainazzi, M., Matt, G., Brandt, W. N., et al. 2000, A&A, 356, 463
Häring, N., & Rix, H.-W. 2004, ApJ, 604, L89
Harrison, F. A., Craig, W. W., Christensen, F. E., et al. 2013, ApJ, 770, 103
Hasinger, G., Cappelluti, N., Brunner, H., et al. 2007, ApJS, 172, 29

A137, page 19 of 23



A&A 573, A137 (2015)

Heckman, E. M., Hagen, J. A., Yaney, P. P., Grote, J. G., & Hopkins, F. K. 2005,
Appl. Phys. Lett., 87, 211115

Hernquist, L. 1989, Nature, 340, 687
Hickox, R. C., Jones, C., Forman, W. R., et al. 2009, ApJ, 696, 891
Hopkins, P. F., & Hernquist, L. 2006, ApJS, 166, 1
Hopkins, P. F., Hernquist, L., Cox, T. J., et al. 2006, ApJS, 163, 1
Hopkins, P. F., Richards, G. T., & Hernquist, L. 2007, ApJ, 654, 731
Hopkins, P. F., Hernquist, L., Cox, T. J., & Kere�, D. 2008, ApJS, 175, 356
Hopkins, P. F., Cox, T. J., Hernquist, L., et al. 2013, MNRAS, 430, 1901
Hung, C.-L., Sanders, D. B., Casey, C. M., et al. 2013, ApJ, 778, 129
Hung, C.-L., Sanders, D. B., Casey, C. M., et al. 2014, ApJ, 791, 63
Ikeda, S., Awaki, H., & Terashima, Y. 2009, ApJ, 692, 608
Ilbert, O., Capak, P., Salvato, M., et al. 2009, ApJ, 690, 1236
Iwasawa, K., Mainieri, V., Brusa, M., et al. 2012, A&A, 537, A86
Kalberla, P. M. W., Burton, W. B., Hartmann, D., et al. 2005, A&A, 440, 775
Kaplan, E. L., & Meier, P. 1958, J. Am. Stat. Assoc., 53, 457
Kartaltepe, J. S., Sanders, D. B., Le Floc�h, E., et al. 2010, ApJ, 721, 98
Kau�mann, G., & Haehnelt, M. 2000, MNRAS, 311, 576
Kennicutt, R. C., Jr. 1998, ARA&A, 36, 189
Kocevski, D. D., Faber, S. M., Mozena, M., et al. 2012, ApJ, 744, 148
Koekemoer, A. M., Aussel, H., Calzetti, D., et al. 2007, ApJS, 172, 196
Krolik, J. H., Madau, P., & Zycki, P. T. 1994, ApJ, 420, L57
Kuntz, K. D., & Snowden, S. L. 2000, ApJ, 543, 195
Lanzuisi, G., Civano, F., Elvis, M., et al. 2013a, MNRAS, 431, 978
Lanzuisi, G., Ponti, G., Salvato, M., et al. 2013b [arXiv:1312.2264]
Leauthaud, A., Massey, R., Kneib, J.-P., et al. 2007, ApJS, 172, 219
Lehmann, E. L. 1975, Nonparametrics. Statistical Methods Based on Ranks

(Prentice-Hall), 1st edn. Revised edition 2006, XVI, 464
Lilly, S. J., Le Brun, V., Maier, C., et al. 2009, ApJS, 184, 218
Lotz, J. M., Davis, M., Faber, S. M., et al. 2008, ApJ, 672, 177
Lusso, E., Comastri, A., Vignali, C., et al. 2011, A&A, 534, A110
Lusso, E., Comastri, A., Simmons, B. D., et al. 2012, MNRAS, 425, 623
Lutz, D., Maiolino, R., Spoon, H. W. W., & Moorwood, A. F. M. 2004, A&A,

