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ABSTRACT

Aims. We explore the connection between black hole growth at the center of obscured quasars selected from the XMM-COSMOS
survey and the physical properties of their host galaxies. We study a bolometric regime (<Lbol > 8 × 1045 erg s−1) where several
theoretical models invoke major galaxy mergers as the main fueling channel for black hole accretion.
Methods. To derive robust estimates of the host galaxy properties, weuse an SED fitting technique to distinguish the AGN and host
galaxy emission. We evaluate the effect on galaxy properties estimates of being unable to removethe nuclear emission from the SED.
The superb multi-wavelength coverage of the COSMOS field allows us to obtain reliable estimates of the total stellar masses and
star formation rates of the hosts. We supplement this information with a morphological analysis of the ACS/HST images, optical
spectroscopy, and an X-ray spectral analysis.
Results. We confirm that obscured quasars mainly reside in massive galaxies (M⋆ > 1010 M⊙) and that the fraction of galaxies hosting
such powerful quasars monotonically increases with the stellar mass. We stress the limitation of the use of rest-frame color-magnitude
diagrams as a diagnostic tool for studying galaxy evolutionand inferring the influence that AGN activity can have on sucha process.
We instead use the correlation between star-formation rateand stellar mass found for star-forming galaxies to discussthe physical
properties of the hosts. We find that at z∼ 1,≈ 62% of Type-2 QSOs hosts are actively forming stars and that their rates are comparable
to those measured for normal star-forming galaxies. The fraction of star-forming hosts increases with redshift:≈ 71% at z∼ 2, and
100% at z∼ 3. We also find that the evolution from z∼ 1 to z∼ 3 of the specific star-formation rate of the Type-2 QSO hosts is in
excellent agreement with that measured for star-forming galaxies. From the morphological analysis, we conclude that most of the
objects are bulge-dominated galaxies, and that only a few ofthem exhibit signs of recent mergers or disks. Finally, bulge-dominated
galaxies tend to host Type-2 QSOs with low Eddington ratios (λ < 0.1), while disk-dominated or merging galaxies have at their
centers BHs accreting at high Eddington ratios (λ > 0.1).

Key words. (Galaxies:) quasars: general – Galaxies: nuclei – Galaxies: active – Galaxies: evolution – Galaxies: star formation –
X-rays: general



1. Introduction

There is strong observational evidence that the formation and
growth of supermassive black holes (SMBHs) and their host
galaxies are related processes: e.g. the tight correlationbetween
the SMBH mass and the luminosity (Kormendy & Richstone
1995; McLure & Dunlop 2002; Marconi & Hunt 2003), mass
(Magorrian et al. 1998), velocity dispersion (Ferrarese & Merritt
2000; Gebhardt et al. 2000; Merritt & Ferrarese 2001; Tremaine
et al. 2002), or the structure (Graham et al. 2001) of the bulge1.
Additional evidence of the connection between the two phe-
nomena is provided by the similarity between the global star-
formation rate (SFR) and active galactic nuclei (AGN) activity:
both peak at z≈ 2 and decline rapidly at lower (e.g. Dickinson
et al. 2003; Merloni et al. 2004) and higher (e.g. Wilkins et
al. 2008; Brusa et al. 2009) redshifts. From the theoreticalside,
a number of models have been proposed to link the formation
and evolution of SMBHs to the structure formation over cosmic
time (e.g Kauffmann & Haehnelt 2000; Somerville et al. 2001;
Granato et al. 2004; Monaco & Fontanot 2005; Granato et al.
2006; Croton et al. 2006; Lapi et al. 2006; Hopkins et al. 2006;
Cen 2011). Some of these semi-analytical models and hydro-
dynamical simulations (e.g. Springel et al. 2005) invoke major
mergers of gas-rich galaxies as the mechanism enabling the fuel-
ing of the central SMBHs and the building of the galaxy’s bulge.
Alternative fueling mechanisms have been discussed in the liter-
ature, including minor-mergers (e.g. Johansson et al. 2009), bars
(e.g. Jogee 2004), disk instabilities (e.g. Genzel et al. 2008), and
recycled gas from dying stars (e.g. Ciotti et al. 2010). Hopkins
& Hernquist (2009) argued that such alternative processes may
be enough to fuel Seyfert-like AGNs, but that extreme mecha-

1 See Peng (2007) and Jahnke & Macció (2011) for alternative ideas
on the origin of these scaling relations.

Fig. 1.X-ray luminosity in the [0.5-10 keV] band corrected for obscura-
tion plotted against the NH column density for the X-ray sources in the
XMM-COSMOS survey with a redshift. The 142 Type-2 QSOs studied
in this paper are indicated by filled circles. The dashed lines delimit the
area where L[0.5−10keV] > 1044 erg s−1 and NH > 1022 cm−2.

nisms such as major mergers are necessary to provide the gas
supply needed for bright quasars. Further more, some observa-
tional studies indicate that there is a morphological transition in
AGN hosts aroundLbol ≈ 1012L⊙ between a mixture of disk and
elliptical galaxies to exclusively bulge-dominated galaxies (see
Fig. 1 of Hopkins & Hernquist 2009 and references therein). In
this framework, the interest in studying the host galaxy proper-
ties of bright quasars is clear. These objects also dominatethe
space density of AGN at z≈ 2 (e.g. Ueda et al. 2003; Hasinger
et al. 2005). An obvious complication in the study of the host
galaxy properties of quasars is usually the emission of the central
AGN which outshines the galaxy light making it extremely dif-
ficult to derive constraints on the colors, stellar populations, and
morphologies of the host. The situation clearly improves ifthe
powerful quasar is obscured by gas and dust on parsec scales:
we refer to these objects as Type-2 QSOs. Although the frac-
tion of obscured AGN is found to decrease with luminosity in
several studies (X-ray: Ueda et al. 2003, Steffen et al. 2003,
Hasinger 2004, Hasinger 2008, Brusa et al. 2010; optical:
Simpson 2005; MIR: Maiolino et al. 2007; Treister et al. 2008),
a non-negligible population of obscured QSOs is still required
by X-ray background synthesis models (e.g. Gilli et al. 2007).
Radio-loud Type-2 QSOs have been observed for many years
thanks to radio surveys (see McCarthy 1993 for a comprehen-
sive review), while radio-quiet Type-2 QSOs were detected more
recently inChandra and XMM-Newton X-ray surveys (Dawson
et al. 2001; Norman et al. 2002; Mainieri et al. 2002; Stern et
al. 2002; Della Ceca et al. 2003; Fiore et al. 2003; Perola et
al. 2004; Tozzi et al. 2006; Barger et al. 2005; Mateos et al.
2005; Krumpe et al. 2008; Vignali et al. 2010), optical surveys
(SDSS, Zakamska et al. 2003, Reyes et al. 2008), and mid-
IR observations (Martı́nez-Sansigre et al. 2006; Pollettaet al.
2008; Lanzuisi et al. 2009). The aim of this paper is to extend
to quasar luminosities the study of the host galaxy properties of
AGN, using a large sample of X-ray selected Type-2 QSOs. In
Section 2, we describe the selection criteria, while in Sections 3
and 4 we present the average spectral properties of the sample in
the X-ray and optical band, respectively. Section 5 describes the
method used to separate the host galaxy from the AGN emis-
sion. In Section 6, we illustrate the derived properties forthe
host galaxies, and in Section 7 discuss their morphologicalap-
pearance. Finally, in Section 8 we summarize the results of this
work. We quote in this paper magnitudes in the AB system, we
use a Chabrier Initial Mass Function (Chabrier 2003), and we
assume a cosmology with H0 = 70 km s−1 Mpc−1, ΩM = 0.3,
andΩΛ = 0.7.

2. Sample selection

We started from the sample of∼1800 point-like X-ray sources
detected in the XMM-COSMOS survey (Cappelluti et al. 2009)
for which optical identifications, multiwavelength photometry,
and a compilation of available redshifts from ongoing spec-
troscopic campaigns in the COSMOS field (Lilly et al. 2009;
Trump et al. 2009) were presented in Brusa et al. (2010). For
the remaining sources very accurate photometric redshiftsare
available (Salvato et al. 2009). For each X-ray source, we per-
formed a detailed X-ray spectral analysis to quantify theirX-ray
luminosity and obscuration. The procedure adopted to extract
source and background spectra is equivalent to that described
by Mainieri et al. (2007). We used XSPEC2 (v11.3.2) to per-
form our spectral fitting analysis. We first fitted the EPIC-pn

2 http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/
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Fig. 2. Redshift distribution of the Type-2 QSO sample. The hatched
histogram is for spectroscopic redshifts, while the empty one includes
both spectroscopic and photometric redshifts.

data with two basic input models: a singlepowerlaw (PL) and
a powerlaw modified by intrinsic absorption at the redshift of
the source (APL). The PL model consists of two XSPEC compo-
nentswabs*zpowerlw, while the APL model consists of the com-
bination of three different componentswabs*zwabs*zpowerlw.
In both models, thewabs component accounts for the photo-
electric absorption due to the Galactic column density and is
fixed to the average value in the COSMOS region (NGal

H ∼

2.7× 1020 cm−2, Dickey & Lockman 1990)3. Thezwabs com-
ponent describes the photoelectric absorption using Wisconsin
cross-sections (Morrison & McCammon , 1983) and the only
two parameters are the equivalent hydrogen column density and
the source redshift.zpowerlw is a single power-law parametrized
by the photon index, the redshift, and a normalization factor.4

Additional components are included to describe the presence of
soft-excess or the Fe Kα emission line. The model fits yield the
power-law photon indexΓ, and the X-ray luminosity in both the
[0.5-2] and [2-10] keV rest-frame bands, and theAPL model also
provides the intrinsic column density NH.

We used the following selection criteria to select Type-2
QSOs: a) de-absorbed LX [0.5 − 10 keV] > 1044 erg s−1; b)
NH > 1022 cm−2 (see also Mainieri et al. 2002; Szokoly et al.
2004; Tozzi et al. 2006; Krumpe et al. 2008). We excluded four
sources (XID= 82, 215, 2618, 5208) that would formally match
these criteria but for which Brusa et al. (2010) proved that the
XMM- Newton emission is the blend of two Chandra sources.
The final sample of X-ray selected Type-2 QSOs consists of 142
objects5.

In Fig. 1, these candidates are plotted in the X-ray luminos-
ity versus column density plane. The redshift distributionof the
Type-2 QSO sample is shown in Fig. 2: 33 (≈ 23%) of them
have a spectroscopic redshift. For this sub-sample of sources, we
verified that no broad lines (FWHM> 2000 km s−1) are present
in the optical spectrum. For the remaining 77% of the sample,
we used the very accurate photometric redshifts (Salvato etal.
2009). The X-ray selected sample of Type-2 QSOs presented in

3 This is an average value for the Galactic NH in the COSMOS area,
where NGal

H is in the range [2.5-2.9]×1020 cm−2. This range in Galactic
column density does not affect the results of our spectral analysis.

4 We refer the reader to http://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/
for further details on the spectral models.

5 Source XID-2028 discussed in Brusa et al. (2010) is not included
in this paper because a re-analysis of the X-ray spectrum returned a
column density value of log (NH)= 21.7± 0.1 cm−2.
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Fig. 3. Stacked X-ray spectrum of the 33 Type-2 QSOs with a spec-
troscopic redshift (left) and 79 Type-2 QSOs with only a photometric
redshift (right). Adjacent bins were combined until they had a signifi-
cant detection at least as large as 1.5σ. The solid line is the best fit to
the continuum with awabs*zwabs*powerlaw XSPEC model. In the left
panel, clear residuals are present around the rest-frame 6.4 keV energy.

this work is complementary to the SDSS optically selected one
presented by Zakamska et al. (2003) and Reyes et al. (2008)
in terms of redshift range covered: the SDSS sample based on
[OIII] luminosities cannot be extended to redshifts higherthan
z≈ 0.8, while our sample is almost entirely at z> 0.8.

From the absorption-corrected luminosities in the rest-frame
[2-10 keV] energy band, we estimated the bolometric luminosi-
ties for the Type-2 QSOs using the luminosity-dependent bolo-
metric correction factor (k2−10keV) of Marconi et al. (2004). For
the X-ray luminosities sampled by our Type-2 QSOs,k2−10keV

is in the range [25,120], and the bolometric luminosities cover
the range Lbol = [1.2 × 1045, 4.5 × 1047] erg s−1 with a mean
value of<Lbol >≈ 8 × 1045 erg s−1. A limitation of this ap-
proach is the intrinsic spread in AGN SEDs, which could lead
to significant differences in the bolometric correction from that
predicted based on a mean energy distribution for AGN (see
Vasudevan & Fabian 2007; Lusso et al. 2010). From these bolo-
metric luminosities, and assuming a standard radiative efficiency
of ǫrad = 0.1, we derive a median accretion rate onto the black
holes, Ṁ = Lbol/ǫradc2, of approximately≈ 1M⊙/year, simi-
lar to what observed for optically selected Type-1 QSOs (e.g.
Kollmeier et al. 2006; Hopkins et al. 2009).



4 V. Mainieri et al.: Black hole accretion and host galaxies of obscured quasars in XMM-COSMOS

3. Stacked X-ray spectrum

In order to study the average X-ray properties of our Type-2
QSO sample, we obtain a stacked X-ray spectrum using the
EPIC-pn data. To avoid the possibility of the blurring and broad-
ening of the Fe Kα line caused by the uncertainties in the pho-
tometric redshifts, we first considered only the 33 sources with
a spectroscopic redshift. The background-subtracted dataof in-
dividual objects in the energy range corresponding to the rest-
frame 2-10 keV were divided into 40 intervals so that each in-
terval corresponds to a rest-frame 200 eV. These spectra were
corrected for the detector response and summed together. The
details of the procedure will be presented in a future paper
(Iwasawa et al. in preparation). The smallest net count recorded
in the rest-frame 2-10 keV for the spectroscopic sample is 28
photons. The resulting stacked spectrum (2682 net counts) is
shown in the left panel of Fig. 3. It was further rebinned for
display purposes: adjacent bins were combined until they had a
significant detection at least as large as 1.5σ. From the stacked
spectrum, we measured a column density NH = 5.68.3

3.3 × 1022

cm−2 (quoted errors are 1σ), which is consistent with the aver-
age value of<NH >= 5.4× 1022 cm−2 obtained from the fits to
the single X-ray spectra. As is clear from the left panel of Fig.
3, an absorbed power-law model leaves large residuals around
the expected energy of the Fe Kα line. If we add a gaussian
model centered on 6.4 keV in the XSPEC fitting procedure, the
quality of the fit improves significantly with 99% confidence ac-
cording to an F-test. For the Fe Kα equivalent width, we mea-
sured a value of EW= 104 eV. Taking into account the known
anti-correlation between the Fe Kα and the X-ray luminosity
(Iwasawa & Taniguchi 1993), this value is consistent with typ-
ical EW values for Compton-thin AGNs (Bianchi et al. 2007;
Chaudhary et al. 2010).
We repeated this procedure for the photometric redshift sam-
ple selecting objects that have more than 30 counts in the rest-
frame 2-10 keV band. This selection leaves 79 objects out of
112 and the corresponding stacked X-ray spectrum (6,005 net
counts) is shown in the right panel of Fig. 3. Owing to the
larger number of objects, the final spectrum has more counts and
consequently the uncertainties in the column density values are
smaller, NH = 4.75.5

3.9 × 1022 cm−2. At the same time, the signifi-
cance of Fe Kα is significantly lower, and we ascribed this to the
uncertainties, although small, in the photometric redshifts that
tend to blur out the signal. In fact, an uncertainty in the photo-
metric redshift value as low as∆z = 0.02×(1+z) would move the
centroid of the 6.4 keV line outside the rest-frame energy bin of
200 eV used in Fig. 3.

4. Optical spectroscopy

Of the 33 Type-2 QSOs with a spectroscopic redshift, 31 have
an optical spectrum from the zCOSMOS survey, while the re-
maining two were observed with the IMACS spectrograph at
Magellan. We used the 31 zCOSMOS spectra to construct an av-
erage optical spectrum for the Type-2 QSO sample. We grouped
the spectra into redshift bins to ensure that each bin had a com-
mon spectral range. The VIMOS low-resolution (LR) spectra ob-
tained with the LR-blue grism (3600-6800 Å) were divided into
two redshift bins: seven objects in 2.4 < z < 3.2 and four objects
in 0.8 <z< 1.5. An additional twenty medium-resolution (MR)
spectra (5550-9650 Å) covering the redshift range 0.6 < z < 1.6
were stacked together. The stacked optical spectrum coversthe
rest-frame wavelength range from 900 to 4500 Å (see Fig. 4).
Both [NeV]3426 and [OII]3727 are clearly detected, and the ra-

Fig. 4. Stacked optical spectrum of 31 Type-2 QSOs from the zCOS-
MOS survey. The LR and MR spectra have been grouped in redshift
bins, as specified in the legend inside the figure, in order to have a
common wavelength coverage between them. The more evident emis-
sion/absorption lines are labeled in the figure.

tio of the two lines is [OII]/[NeV]∼ 4.1. A similar value for the
lines ratio was measured for a [OIII]5007 selected sample of
SDSS Type-2 QSOs by Zakamska et al. (2003). In addition,
Gilli et al. (2010) found a ratio [OII]/[NeV]> 4 for most of the
obscured quasars selected from the SDSS using the ratio of the
2-10 keV flux to the [NeV]3426 emission line flux.
We considered two features in the stacked optical spectrum of
Fig. 4: the 4000 Å break, Dn(4000), and the Hδ absorption line.
Because of the wavelengths of these two features, the follow-
ing discussion is limited to the 20 Type-2 QSOs in the redshift
range 0.6 < z < 1.6 with a VIMOS-MR spectrum, hence the
mean optical spectra may not be representative of the overall
population of Type-2 QSOs. The Dn(4000) is a rough stellar age
indicator, with small values of the break for young stellar popu-
lations and large values of the index for old stellar populations.
Following the definition of Balogh et al. (1999), we derived the
Dn(4000) as the ratio of the fluxes measured in the [3850-3950]
Å to [4000-4100] Å bands. In the first band, we subtracted from
the stacked spectrum the emission associated with the [NeIII]
line. The second age indicator is based on the Hδ absorption line,
i.e. the HδA index defined by Worthey & Ottaviani (1997): the
continuum is estimated from the average flux in the two bands
[4041.60,4079.75] Å and [4128.50,4161.00] Å, and the index
is expressed in terms of an equivalent width integrating within
the band [4083.50,4122.25] Å. A strong Hδ absorption line is
a signature of a large fraction of young stars, hence a recent
burst of star formation. We measured Dn(4000)= 1.19 ± 0.02
and HδA = 4.7± 0.4. We can compare these values with Fig. 7
of Winter et al. (2010). These authors used the two spectral fea-
tures as age indicators in the study of local AGN selected in the
14-195 keV band with SWIFT. Our values fall in a region where
the spectral models have a significant (> 30%) contribution from
a young stellar populations.