418, 465
Lutz, D., Poglitsch, A., Altieri, B., et al. 2011, A&A, 532, A90
Magdziarz, P., & Zdziarski, A. A. 1995, MNRAS, 273, 837
Mainieri, V., Bergeron, J., Hasinger, G., et al. 2002, A&A, 393, 425
Mainieri, V., Hasinger, G., Cappelluti, N., et al. 2007, ApJS, 172, 368
Mainieri, V., Bongiorno, A., Merloni, A., et al. 2011, A&A, 535, A80
Maiolino, R., Shemmer, O., Imanishi, M., et al. 2007, A&A, 468, 979
Marconi, A., Risaliti, G., Gilli, R., et al. 2004, MNRAS, 351, 169
Markowitz, A. G., Krumpe, M., & Nikutta, R. 2014, MNRAS, 439, 1403
Matsuoka, K., Silverman, J. D., Schramm, M., et al. 2013, ApJ, 771, 64
Matt, G., Guainazzi, M., Frontera, F., et al. 1997, A&A, 325, L13
Matt, G., Fabian, A. C., Guainazzi, M., et al. 2000, MNRAS, 318, 173
Melbourne, J., Ammons, M., Wright, S. A., et al. 2008, AJ, 135, 1207
Merloni, A., Bongiorno, A., Bolzonella, M., et al. 2010, ApJ, 708, 137

Mignoli, M., Vignali, C., Gilli, R., et al. 2013, A&A, 556, A29
Murphy, K. D., & Yaqoob, T. 2009, MNRAS, 397, 1549
Nandra, K., & Pounds, K. A. 1994, MNRAS, 268, 405
Page, M. J., Stevens, J. A., Ivison, R. J., & Carrera, F. J. 2004, ApJ, 611,

L85
Panessa, F., Bassani, L., Cappi, M., et al. 2006, A&A, 455, 173
Petty, S. M., de Mello, D. F., Gallagher, J. S., III, et al. 2009, AJ, 138, 362
Piconcelli, E., Jimenez-Bailón, E., Guainazzi, M., et al. 2005, A&A, 432, 15
Piconcelli, E., Fiore, F., Nicastro, F., et al. 2007, A&A, 473, 85
Pozzi, F., Vignali, C., Comastri, A., et al. 2007, A&A, 468, 603
Pozzi, F., Vignali, C., Comastri, A., et al. 2010, A&A, 517, A11
Ranalli, P., Comastri, A., Vignali, C., et al. 2013, A&A, 555, A42
Risaliti, G., Braito, V., Laparola, V., et al. 2009, ApJ, 705, L1
Rodighiero, G., Daddi, E., Baronchelli, I., et al. 2011, ApJ, 739, L40
Rosario, D. J., Trakhtenbrot, B., Lutz, D., et al. 2013, A&A, 560, A72
Rovilos, E., Georgantopoulos, I., Akylas, A., et al. 2014, MNRAS, 438, 494
Salvato, M., Hasinger, G., Ilbert, O., et al. 2009, ApJ, 690, 1250
Salvato, M., Ilbert, O., Hasinger, G., et al. 2011, ApJ, 742, 61
Sanders, D. B., Soifer, B. T., Elias, J. H., Neugebauer, G., & Matthews, K. 1988,

ApJ, 328, L35
Sargent, M. T., Carollo, C. M., Lilly, S. J., et al. 2007, ApJS, 172, 434
Scarlata, C., Carollo, C. M., Lilly, S., et al. 2007, ApJS, 172, 406
Schawinski, K., Simmons, B. D., Urry, C. M., Treister, E., & Glikman, E. 2012,

MNRAS, 425, L61
Schulze, A., & Wisotzki, L. 2014, MNRAS, 438, 3422
Scoville, N., Aussel, H., Brusa, M., et al. 2007, ApJS, 172, 1
Soltan, A. 1982, MNRAS, 200, 115
Strüder, L., Briel, U., Dennerl, K., et al. 2001, A&A, 365, L18
Tombesi, F., Cappi, M., Reeves, J. N., et al. 2010, A&A, 521, A57
Torricelli-Ciamponi, G., Pietrini, P., Risaliti, G., & Salvati, M. 2014, MNRAS,