5. Distinguishing the AGN and host galaxy
emission with SED fitting

The main goal of our study is to use the rich multiwavelength
coverage of the COSMOS field to constrain the properties of the
galaxies hosting Type-2 QSOs. In particular, we wish to esti-
mate their stellar mass and star-formation rate (SFR). The tech-
nique we used is a detailed model fitting of the total SED of



V. Mainieri et al.: Black hole accretion and host galaxies ofobscured quasars in XMM-COSMOS 5

Fig. 5. Two examples of SED decomposition. Black circles are the ob-
served photometry in the rest-frame. Purple and blue lines correspond
respectively to the galaxy and AGN template found as the bestfit solu-
tion, while the black line shows their sum.

the Type-2 QSOs for 14 different photometric bands that en-
compass optical to MIR wavelengths: six SUBARU bands (B,
V, g, r, i, z); U, J, and K bands from CFHT; four Spitzer/IRAC
channels, and 24µm from Spitzer/MIPS (see Brusa et al. 2010
and references therein). This allows us to sample a wide wave-
length interval ranging from∼ 3800Å (UCFHT) to 24 µm. As
already presented in Merloni et al. (2010), we fitted the ob-
served SED with a grid of models compiled by combining AGN
and host galaxy templates. For the AGN component, we adopted
the Richards et al. (2006) mean QSO SED derived from the
study of 259 IR selected quasars with both Sloan Digital Sky
Survey and Spitzer photometry. We allow for extinction of the

nuclear AGN light by applying a SMC-like dust-reddening law
(Prevot et al. 1984) of the form:Aλ/E(B − V) = 1.39λ−1.2

µm . The
E(B − V) values for the AGN component are allowed to vary
in the range 1≤ E(B − V) ≤ 9. Assuming a Galactic gas-to-
dust ratio, our selection criteria NH > 1022 cm−2 would corre-
spond toE(B − V) > 1.7, but there is evidence (e.g. Maiolino et
al. 2001) that the E(B-V)/NH ratio in the circumnuclear region
of an AGN may be lower than the Galactic value, at least for
part of the AGN population. Our choice to set the lower bound-
ary to E(B − V) = 1 is a compromise between allowing lower
than Galactic values for the dust-to-gas ratio and avoid degen-
eracies in the SED fitting procedure caused by the inclusion of
an unobscured AGN template. Spectropolarimetry observations
of Type-2 QSOs from the SDSS (Zakamska et al. , 2005) and of
narrow line radio galaxies (Tadhunter et al. , 2002) show that in
some sources there could be a non-negligible constributionfrom
scattered quasar light. Assuming that the scattering process is
independent of wavelength (Vernet et al. , 2001), the SED of an
unobscured quasars should be a good representation of this addi-
tional component. To quantify the effect of AGN scattered light
on the estimates of the host galaxies properties presented in the
next section, we repeated the SED fitting with 0≤ E(B−V) ≤ 9
for the AGN component. The values for the host stellar mass are
essentially unchanged: for 97% of the objects the difference in
stellar mass is less than 5%. Stellar population synthesis (SPS)
models, as the one of Bruzual & Charlot (2003) used in this
paper, combine individual simple stellar population spectra to
match the observed broad band photometry of a galaxy. Old stel-
lar populations are the main contributor to the total galaxystel-
lar mass, and their SED dominates at wavelength above≈ 600
nm. This explains why adding the SED of an unobscured AGN,
that would contribute significantly mostly in the UV, does not
affect the stellar mass estimates based on SPS models. As for
the star-formation rate, we find that scattered AGN light would
change significantly the values of SFR for≈ 15% of the objects.
Therefore, in spite of the possible multi-component natureof the
optical continuum, the SED fits unambiguously require the pres-
ence of a young stellar population for the majority,≈ 85%, of the
objects. We also verified that the spread on SFR values, gener-
ated from the inclusion or not of an unobscured AGN component
in the SED fitting procudure, does not affect the overall proper-
ties of the host galaxies population (see Fig. 8, 9, 10, 11). As for
the upper boundary in the reddening for the AGN component,
E(B−V) < 9, it corresponds to the average X-ray column density
of our Type-2 QSO sample of NH ∼ 5×1022 cm−2 for a Galactic
dust-to-gas ratio. We verified that allowing higher values of E(B-
V) would not affect the values for the physical quantities derived
from the SED fitting, since an AGN template withE(B−V) = 9
has practically no significant impact below≈ 2µm.
While Merloni et al. (2010), dealing with unobscured QSOs,
assumed that all the 24µm flux is due to the AGN, we tried
to estimate the AGN contribution at those wavelengths usingthe
results of Gandhi et al. (2009). These authors found a strongcor-
relation between the core luminosity at 12.3µm and the X-ray
luminosity in the [2-10 keV] band for a sample of local Seyfert
galaxies. In the mid-infrared, they used high-resolution obser-
vations with the VISIR/VLT instrument, and owing to the su-
perb angular resolution of those images were able to minimize
the contamination by unresolved extended emission to the core
fluxes. We used their Eq. (2) for the best-fit correlation obtained
by considering only the 22 well-resolved sources

log(
L12.3µm

1043
) = (0.19± 0.05)+ (1.11± 0.07)log(

L2−10keV

1043
).
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Using the formula above, we estimated the AGN flux at 12.3
µm from the L[2-10 keV] luminosities corrected for obscuration
obtained from the X-ray spectral analysis. We associated aner-
ror in this mid-infrared flux using the dispersion observed by
Gandhi et al. (2009) in the ratio of mid-infrared to X-ray lu-
minosity,σ(logLMIR/LX) = 0.18 (see their Table 2 and Fig. 2).
Finally, we included in the SED fitting procedure the constraint
that the AGN component matches this predicted flux in the mid-
infrared.
For the host galaxy, we created a library of synthetic spec-
tra using the well-known stellar population synthesis models
of Bruzual & Charlot (2003). We compiled ten exponentially
declining star-formation histories (SFH)S FR ∝ e−tage/τ with e-
folding times (τ) ranging from 0.1 to 30 Gyr, plus a model with
constant star formation. For each of these SFH, we calculated
the synthetic spectrum at different ages,tage, ranging from 50
Myr to 5 Gyr, subject only to the constraint that the age should
be younger than the age of the Universe at the redshift of the
source. Finally, we included dust extinction, modeled using the
Calzetti’s law (Calzetti et al. 2000), with values in the range
0 ≤ E(B−V) ≤ 0.5. Following Fontana et al. (2004) and Pozzetti
et al. (2007), we imposed the priorE(B−V) < 0.15 if tage/τ > 4,
a significant extinction being allowed only for galaxies with a
high SFR. We adopted a Chabrier (2003) initial mass function
(IMF)6.
Finally, an additional component that could contribute to the UV
continuum of the SED is nebular continuum ( see Dickson et al.
1995). For a sample of ten narrow line radio galaxies, possibly
radio-loud Type-2 QSOs, Tadhunter et al. (2002) calculatedthe
fractional contribution of this componenent to the UV flux in
the range 3− 30%. In this work, we will not consider the possi-
ble contribution of the nebular continuum. We note that at least
for stellar mass estimates the effect of this component should be
negligible: the intensity of the nebular continuum drops quickly
with wavelength and becomes extremelly faint atλ > 500nm,
where we expect to be more sensitive to the galaxy stellar mass.

For each one of the Type-2 QSOs, we derived the best fit
SED from the minimization of theχ2 comparing the observed
and template fluxes at the redshift of the source. The combina-
tion of templates allowed us to disentangle the emission of the
host galaxy from the contribution of the central black hole.We
show in Fig. 5 two examples of this composite fit. From the best
fit SED, we used the galaxy component to estimate both the stel-
lar mass and SFR of the host. For each one of these physical
quantities, we estimated the confidence region corresponding to
68% of confidence level for one interesting parameter, impos-
ing thatχ2 − χ2

BES T−FIT ≤ 1 (Avni 1976, and Table 1 therein).
The best-fit values and errors obtained are reported in Table1.
We flagged in the same table the sources without a reliable fit to
their SED for various reasons (e.g. photometry contaminated by
a nearby bright object).

6. Host galaxy properties

6.1. Stellar mass

In this section we estimate the stellar masses of the Type-2
QSOs host galaxies. Several previous studies of Type-2 AGN
host galaxy properties have assumed that the contaminationof
the AGN continuum to their measurements is negligible (e.g.

6 Different choices of IMF lead to systematic shifts in the estimated
stellar masses for any given SED, with the maximum shift for aSalpeter
IMF (Salpeter 1955) given byM⋆,S alpeter ≈ M⋆,Chabrier × 1.7 (see e.g.
Pozzetti et al. 2007; Ilbert et al. 2010).

Fig. 6. Comparison between the estimates of M⋆ (top panel) and SFR
(bottom panel) obtained with the SED fitting technique usingonly
galaxies templates (noAGN) or a combination of galaxies and AGN
templates (AGN).

Silverman et al. 2008; Silverman et al. 2009; Schawinski et al.
2010; Xue et al. 2010). However, those studies were focused
on moderate luminosity AGNs, e.g. log(LX < 44) erg s−1. The
AGN sample presented in this work consists of obscured nuclei,
but they are all intrinsically powerful quasars, hence may still
contribute in a non-negligible way to the overall photometry. It
is then important to model this contamination, which would oth-
erwise bias the measurement of the stellar mass from the SED
fitting. To quantify the effect of the nuclear component, we per-
formed the SED fitting using either the combination of galaxy
and AGN templates described in the previous section as well
as only galaxy templates. In the top panel of Fig. 6, we com-
pared the stellar mass estimates obtained with the two sets of
templates. While for the majority of the objects, the introduction
of an AGN component in the SED fit is irrelevant, there are a
10% of cases where neglecting these components would cause
more than a factor of two overestimation of the stellar masses.

From the stellar masses reported in Table 1, one can im-
mediately see that the hosts of Type-2 QSOs are mainly mas-
sive galaxies. To quantify this impression, we need to compare
the stellar mass distribution of these hosts with a representative
sample of galaxies that matches their properties. We selected a
parent sample of galaxies detected in the 3.6µm IRAC channel
from the COSMOS survey using the stellar masses measured
by Ilbert et al. (2010). We considered only the redshift range
z=[0.8,1.5], where a high completeness in stellar mass above
≈ 5 × 109 M⊙ and accurate photometric redshifts are ensured
(see Fig. 8 of Ilbert et al. 2010). The final parent sample includes
76,061 galaxies. The sensitivity limits of the XMM-Newton ob-
servations vary spatially across the field (see Fig. 5 of Cappelluti
et al. 2009), hence to derive the fraction of galaxies hosting a
Type-2 QSO as a function of the stellar mass, we followed the
technique discussed in Sec. 3.1 of Lehmer et al. 2007 (see also
Silverman et al. 2008, 2009). The Type-2 QSOs fraction for
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Fig. 7.Stellar mass distribution of the Type-2 QSOs host galaxies (solid
histogram) and of the galaxies parent sample (dashed histogram) with
0.8 < z < 1.5. The second histogram has been rescaled for graphical
reasons by a factor∼ 1000. The data points represent the fraction of
galaxies hosting Type-2 QSOs in bin of stellar masses (see Sec. 6.1).

each stellar mass bin is determined by summing over the sample
of Type-2 QSOs (NQSO2)

f =
NQSO2∑

i=1

1
Ngal,i

, (1)

where Ngal,i represents the number of galaxies for which we
might have detected an AGN with X-ray luminosity LX,i . We
have plotted in Fig. 7 the fraction of galaxies hosting a Type-2
QSOs . This fraction monotonically increases with stellar masses
going from 0.02% at M⋆ ≈ 8× 109 M⊙ to ≈ 0.6% at M⋆ ≈ 1011

M⊙.
This trend is consistent to what has been found for the over-

all AGN population (Kauffmann et al. 2003; Best et al. 2005;
Silverman et al. 2009; Brusa et al. 2009; Xue et al. 2010).

For our sample of Type-2 QSOs, we do not detect broad lines
and therefore we cannot derive “virial” black hole masses us-
ing the calibration obtained with reverberation mapping onlocal
AGN (e.g. Kaspi et al. 2000). To roughly estimate the mass of
the black holes powering these obscured quasars, we used thelo-
cal MBH-M⋆ scaling relation provided by Häring & Rix (2004).
Since this relation was derived locally, we took into account
a possible redshift evolution parametrized by Merloni et al.
(2010):∆log(MBH/M⋆)(z) = δ2log(1+z), whereδ2 = 0.68±0.12.
We found that most (∼ 90%) of the Type-2 QSOs have black
hole masses in the range log(MBH) = [7.5, 9.5] M⊙. Using these
estimates of black hole masses and the bolometric luminosities
derived at the end of Sec. 2, we computed the Eddington ratio
(λEdd = Lbol/LEdd, where LEdd = 1.38×1038MBH/M⊙). We found
that≈ 50% of the Type-2 QSOs haveλEdd > 0.1, the remaining
half being in the range 0.01< λEdd < 0.1.

6.2. Rest-frame colors

Galaxies display a colour bimodality in both the local Universe
(Strateva et al. 2001; Hogg et al. 2002; Blanton et al. 2003)
and at higher redshift (Bell et al. 2004, Weiner et al. 2005 upto
z≈ 1; Franzetti et al. 2007, Cirasuolo et al. 2007 up to z≈ 1.5;

Fig. 8. Left panel. Color-mass diagram in the redshift range 0.8 < z <
1.2 for the comparison sample of normal galaxies (gray contours), and
the Type-2 QSOs hosts. The rest-frame colors of the Type-2 QSOs hosts
have been measured after removing the contribution from theAGN.
Star-forming galaxies are indicated with the star symbol, while the cir-
cles correspond to passive galaxies. The dashed curve is thedividing
line between red passive and blue star-forming galaxies at z= 1 ac-
cording to Peng et al. (2010). The vertical bars show the variation in
rest-frame colors if an unobscured AGN component is included in the
SED fitting procedure (see Sec. 5).Central panel. U-B rest-frame color
distribution for the Type-2 QSOs host galaxies (filled histogram) and
the comparison sample of normal galaxies (hatched histogram) in the
redshift range 0.8 < z < 1.2. Right panel. As in the central panel but
only for sources with M⋆ > 3× 1010 M⊙.

Giallongo et al. 2005, Cassata et al. 2008, Williams et al. 2009
up to z≈ 2). This bimodality inred-sequence and blue-cloud
galaxies has been interpreted as evidence of a dichotomy in the
star-formation and merging histories of galaxies (e.g. Menci et
al. 2005). Color-magnitude diagrams have been used as toolsin
galaxy evolution studies, and since many models invoke AGN
feedback as an important player in this evolution, it may be in-
teresting to locate the hosts of Type-2 quasars in those diagrams.

From the galaxy component of the best fit to the Type-2 QSO
SED (see Sec. 5), we derived rest-frame colors for the hosts
in the Johnson-Kron-Cousins system. The inclusion of an AGN
component in our SED fitting procedure prevents contamination
from the nuclear emission to the colors of the host galaxy7.

From the histogram in the central panel of Fig. 8, one
could conclude that the host galaxies of Type-2 QSOs mainly
have rest-frame colors in-between the blue and red galaxy
populations, similarly to what has already been reported for
lower luminosity X-ray/optically selected AGNs (Nandra et al.
2007; Martin et al. 2007; Rovilos & Georgantoupoulos 2007;
Silverman et al. 2008; Georgakakis et al. 2008; Schawinski et
al. 2009; Hickox et al. 2009). Silverman et al. (2009) demon-
strated that if one considers stellar-mass rather than luminosity
selected samples of AGN and parent galaxies, the fraction of
galaxies hosting an AGN does not decline towards bluer col-
ors. Xue et al. (2010) confirmed that the AGN fraction remains
nearly constant as a function of color for a stellar mass selected
sample of AGN from the Chandra Deep Fields. Both these works
focused on AGN with luminosities below LX < 1044 erg s−1. Our
sample of Type-2 QSOs is by construction brighter and therefore
care is required when extrapolating these previous results. If we
select only the objects with M⋆ > 4 × 1010M⊙ for which our

7 See the discussion in Appendix A of Hickox et al. (2009) aboutthe
contribution of the nucleus to optical colors of X-ray and radio-selected
AGNs if the SED fitting is done using only galaxy templates.
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COSMOS sample is mostly complete (see Ilbert et al. 2010),
the distribution of rest-frame colors is modified as shown inthe
right panel of Fig. 8. In a mass-selected sample of galaxies the
distribution of rest-frame colors for active and inactive galaxies
is similar. Since stellar mass is likely playing a major rolein de-
termining the evolution of galaxies, mass-selected samples are
more suitable when comparing the properties of the AGN hosts
with those of inactive galaxies.

If we adopt the dividing line betweenblue star-forming and
red passive galaxies as suggested by Peng et al. (2010)

(U − B)AB = 1.10+ 0.075log(
m

1010M⊙
) − 0.18z,

using z = 1.0, we find that≈ 28% of the host galaxies of
Type-2 QSOs in the redshift range 0.8 < z < 1.2 arered and
≈ 72% areblue. If were to use the (U-B) versus MB diagram and
the Willmer et al. (2006) color division, the fraction of Type-
2 QSOs hosts that are classified asred galaxies would increase
to ≈ 58%. We stress that the use of rest-frame colors to study
the properties of AGN host galaxies is subject to a proper treat-
ment of reddening. Objects with intermediate or red colors could
actually be star-forming galaxies obscured by large amounts of
dust on kpc scales (e.g. see Brammer et al. 2009; Pozzetti et
al. 2010). As we describe in the next section, we were able
to derive estimates of the SFR of our host galaxies from the
SED fitting. We can therefore use the specific star-formationrate
(SSFR=SFR/M⋆) to divide the sample into active and quiescent
galaxies depending on whether log(SSFR/Gyr−1) is above or be-
low -1, i.e., galaxies that would take less or more than 10 Gyr
to double their stellar mass at the present SFR, respectively (see
Pozzetti et al. 2010). We find that≈ 20% of thered galaxies
are actively forming stars, and therefore their colors are due to
the presence of dust rather than an old stellar population. Our
result is in agreement with previous studies. Cardamone et al.
(2010), using rest-frame near-infrared colors of lower luminos-
ity AGN hosts to separate passive from dusty galaxies, found
that≈ 25% of the hosts in the red cloud are dusty star-forming
galaxies; Brusa et al. (2009b) from the SED fitting of a sample
of obscured AGN in the Chandra Deep Field South reached the
conclusion that the fraction of dusty star-forming hosts was up
to ≈ 50% of their sample.

6.3. SFR

As described in Sec. 5, we estimated the SFR values of the host
galaxies using the SED fitting technique. We stress that to reli-
ably estimate the SFR of the host galaxy it is crucial to remove
the contribution of the AGN to the observed photometry. As al-
ready discussed, we achieved this by performing the SED fitting
with a combination of AGN and galaxy templates. To quantify
the effect of not modeling the nuclear emission, we compared
the SFR estimates obtained only with galaxy templates and a
combination of galaxies and AGN SEDs, as discussed in Sec.
6.1. We find that for≈ 40% of the objects neglecting the AGN
component will overestimate the SFR by more than a factor of
two, and up to a factor of fifty for a few galaxies (see bottom
panel of Fig. 6).
For comparison, we also estimated the SFR using the UV
continuum luminosity. Using the prescriptions of Daddi et al.
(2004) for star-forming galaxies at 1.4 <z< 2.5 and assuming a
Chabrier IMF, we have

S FR(M⊙yr−1) = Lcorr
1500Å
/8.85× 1027/1.7,

Fig. 9. SFR versus stellar masses obtained from the SED fitting for the
host galaxies of the Type-2 QSOs in the redshift range 0.8 <z< 1.2.
Galaxies with log(SSFR/Gyr−1)> −1 are indicated with a star symbol,
otherwise a circle was used. Type-2 QSO hosts with red (U-B) rest-
frame colors according to the color division by Willmer et al. (2006)
have been highlighted with a smaller lighter circle. The vertical bars
show the variation in SFR if an unobscured AGN component is in-
cluded in the SED fitting procedure (see Sec. 5). The dashed lines are
the correlation and its one-σ confidence intervals found for blue star-
forming galaxies by Elbaz et al. (2007) and PACS/Herschel sources by
Rodighiero et al. (2010) at z≈ 1. The curves have been rescaled from
the original Salpeter IMF to the Chabrier IMF adopted in thiswork.
The vertical dashed line indicates the mass completeness limit of the
PACS sample. The triangle indicates the average SFR for the hosts of
X-ray selected AGNs estimated by Lutz et al. (2010) by stacking 870
µm LABOCA/APEX data.