442, 2116
Tozzi, P., Gilli, R., Mainieri, V., et al. 2006, A&A, 451, 457
Treister, E., Urry, C. M., & Virani, S. 2009, ApJ, 696, 110
Treister, E., Schawinski, K., Urry, C. M., & Simmons, B. D. 2012, ApJ, 758, L39
Trump, J. R., Impey, C. D., Elvis, M., et al. 2009, ApJ, 696, 1195
Turner, T. J., George, I. M., Nandra, K., & Mushotzky, R. F. 1997, ApJ, 488, 164
Ueda, Y., Akiyama, M., Ohta, K., & Miyaji, T. 2003, ApJ, 598, 886
Ueda, Y., Akiyama, M., Hasinger, G., Miyaji, T., & Watson, M. G. 2014, ApJ,

786, 104
Vignali, C., Piconcelli, E., Lanzuisi, G., et al. 2011, MNRAS, 416, 2068
Villforth, C., Hamann, F., Rosario, D. J., et al. 2014, MNRAS, 439, 3342
Whitaker, K. E., van Dokkum, P. G., Brammer, G., & Franx, M. 2012, ApJ, 754,

L29
Xie, J., & Liu, C. 2005, Statistics in Medicine, 24, 3089
Yaqoob, T. 1997, ApJ, 479, 184
Zakamska, N. L., Strauss, M. A., Krolik, J. H., et al. 2003, AJ, 126, 2125
Zamojski, M. A., Schiminovich, D., Rich, R. M., et al. 2007, ApJS, 172, 468

Pages 21 to 23 are available in the electronic edition of the journal at http://www.aanda.org

A137, page 20 of 23

http://arxiv.org/abs/1312.2264
http://www.aanda.org


G. Lanzuisi et al.: Compton thick AGN in the XMM-COSMOS survey

Appendix A: Detection limits

We computed the detection limits in the z� L2�10 plane for
highly obscured sources, assuming two di�erent spectral mod-
els, one with NH = 7 × 1023 for CTN sources and the other
with NH = 1.6 × 1024 cm�2 for CTK sources. We then esti-
mated the maximum redshift at which a CTN or CTK source
can be detected, with >30 net counts in full band, for a given
intrinsic luminosity, given the �ux limit of the XMM-COSMOS
survey (red and green dashed lines in Fig. A.1), and compare
this with the one computed for a typical unobscured AGN spec-
trum i.e. assuming as model an unabsorbed power-law with
	 = 1.9 (black dashed line). Red (green) circles represent
CTK f (CTN f ) sources. Gray points represent the 1073 hard
(2�10 keV) band detected XMM-COSMOS sources (hard band
undetected sources su�er from larger uncertainties in the L2�10,
because an extrapolation from the soft band have to be made).
We stress that the shape of the X-ray spectrum of CT AGN is
responsible for a positive K-correction, which shift the X-ray
�ux of the very hard (>7�10 keV) unobscured part of the spec-
trum in the observing band and favors the detection of high z CT
with respect to low redshift (relatively to the �ux limit of the
survey). This can be clearly seen in Fig. A.1: the red (CT) de-
tection limit line is �atter than the black one for the full hard
detected sources. Using these curves we computed the weight
to be applied to each source (CTK or CTN) of a given L2�10,
de�ned as the ratio between the maximum volume sampled for
an unobscured source of the same intrinsic L2�10 and the maxi-
mum volume sampled for a CTK or CTN source. From the plot
is clear that the weights are larger for low luminosity sources,
and slightly larger for CTK sources with respect to CTN.

Fig. A.1. Redshift vs. L2�10 distribution for CTK f (red) and CTN f
(green) sources. Gray squares represent the 2�10 keV band detected
XMM-COSMOS sources. The black dashed line represents the detec-
tion limit computed for an unabsorbed power-law with � = 1.9, while
the red (green) dashed line show the detection limit computed for a CTK
(CTN) source.