Lcorr
1500Å

= L1500Å× 100.4×A1500,

where L1500Å is the galaxy luminosity at 1500 Å (erg/s/Hz),
Lcorr

1500Å
is corrected for extinction by dust, and A1500≈ 10×E(B−

V) assuming a Calzetti’s law for the dust extinction, where we
use the E(B-V) values derived from the best SED fit using both
galaxies and AGN templates. Considering the≈ 60 QSO-2 hosts
that match the Daddi et al. (2004) selection criteria, we findthat
the median ratio (SFRS ED /SFRUV ) is ≈ 1.1 with a dispersion of
≈ 0.6.

One of the main goals of this work was to compare the level
of star formation in the hosts of the Type-2 QSOs with that mea-
sured for “non-active” galaxies. Surveys of the local Universe
(Brinchmann et al. 2004; Salim et al. 2005) found that galaxies
can be divided mainly into two populations: star-forming ob-
jects exhibiting a continuous increase in SFR with M⋆ along a
tight correlation andquenched galaxies with little star formation
and high stellar masses. The tight correlation between SFR and
M⋆ for star-forming galaxies has been confirmed to already be
in place at higher redshifts (Noeske et al. 2007a, and Elbaz et
al. 2007 up to z≈ 1; Daddi et al. 2007, and Pannella et al.
2009 up to z≈ 2), also when using PACS/Herschel observations
(Rodighiero et al. 2010). We refer to it as the main sequence
(MS) of star-forming galaxies following Noeske et al. (2007a).
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Fig. 10. Evolution of the average SSFR for Type-2 QSOs hosts as a
function of redshift. For each redshift bin we report the average stel-
lar mass of the host galaxies. Empty circles indicate the average SSFR
per redshift bin if an unobscured AGN component is included in the
SED fitting procedure (see Sec. 5). The continuum line reproduces the
evolution law found by Pannella et al. (2009) for star-forming galax-
ies up to z∼ 2. The dashed line instead is the best fit to the SSFR
redshift evolution derived by Karim et al. (2011) in the massrange
log(M⋆)=[10.6,11.0] M⊙. The two squares are the SSFR for normal
galaxies at z= [4, 5] as presented by Gonzalez et al. (2010) using data
from Stark et al. (2009)

Fig. 11. Evolution of the average SSFR for Type-2 QSOs hosts with
log(M⋆)=[10.6,11.0] M⊙ from z∼ 1 to z∼ 2. The lines and symbols are
the same as in Fig. 10.

The slopes of the MS at different redshifts appear to be the same
but the normalization has decreased by a factor≈ 3.7 going from
z≈ 2 to z≈ 1, and an additional factor≈ 7 at z≈ 0 (Daddi et al.
2007). This decrease in the activity of star-forming galaxies of
a given stellar mass reflects the decline in the global SFR den-
sity with time, and a likely cause of this is gas exhaustion (e.g.
Noeske et al. 2007b).
The galaxy dichotomy found using the correlation between SFR
and M⋆ is more fundamental than that based on rest-frame col-
ors: red colors do not necessarily mean that the galaxy has
stopped forming stars (see the discussion in Sec. 6.2, and the
red colors of some MS galaxies at high M⋆ in Fig. 17 of Elbaz
et al. 2007). Our aim is to compare the properties of the host
galaxies with a parent sample of normal galaxies in the context
of this correlation.
In the redshift range 0.8 <z< 1.2, we have 35 Type-2 QSOs;
and we were able to establish a good fit to their SED for 348

of which. We find that≈ 62% of the Type-2 QSO host in this
redshift range are actively forming stars. In the sample of star-
forming galaxies used by Elbaz et al. (2007) to derive the MS
at z≈ 1, only “blue” galaxies were considered (see their Fig.
13). For consistency, we derived rest-frame absolute magnitudes
in the standard U and B Johnson’s filters from the galaxy com-
ponent of the SED fit of our Type-2 QSO hosts, and separated
them into blue and red galaxies using the color division by
Willmer et al. (2006). As shown in Fig. 9, there is a mild cor-
relation between SFR and M⋆ for the “blue” star-forming hosts.
The Spearman rank correlation coefficient for these sources is
r= 0.38 (p= 0.2). For the majority of our “blue” star-forming
host galaxies, the level of SSFR at z≈ 1 is consistent with the
MS of star-forming galaxies at the same redshift. In Fig. 9, we
also indicated, the average SFR estimated by Lutz et al. (2010)
for the hosts of X-ray selected AGN at z∼ 1 obtained by stacking
870µm LABOCA observations in the Extended Chandra Deep
Field South. Most of these hosts have stellar masses in the range
10.4 <log(M⋆) < 11 M⊙ (Xue et al. 2010). From this stack-
ing analysis, the derived value of SSFR for AGN hosts is also
consistent with the MS of star-forming galaxies at z∼ 1.

We repeated a similar analysis for the hosts in the three
higher redshifts bins: 1.2 < z < 1.8 (36 objects), 1.8 < z < 2.5
(28 objects), and 2.5 < z < 3.2 (12 objects). First, we find that
the fraction of star-forming galaxies between our Type-2 QSO
hosts increases with redshift: 66%, 71%, and 100% respectively.
We then looked at the evolution of the SSFR for Type-2 QSO
hosts between redshift z= 0.8 and z= 3 as shown in Fig. 10. At
a first look, this figure would suggest that there is only a mild
evolution, if any, of the average SSFR for Type-2 QSO hosts go-
ing from z∼ 1 to z∼ 2, while there is no evolution at all at z> 2.
The latter agrees with the constant SSFR measured from z∼ 7
to z∼ 2 for normal galaxies (e.g. Gonzalez et al. 2010), while
the former disagrees with the substantial drops of the average
SSFR below z∼ 2 (e.g. Noeske et al. 2007a, and Daddi et al.
2007). Shao et al. (2010) used Herschel/PACS observations of
the GOODS-N field to estimate the star-formation rate in X-ray
selected AGNs. They find that the host far-infrared luminosity
of AGN with L2−10keV ≈ 1044 erg s−1 does not significantly in-
crease from z∼ 1 to z∼ 2 (see their Fig. 4). Since the rest-frame
far-infrared emission is typically dominated by the host rather
than the AGN (e.g. Netzer et al. 2007b) it can be used as a SFR
diagnostic and therefore the Shao et al. (2010) results are con-
sistent with ours in Fig. 10. However, submillimetre surveys of

8 Source 5326 has near-IR photometry contaminated by a nearby
source and will not be considered in this analysis.
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41     150.105550 +2.126360211     150.162800 +2.622019212     149.993400 +2.377250

229     149.691070 +2.335580411     149.638220 +2.1496112208     150.474660 +2.094088

2210     150.435400 +2.1428202289     150.491690 +1.7726072440     150.671760 +1.760097

2597     150.244120 +1.7821925053     150.370960 +1.9532425229     150.021270 +1.791375

5288     149.570360 +1.9906065400     150.683700 +2.6727825414     150.595930 +2.336069

5441     150.369010 +1.7920315467     150.643270 +2.5295465546     149.770780 +1.746625

54514    149.572380 +2.26271860314    149.529070 +2.554034

Fig. 12.Type-2 QSOs hosts classified asbulge-dominated galaxies. The
images are 10′′ on a side. They were obtained by combining Subaru B-
band (blue), ACS F814W (green), and CFHT Ks (red) images. XID and
coordinates of the source are reported at the top of each image.

narrow line radio galaxies, possibily radio loud Type-2 QSOs,
found that their FIR luminosity rises with redshift out to z≈ 4,
and interpreted it as an increase in the star formation activity
with redshift (e.g. Archibald et al. 2001; Reuland et al. 2004).
We note that the samples of Type-2 QSOs in the redshift bins
plotted in Fig. 10 have different mean stellar masses: at z∼ 1, the
average stellar mass is< M⋆ >∼ 3× 1010 M⊙, while it is higher,
< M⋆ >∼ 6× 1010 M⊙, at z∼ 3. Also the curve from Pannella et
al. (2009) plotted in Fig. 10 is most valid for M⋆ ∼ 3×1010 M⊙.
According to Karim et al. (2011), there is a correlation between

70     150.150230 +2.475198292     150.537750 +2.413655313     149.868090 +2.304891

323     150.537870 +2.3105362237     149.768090 +2.4313485427     150.015410 +2.665872

5547     149.743060 +1.9516035548     149.642910 +2.684225

Fig. 13.Type-2 QSOs hosts classified asdisk-dominated galaxies. The
images are 10′′ on a side. They were obtained by combining Subaru
B-band (blue), ACS F814W (green), and CFHT Ks (red) images.XID
and coordinates of the source are reported at the top of each image.

151     150.073740 +2.346878200     150.170470 +2.218811413     149.884210 +2.338141

5033     150.674100 +1.5972405326     149.668810 +1.9967345496     150.703640 +1.648673

Fig. 14. Type-2 QSOs hosts classified aspossible-merger. The images
are 10′′ on a side. They were obtained by combining Subaru B-band
(blue), ACS F814W (green), and CFHT Ks (red) images. XID and co-
ordinates of the source are reported at the top of each image.

SSFR and stellar masses, with higher mass objects having lower
SSFRs. For the three redshifts bins below z∼ 2, we now include
only the hosts with log(M⋆)=[10.6-11.0] M⊙ and consider the
best fit to the redshift evolution of the SSFR for normal galaxies
in the same mass range (Table 5 of Karim et al. 2011). As Fig.
11 shows, the agreement between Type-2 QSO hosts and nor-
mal galaxies is now excellent: the average SSFR for our hosts
decreases by a factor≈ 3.6 going from z∼ 2 to z∼ 1.

7. Morphology

Another important diagnostic of galaxy evolution is their mor-
phologies, which correlates with their star-formation histories.
In Type-2 QSOs, obscuration on parsec scales prevents the light
of the nuclei from outshining the host galaxy, therefore making it
easier, compared to unobscured Type-1 QSOs, to study the mor-
phological properties of their hosts. Using the Cycle 12 Hubble
Space Telescope (HST) Advanced Camera for Surveys (ACS)
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Fig. 15. Location of the hosts morphologically classified as bulge-
dominated (filled circles), disk-dominated (filled ellipse), possible-
mergers (filled stars) in three planes defined using the four non-
parametric measurements of the light distribution: asymmetry, con-
centration, M20, Gini coefficient. The contours include 99% of the
Scarlata et al. (2007) galaxies with morphological classification as
bulge-dominated (red), disk-dominated (blue), and possible-mergers
(green).

F814W images of the COSMOS field (Scoville et al. 2007;
Koekemoer et al. 2007), we studied the morphology of 34 Type-
2 QSO host galaxies with z< 1.2 and IAB < 24. We used an
upgraded version of the Zurich Estimator of Structural Types
(ZEST; Scarlata et al. 2007) known as ZEST+ (Carollo et al.,
in preparation). This new tool, based on a principal component
analysis, includes additional measurements of non-parametric
morphological indices for characterizing both structure and sub-
structures. For each of the 34 host galaxies, we measured the
half-light radius (r1/2), the Petrosian radius (RP), and the el-
lipticity (ǫ). In addition, we derived estimates of four popular
non-parametric measurements of the light distribution in galax-
ies (e.g. Abraham et al. 2003; Lotz et al. 2004): concentra-
tion (C), asymmetry (A), second-order moment of the brightest
20% of the galaxy flux (M20), and Gini coefficient (G). The val-
ues of these parameters for each of the 34 Type-2 QSOs hosts
are reported in Table 2. Using a combination of this informa-
tion and after a visual inspection of the ACS images, we di-
vided our host galaxies into three classes:bulge-dominated,disk-
dominated, andpossible-merger. The breakdown in morphologi-
cal classes for the Type-2 QSO host galaxies at z≤ 1.2 is the fol-
lowing: 57% bulge-dominated, 23% disk-dominated, and 20%
possible mergers. Color cutouts of the hosts divided by morpho-
logical classes are shown in Fig. 12, 13, and 14. In Fig. 15, we
plot the distribution of our host galaxies in three planes: Gvs.
M20, C vs. M20, and C vs. A. Scarlata et al. (2007) obtained
reliable morphological classifications for∼ 56000 IAB ≤ 24
galaxies in the COSMOS field using ZEST. For comparison, we
added in Fig. 15 the contours enclosing 99% of the Scarlata
et al. (2007) galaxies belonging to the ZEST morphological
classes T=1 (red), T=2.0 or 2.1 (blue), which correspond to disk
galaxies with a Sersic indexn > 1.25, and T=3 (green). While
in the first two panels our morphological classification agrees
quite well with the large galaxies sample studied by Scarlata et
al. (2007), in the third panel a significant fraction of our hosts
are outside the contours mainly due to larger asymmetry val-
ues than observed for galaxies of the same morphological class.
This could be interpreted as an indication of a higher fraction
of disturbed morphologies in our sample of Type-2 QSO host
galaxies than normally observed in a magnitude limited sam-
ple of normal galaxies. Furthermore, our hosts tend to be highly
concentrated and≈ 65% of them have C> 3, a range in which
elliptical and bulge-dominated galaxies are located. Thisis not
surprising since they are mostly massive galaxies that usually
have a consistent bulge already in place. Silverman et al. (2008)
also found that for X-ray selected AGN of lower luminosity (log

L0.5−10keV < 43.7 erg s−1) at z< 1 the majority of the host galax-
ies are bulge dominated. We note that in the morphological anal-
ysis presented in this paper, we did not attempt to subtract any
possible residual point-like source at the center of the galaxy. If
present, these point sources would bias the concentration mea-
surements towards higher values: Gabor et al. (2009) found that
this is the case for a sample of≈ 200 X-ray selected AGN at
0.3 <z< 1 in the COSMOS field (see their Fig. 12). The AGN
sample of Gabor et al. (2009) was, on average, less obscured
than the NH > 1022 cm−2 objects we present, hence the like-
lihood that a residual point-like source is present in the ACS
images is higher. We plan to study this possible bias in detail in
future work.
As reported above, we were able to detect signs of recent merg-
ers in only≈ 20% of the hosts of Type-2 QSOs at z< 1.2. The
lack of morphological merger signatures for the majority ofthe
objects should be treated with caution. The ACS images could
simply be not deep enough to detect faint surface brightnessfea-
tures, as tidal tails or shells, to trace past interactions.For ex-
ample Ramos Almeida et al. (2011), using deep optical images,
found that≈ 80% of a complete sample of z< 0.7 narrow line ra-
dio galaxies show signs of interactions based on the detection of
faint morphological features. In addition, some models (e.g. Di
Matteo et al. 2005) predict that the quasar phase occurs towards
the end of the merging process, and at that point the final galaxy
should be mostly relaxed and have low values of asymmetry (e.g.
Conselice 2003). In this scenario, it becomes difficult to test
merging-induced quasar fueling models by studying the mor-
phological appearance of the host galaxies. At the same time,
this hypothesis also opens another possible approach: a major
merger would most likely form spheroidal galaxies and large
disks should usually be destroyed9. As described above, we find
that the majority of the Type-2 QSO hosts at z< 1.2 are bulge-
dominated galaxies and that a few of them contain disks. In a
study of the morphology of the hosts of 140 AGN in the XMM-
COSMOS survey, Cisternas et al. (2011) found that: a) there is
no significant difference in the distortion fractions between ac-
tive and inactive galaxies; b)∼ 65% of the AGN hosts are disk
dominated. On the basis of these findings, they concluded that
major mergers are not the trigger of BH accretion. We note that
the vast majority of the Cisternas et al. (2011) AGN sample has
lower X-ray luminosities than the Type-2 QSOs presented in this
paper: only 18 sources (13%) of their sample have LX > 1044 erg
s−1 and these are mostly unobscured QSOs. The different frac-
tion of disk galaxies between the two studies could be connected
to different triggering mechanisms of accretion activity at low
and high AGN luminosities (e.g. Hopkins & Hernquist 2009).
In Fig. 16, we compared the distribution of Eddington ratios
for the three morphological classes. The range of values of this
statistic is limited, but bulge-dominated galaxies tend tohost
AGN with low Eddington ratios (λ < 0.1), while disk-dominated
or merging galaxies at their centers contain BHs accreting at
high Eddington ratios (λ > 0.1). The mean BH mass of the
bulge-dominated sample is< MBH >∼ 4 × 108 M⊙, while for
the mergers< MBH >∼ 1× 108 M⊙. The distributions in Fig. 16
are therefore consistent with the general finding that the lowest
mass BHs are the fastest accretors (McLure & Dunlop 2002;
Netzer & Trakhtenbrot 2007).

9 Some simulations (e.g. Barnes & Hernquist 1996; Springel &
Hernquist 2005) show that mergers of gas-rich galaxies could produce
a disk-dominated remnant but only for particular orientations of the an-
gular momentum vectors. These conditions are usually not related to
substantial BH growth (Hopkins & Hernquist 2009).



12 V. Mainieri et al.: Black hole accretion and host galaxiesof obscured quasars in XMM-COSMOS

Fig. 16. Distribution of Eddington ratios for the hosts of Type-2
QSOs morphologically classified as bulge-dominated (top panel), disk-
dominated (middle-panel), and possible mergers (bottom panel).

8. Conclusions

We have explored the relationships between SMBH accretion
in obscured quasars and the physical properties of their host
galaxies. The sample of 142 Type-2 QSOs was selected from
those considered for the X-ray spectral analysis in the XMM-
COSMOS survey. The bulk of this quasar sample is located in
the redshift range 1< z < 2.5, which includes the peaks of both
the global star-formation rate and AGN activity. The obscured
quasars presented in the paper have a mean bolometric luminos-
ity of Lbol = 8 × 1045 erg s−1, a regime where several models
invoke major mergers of gas-rich galaxies as the main fueling
mechanism of the central SMBH.
A key ingredient of this work has been the ability to use an
AGN+host galaxy SED decomposition technique to put reliable
constraints on the stellar masses and star-formation ratesof the
hosts. This has been possible for the excellent multi-wavelength
coverage in the COSMOS field.
The main results of this work are the following:

– Type-2 QSOs reside almost exclusively in massive galax-
ies: more than 80% of their hosts have M⋆ > 1010 M⊙.
The fraction of galaxies hosting Type-2 QSOs monoton-
ically increases with stellar masses going from 0.02% at
M⋆ ≈ 8× 109 M⊙ to ≈ 0.6% at M⋆ ≈ 1011 M⊙.