Appendix B: Model comparison

As described in Sect. 3, we used two di�erent models to re-
produce the observed spectra of highly obscured sources in
XMM-COSMOS: one makes use of the TORUS table developed
in Brightman & Nandra (2012), which was speci�cally devel-
oped to model CT sources, while the second is built in order to
mimic as much as possible the �rst one, with the advantage of
having as output the Fe K� line EW. Therefore, we are inter-
ested in testing how the two models agree in determining the
two main parameters involved in our analysis, namely the NH
and the absorption corrected 2�10 keV luminosity. Figure B.1
(left) shows a comparison of the best �t values obtained for NH
from the Tor and Pl models, respectively. In red are shown the
ten CTKi sources, in green the 29 CTNi sources. In blue we
highlighted 5 sources that are border-line: they are either seen
as CT from one model but not the other, or they are very close
to the dividing line (NH = 1024 cm�2) and with large error bars,
that makes them fully consistent with being CT (see Table 1).
Several CTKi sources are shown with their lower limit in NH,
because their NH is consistent with the model upper boundaries,
which is NH = 1025 cm�2 for the Tor model and NH = 1026 cm�2

for the Pl model. The Pl model typically slightly overestimates
the NH with respect to the Tor model, in both Compton thin and
thick regimes. However, all the measurements are perfectly con-
sistent within the large error-bars. Figure B.1 (right) shows a
comparison of the 2�10 keV, absorption corrected luminosity,
obtained from the Pl and Tor model. The intrinsic luminosity
obtained from the Tor model is systematically slightly higher
(�0.1�0.2 dex) than the one obtained from the power-law model.
The small di�erences in NH and L2�10 between the two models
are probably related to the di�erent re�ection modelization, that
slightly underestimate the primary power-law normalization in
the Pl case with respect to Tor, to reproduce the same data points
(see the di�erent levels of the continuum above 10 keV in Fig. 3
left and right).
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Fig. B.1. Left panel: comparison of the NH best �t obtained from the Pl (y-axis) and Tor (x-axis) models. Right panel: comparison of the 2�10 keV,
absorption corrected luminosity, obtained from the same two models. In both panels we show CTNi sources in green, CTKi sources in red and
border-line sources in blue, and the solid line represents the 1:1 relation.

Appendix C: Unfolded spectrum plus model

Figure C.1 shows the unfoled, co-added spectrum of one of the
sources in the CTK f sample (namely XID 54514), togheter with
the best �t model obtained from the Tor model. The presence of
the best �t model helps in interpreting the spectral features ob-
served in this as in all the CTK spectra shown in Fig. 4: the sharp
�ux drop below 7�10 keV due to absorption, the soft emission
arising below 1�2 keV, the presence of the Fe K� line, and the
strong feature at �7 keV due to the absorption edge.

However, we believe that, given the limited quality of these
spectra, adding the best �t model in these plots would be a very
strong guide for the eye, while we do not want to impose a bias
to the reader. Furthermore it would be misleading, since we are
not �tting our models to these co-added spectra, but rather to
the single XMM-Newton pn, MOS and Chandra spectra simul-
taneously. Even if the model parameters are the same for all the
spectra, and therefore there is no conceptual di�erence between
�tting the sum of the spectra or simultaneously �t all of them,
there is a subtle practical di�erence in the two approach, since
there are a number of unavoidable approximation that have to be
made to produce the co-added spectrum, and therefore the simul-
taneous �t is always preferable. Given all these considerations,
we decided to show in Fig. 4 only the co-added spectra, and to
show only here, as an example, one unfolded spectrum plus best
�t model.

Fig. C.1. Unfolded, merged pn+MOS+Chandra spectrum of one of the
sources in the CTK f sample, shown as an example. The best �t model
is shown with the black solid curve. The TORUS component is shown
with the red dashed curve, while the scattered component is shown with
the black dotted curve. The XMM source ID and redshift are labeled.
The dashed line marks the expected location of the 6.4 keV Fe K� line.
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Appendix D: Comparison with Brightman et al.
(2014)

Brightman et al. (2014, B14) reported a search for CT sources
in the Chandra data of the COSMOS, CDFS and AEGIS �elds,
using a similar approach to the one presented here: they used
a simple model comprising a Torus component and a scattered
component, with the Cstat statistic applied to lightly grouped
spectra (1 counts per bin). The main di�erences are in the set of
models adopted: three di�erent models are built with the Torus
component having 60�, 30� and 0� half opening angle respec-
tively (models A, B and C, with the C having no scattered com-
ponent), plus a model with a simple power-law without absorp-
tion (model D). The photon index is �xed to 1.7 for sources
with fewer than 600 counts, but for each model, if the �t with
a free � is signi�cantly better, then this parameter is left free
to vary even for sources with fewer than 600 counts. No cut in
minimum number of counts is used.