– The rest-frame colors of their host galaxies are mostly be-
tween those of the blue and red galaxy population. We con-
firm that this is the effect of a luminosity-selected rather than
a mass-selected sample. Furthermore, the classification of
the host galaxies based on their rest-frame colors is subject to
the effect of dust reddening:≈ 20% of the host galaxies with
red or intermediate rest-frame colors are dusty star-forming
objects.

– At z∼ 1, ≈ 62± 7% of Type-2 QSOs are actively forming
stars and this fraction increases with redshift,≈ 71± 3% at
z∼ 2, and 100% at z∼ 3.

– We find that the redshift evolution of the specific star forma-
tion rate for the hosts of Type-2 QSOs is in excellent agree-
ment with that observed for star-forming galaxies in the red-
shift range 1< z < 3: the average SSFR increase by a factor
≈ 3.6 going from z∼ 1 to z∼ 2, and remains constant at
higher redshifts.

– A morphological analysis of the ACS images has indicated
that the majority of the host galaxies are bulge dominated,
there being a few cases of disk galaxies or mergers. This
lack of merger signatures cannot be automatically translated
as proof that mergers are not playing an important role in
the accretion history of these quasars. Several models in-
deed assume that the quasar phase occurs toward the end of
the merging process, and at that point we expect the host
galaxy to be mostly relaxed with low values of asymme-
try. Numerical simulations also predict that large disks are
destroyed during a major merger, therefore detecting large
number of disks could place some strong constraint on the
occurrence of a major merger. With the current data, we have
detected clear disks in only a few cases.

– We find that bulge-dominated galaxies tend to host Type-
2 QSOs with low Eddington ratios (λ < 0.1), while disk-
dominated or merging galaxies have at their centers BHs ac-
creting at high Eddington ratios (λ > 0.1).

The morphological analysis presented in this paper is based
on F814W ACS images, which corresponds to the rest-frame
UV at the average redshift of our galaxies. This implies thatwe
are mainly mapping regions of recent star-formation. It will be
extremely interesting to repeat this analysis using futurenear-
IR observations from space that will provide high resolution
images in the optical rest-frame. The CANDELS HST Multi-
cycle Treasury Program (Grogin et al. , 2011; Koekemoer et
al. , 2011) will image with WFC3/HST part of the COSMOS
field and therefore provide a less biased view of the morphol-
ogy of these Type-2 QSOs hosts. It would be also interesting to
estimate the nebular continuum contribution to the UV SED of
Type-2 quasars host galaxies. This would be possible using NIR
spectroscopy to derive Hβ flux and the line of sight reddening
for each quasar (see e.g. Tadhunter et al. 2002). Finally, the on-
going Herschel survey of the COSMOS field, as well as other
patches of the sky, will improve the mid and far-infrared cov-
erage, a crucial wavelength range to measure the SFR of AGN
hosts.
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Table 1.SED of Type-2 QSOs. The legend for the column namedSurvey is the following: s=spectroscopic redshift; p=photometric redshift.

XID log LX [0.5-10 keV] log NH z Survey log M⋆ SFR MU MB

(erg s−1) (cm−2) (M⊙) (M⊙ yr−1) (AB) (AB)
41 45.20 22.122.5

22.1 0.962 s 10.210.2
10.2 79.179.4

78.3 -21.4 -22.0
50 45.44 22.522.6

22.3 2.941 s 9.89.89.8 157.8158.9
157.8 -21.8 -22.2

70 44.51 23.223.4
23.1 0.688 s 10.810.8

10.8 94.894.8
94.8 -20.6 -21.7

97 44.53 22.422.5
22.2 1.300 p 10.710.7

10.7 64.364.4
64.3 -20.9 -21.8

105 44.68 22.722.9
22.3 1.600 p 10.710.7

10.7 4.34.3
4.3 -19.8 -20.9

106 44.16 22.622.8
22.5 1.260 p 10.810.8

10.8 0.50.5
0.5 -19.1 -20.5

107 44.77 22.022.5
21.3 1.530 p 10.410.4

10.3 33.033.0
32.2 -21.9 -22.5

108 44.44 22.322.6
21.4 1.570 p 10.510.5

10.5 84.786.5
83.8 -20.4 -21.4

122 45.12 23.023.3
22.8 2.418 s 10.610.6

10.6 0.70.8
0.7 -20.1 -21.2

138 44.85 22.722.9
22.6 2.610 p 11.011.1

10.6 305.5946.2
296.5 -22.4 -23.2

144 44.96 22.622.9
22.3 2.930 p 11.511.5

11.5 32.732.7
32.5 -22.2 -23.3

151 44.10 22.722.9
22.4 0.797 s 10.610.6

10.6 113.2114.0
110.9 -21.9 -22.7

159 44.43 22.122.5
21.2 2.230 p 11.511.5

11.5 116.9118.3
116.1 -21.0 -22.2

181 44.58 22.222.4
22.0 1.720 p 11.111.2

11.1 63.163.5
62.4 -20.4 -21.6

182 44.91 22.923.0
22.7 2.040 p 10.911.1

10.9 0.61.0
0.6 -21.1 -22.3

194 44.40 22.723.0
22.4 1.456 s 10.610.6

10.4 65.367.5
64.7 -20.8 -21.7

200 44.07 22.723.0
22.3 1.156 s 10.310.3

10.3 22.222.5
22.2 -19.7 -20.7

209 44.55 22.923.3
22.5 2.000 p 11.011.0

10.8 33.033.7
14.2 -20.3 -21.4

211 44.02 22.222.4
22.0 1.188 s 10.510.5

10.5 55.355.3
54.7 -20.0 -21.0

212 44.55 23.424.3
23.2 0.931 s 10.710.7

10.4 13.213.3
2.7 -20.1 -21.2

229 44.03 22.222.5
21.8 0.864 s 11.111.1

11.1 1.61.6
1.6 -20.2 -21.5

233 44.59 22.722.9
22.5 1.930 p 10.610.8

10.5 76.684.9
33.5 -20.4 -21.4

235 44.79 22.622.8
22.4 2.220 p 11.511.5

11.5 370.7376.7
370.7 -22.2 -23.3

247 44.49 23.023.3
22.6 1.950 p 10.810.8

10.5 19.219.5
7.9 -20.3 -21.3

27610 45.28 22.823.0
22.7 2.620 p 10.810.8

10.8 790.7794.3
787.0 -24.9 -25.2

292 44.06 22.823.0
22.5 0.618 s 10.810.8

10.8 13.613.6
13.6 -19.4 -20.6

313 44.03 22.723.0
21.9 0.970 p 10.910.9

10.9 7.47.5
7.4 -20.0 -21.2

323 44.27 22.322.4
22.1 0.839 s 10.810.8

10.8 60.060.5
58.2 -20.8 -21.8

327 44.31 22.923.4
22.2 1.910 p 11.211.2

11.2 220.8220.8
220.3 -22.2 -23.1

331 44.50 22.322.7
21.9 2.390 p 11.011.1

10.9 89.589.7
36.5 -21.2 -22.2

333 44.74 23.2−1.0
20.4 3.070 p 11.011.0

11.0 150.0150.0
149.6 -23.0 -23.7

337 44.61 22.722.9
22.4 1.720 p 10.910.9

10.9 179.9180.7
177.8 -21.3 -22.2

338 44.35 23.023.4
22.4 1.550 p 11.011.0

11.0 3.23.2
3.2 -19.9 -21.1

351 44.72 22.9−1.0
20.4 2.200 p 11.211.2

11.2 17.718.2
17.1 -20.9 -22.1

362 44.22 22.823.3
22.3 1.490 p 10.310.3

10.2 4.64.7
4.5 -20.1 -20.9

390 44.67 22.823.2
22.4 1.740 p 11.411.4

11.4 98.4102.8
98.4 -20.9 -22.0

403 44.59 22.222.5
21.6 2.510 p 9.99.99.9 12.512.9

11.6 -20.2 -20.9

406 44.68 23.023.3
22.7 2.921 s 10.910.9

10.9 37.237.4
36.9 -21.7 -22.5

411 44.09 22.422.6
21.9 0.952 s 10.810.8

10.8 0.80.8
0.8 -20.1 -21.3

412 44.42 22.823.0
22.7 1.300 p 10.610.6

10.6 108.1109.1
107.6 -20.7 -21.6

413 44.80 23.623.9
23.3 1.023 s 10.610.6

10.6 47.247.3
47.2 -21.7 -22.5

428 44.52 22.222.6
21.7 2.010 p 11.111.1

11.1 1.01.0
1.0 -21.7 -22.8

435 44.49 22.522.9
22.2 2.080 p 10.310.3

10.3 32.933.6
32.8 -21.9 -22.6

10 The photometry is contaminated by the halo of a bright nearbystar.
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Table 1.continued.