We compared our results on NH distribution in the entire
XMM-Newton catalog with the ones published in B14, for the
sources in common. There are 644 Chandra counterparts from
B14 of our XMM-Newton catalog sources. We excluded from the
comparison 111 sources that are not detected in the hard band in
the XMM-Newton catalog: the Chandra data are much deeper in
both soft and hard bands (see Sect. 2.1), and the lack of hard
band detection in the XMM-Newton catalog make it impossible
to correctly estimate the amount of obscuration for highly ob-
scured sources (the source is detected in XMM-Newton only in
the soft band thanks to the scattered light).

Because we are interested in comparing the NH distribution,
we also excluded 70 sources that have a best �t photon index
outside the range 1.5�2.5 that was used in our analysis: these
very steep (up to � = 3) or �at (down to � = 0) spectra may
indicate interesting sources, e.g. re�ection dominated CT candi-
dates, but are not useful for the comparison on NH results. Indeed
23 sources that are obscured in our analysis, are best �tted in B14
with an unabsorbed power-law with � < 1. Finally we excluded
30 sources with fewer than 30 counts in the Chandra spectrum:
the associated error bars are too large, and below this threshold,
the method used to determine which model is preferred is shown
not to work properly in B14.

We are left with 433 sources for the comparison. The dis-
tribution of NH vs. NH is shown in Fig. D.1. There is a global
good agreement between the two measurements, within the large
uncertainties (the average error-bar is shown in the top left cor-
ner). However only 1 out of 4 CT candidates from our analysis
is found to be CT also in B14. The remaining 3 show a slightly
lower NH, below the CT limit, and there is a general trend of hav-
ing lower NH values in B14 for sources above 1023 cm�2. This is
due to the di�erent �xed � adopted (1.7 in B14 instead of 1.9):
we tested that the use of � = 1.7 gives results consistent with
B14 for these sources.

There are two sources (namely XID 2210 and 272, shown
with blue diamonds) that are found to be heavily CT in B14
(NH > 6 × 1024 cm�2). The XMM-Newton spectra of both this
sources have a factor of 2�3 more counts with respect to the
Chandra ones, and no indication of strong absorption can be

Fig. D.1. Comparison between of the best �t NH from B14 and this
work, for the 433 sources in common. The star show the location of
source XID 2608. With cyan diamonds are marked two sources for
which the nature of CT sources from Chandra data is not con�rmed
with better XMM-Newton spectra. In red are shown two sources for
which the �t of the XMM-Newton spectrum shows a secondary mini-
mum at CT values. The average error-bar is shown in the top left corner.

found. We conclude that these two sources are misclassi�ed in
the Chandra spectral analysis. On the other hand, in red are
shown two sources for which the �t of the XMM-Newton spectra
shows a primary minimum of the probability distribution of the
NH at Compton thin values, while a strong secondary minimum
is found at CT values, in agreement with what is found from
the Chandra spectra. In this case is not possible to exclude that
these are indeed CT sources, and a simultaneous �t of Chandra
and XMM-Newton data would give a more constrained result.

A similar case is for XID 2608, the best CT candidate in
the sample, and the only one being CT both from our analysis
and from B14 (marked with a star in Fig. D.1): the �t of the
XMM-Newton data alone gives as best �t an NH of only 1.06 ×
1024 cm�2 (see Table 1), while the �t of Chandra data alone gives
an NH > 1025 cm�2 from both our analysis and B14. The joint
�t of all the data (including also MOS) give an intermediate and
well constrained value (see Table 2).

There is �nally a large population of sources for which we
measure a moderate obscuration, while B14 found that an ob-
scured model is not required for these sources, and the best �t
is a simple power law (possibly with free �). The much higher
e�ective area of XMM-Newton below 1 keV, extending down to
0.3 keV (instead of 0.5 keV as in Chandra) clearly plays a role
in determining what is the minimum NH that can be constrained
for each spectrum (depending on the number of counts and the
source redshift).
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