XID log LX [0.5-10 keV] log NH z Survey log M⋆ SFR MU MB

(erg s−1) (cm−2) (M⊙) (M⊙ yr−1) (AB) (AB)

440 44.25 22.322.7
20.7 1.800 p 11.011.0

11.0 98.299.5
97.3 -20.7 -21.8

463 44.32 22.623.0
22.3 1.870 p 11.211.2

11.2 3.43.4
3.4 -20.5 -21.8

470 44.31 22.723.4
21.8 2.070 p 10.910.9

10.9 1.71.7
1.7 -19.8 -21.1

2206 45.42 23.023.1
22.9 2.410 p 11.011.0

11.0 160.7161.4
160.0 -21.8 -22.8

2208 45.08 23.023.0
22.9 1.130 p 10.710.7

10.6 75.077.4
73.5 -20.4 -21.4

2210 44.08 22.823.0
22.6 0.968 s 11.011.0

11.0 10.710.7
10.6 -20.9 -22.1

2236 44.70 22.022.3
21.7 1.800 p 10.410.4

10.4 289.1291.7
289.1 -21.4 -22.1

2237 44.48 22.422.6
22.3 0.944 s 11.211.2

11.2 17.717.7
17.6 -21.5 -22.6

2289 44.17 22.622.8
22.3 0.833 s 11.011.0

11.0 114.6114.8
114.0 -21.5 -22.5

2336 44.67 22.823.2
22.5 1.760 p 10.910.9

10.8 6.66.6
6.4 -20.9 -21.9

239011 44.94 23.323.6
23.1 2.830 p 10.610.6

10.6 223.4224.9
220.8 -23.8 -24.2

2408 44.24 23.023.2
22.7 1.270 s 11.111.1

11.1 317.0317.0
317.0 -21.9 -22.8

2414 44.55 22.222.4
22.0 1.640 p 11.211.2

11.2 68.471.9
68.2 -21.7 -22.7

2440 44.02 22.322.5
22.0 1.175 s 11.011.1

11.0 0.80.8
0.8 -21.5 -22.7

2464 44.11 22.422.6
22.2 1.260 p 10.910.9

10.9 0.60.6
0.6 -21.2 -22.4

2483 44.62 22.422.7
22.0 1.650 p 10.810.8

10.7 98.6101.2
96.4 -21.3 -22.2

2507 44.40 22.622.9
22.2 0.937 s 9.89.89.8 86.387.1

86.3 -21.9 -22.3

2518 44.90 23.123.4
22.7 3.176 s 11.511.5

11.5 77.477.4
77.4 -22.7 -23.6

2528 44.78 22.322.6
21.8 2.050 p 9.99.99.9 195.9197.2

194.5 -22.0 -22.4

2530 45.02 22.4−1.0
20.4 2.640 p 11.811.8

11.8 3026.93026.9
2992.3 -24.8 -25.5

2544 44.65 23.323.6
23.0 0.826 s 11.311.3

11.3 2.62.6
2.6 -21.4 -22.5

258212 44.25 22.522.8
22.0 2.090 p 11.311.3

11.2 0.03.4
0.0 -18.3 -20.0

2597 44.01 22.322.6
21.8 1.119 s 10.710.7

10.7 23.423.4
23.3 -20.5 -21.5

2668 45.32 23.223.6
20.4 0.886 s 10.810.8

10.8 0.40.4
0.4 -19.6 -21.0

2684 44.47 22.522.7
22.2 1.810 p 11.111.1

11.1 12.112.1
12.1 -20.9 -22.0

2772 44.65 22.422.7
21.8 1.600 p 11.211.2

11.2 1.11.1
1.1 -21.8 -23.0

5006 45.52 24.124.4
23.8 2.417 s 11.311.3

11.3 540.8543.3
538.3 -22.5 -23.4

5007 44.99 23.824.5
20.4 2.110 p 10.510.6

10.5 21.924.9
10.3 -19.2 -20.3

5033 44.62 23.624.6
23.6 0.670 p 10.710.7

10.7 1.01.0
1.0 -20.3 -21.4

5039 44.40 22.522.9
21.8 1.750 p 11.211.2

11.2 81.783.8
79.6 -20.6 -21.7

5043 44.14 22.924.2
20.4 1.380 p 10.810.8

10.8 65.565.5
65.5 -20.3 -21.4

5053 44.30 23.023.4
22.5 1.200 p 11.011.0

11.0 0.80.8
0.8 -20.9 -22.1

5054 44.54 22.022.3
21.7 1.420 p 10.810.8

10.8 38.939.5
38.5 -19.8 -21.0

5056 44.19 22.522.8
22.3 1.220 p 11.011.0

11.0 0.70.7
0.7 -20.7 -21.9

5057 44.19 22.222.7
20.8 1.690 p 11.111.1

11.0 115.1116.7
115.1 -21.5 -22.5

5066 44.42 22.422.7
21.9 0.970 p 11.011.0

11.0 9.59.6
9.5 -20.8 -22.0

507013 44.77 23.223.4
23.1 1.450 p 10.310.3

10.3 462.4465.6
461.3 -24.7 -24.9

5111 44.63 22.923.1
22.6 1.080 p 10.010.1

10.0 12.412.4
12.4 -19.7 -20.6

5120 44.98 22.422.6
21.5 3.650 p ... ... 0.0 0.0

5149 44.07 22.222.8
20.4 1.560 p 10.610.7

10.6 93.894.6
87.5 -20.6 -21.5

5153 44.13 22.923.1
22.7 0.787 s 10.010.0

10.0 47.147.9
47.1 -19.6 -20.5

11 The ACS image shows a source at 0.5” from the chosen counterpart, therefore the IR photometry is the blending of the emission of these two
sources.

12 For this objects we have photometry only in five filters.
13 The photometry is contaminated by a nearby bright star.
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Table 1.continued.

XID log LX [0.5-10 keV] log NH z Survey log M⋆ SFR MU MB

(erg s−1) (cm−2) (M⊙) (M⊙ yr−1) (AB) (AB)

5158 44.22 22.422.6
22.0 1.440 p 10.910.9

10.9 22.922.9
22.8 -21.7 -22.5

5161 45.54 22.923.7
20.4 3.160 p 11.111.1

11.1 177.4177.4
175.8 -22.6 -23.4

5162 44.94 22.522.9
20.4 3.524 s 10.510.5

10.5 699.8699.8
695.0 -23.4 -23.8

5178 44.43 23.123.4
22.8 1.720 p 11.311.3

11.3 1.31.3
1.3 -21.4 -22.7

5186 45.16 22.622.7
22.4 2.540 p 9.99.99.9 195.4195.4

188.8 -20.8 -21.4

5229 44.37 22.623.1
22.0 1.030 p 10.710.8

10.7 11.111.7
11.1 -19.8 -20.9

5232 44.73 22.923.2
21.8 2.830 p 11.211.2

11.1 72.889.7
70.8 -20.6 -21.7

5266 44.72 23.123.3
22.8 1.950 p 10.810.8

10.8 54.656.1
54.6 -20.7 -21.7

5278 44.94 23.223.4
22.6 1.620 p 10.610.6

10.6 32.632.8
32.1 -20.7 -21.6

5288 44.15 22.222.4
21.9 1.000 s 11.111.1

11.1 2.22.2
2.2 -20.7 -21.9

5292 44.57 22.423.0
20.4 2.730 p 11.011.0

10.9 27.037.3
27.0 -19.7 -21.0

530514 44.17 22.423.0
21.4 2.500 p 10.110.1

10.1 161.8164.1
158.9 -21.4 -21.9

532615 44.35 22.723.2
22.0 0.950 p 8.68.68.6 9.29.3

9.2 -19.3 -19.6

5347 44.65 23.124.3
20.4 3.120 p 11.411.4

11.4 212.8224.9
208.4 -22.2 -23.2

5357 44.83 23.623.9
23.4 1.670 p 10.710.7

10.7 1.61.7
1.6 -20.4 -21.4

5368 44.17 22.222.4
21.9 1.230 p 11.211.2

11.2 105.9105.9
105.9 -20.9 -22.1

5369 44.16 22.122.4
21.8 0.950 p 10.410.4

10.4 21.121.7
21.0 -19.7 -20.7

5400 44.19 22.722.9
22.6 0.680 p 10.810.8

10.8 1.21.2
1.2 -20.0 -21.2

5414 44.10 22.422.5
22.2 0.910 p 10.710.7

10.7 0.91.0
0.9 -19.7 -20.9

5417 44.62 22.422.8
21.9 2.050 p 11.011.0

11.0 1153.51153.5
1153.5 -24.1 -24.6

5427 44.86 23.623.8
23.4 1.177 s 11.111.1

11.1 2.72.7
2.7 -21.5 -22.6

5441 44.11 22.122.5
21.7 1.170 p 11.111.1

11.1 4.24.2
4.2 -20.8 -21.9

5448 45.30 22.823.0
22.5 2.060 p 11.011.0

11.0 43.043.1
42.8 -21.8 -22.7

5452 44.40 22.022.4
21.6 1.920 p 10.010.0

10.0 131.5133.0
131.5 -21.2 -21.7

5467 44.14 23.224.6
20.4 0.870 p 10.710.7

10.7 1.61.6
1.6 -19.1 -20.3

5488 44.36 23.123.6
22.2 1.280 p 11.011.0

11.0 163.7164.4
163.3 -21.8 -22.8

5496 44.60 23.625.0
23.6 0.694 s 10.610.6

10.6 54.554.5
54.5 -20.6 -21.6

5512 44.31 22.122.6
20.6 1.130 p 11.411.4

11.4 5.25.2
5.1 -22.2 -23.3

5546 44.62 22.8−1.0
20.4 1.200 p 11.111.1

11.1 2.42.4
2.4 -21.3 -22.5

5547 44.07 22.422.6
22.0 0.960 p 9.59.59.5 17.517.8

17.5 -19.2 -19.9

5548 45.01 23.123.5
22.8 1.060 p 10.910.9

10.9 1.01.0
1.0 -20.3 -21.5

5553 44.51 23.1−1.0
20.4 2.390 p 11.211.2

11.1 1.11.1
0.9 -20.6 -22.0

5563 44.88 22.823.0
22.6 3.410 p 10.310.3

10.3 473.2493.2
443.6 -21.7 -22.3

5569 45.04 22.723.2
22.0 1.810 p 11.211.2

11.2 3.33.3
3.3 -21.1 -22.3

5573 44.88 22.222.4
22.0 1.660 p 11.211.2

11.2 182.0188.8
181.1 -21.4 -22.5

5582 44.60 22.923.1
22.7 1.490 p 10.710.7

10.7 0.90.9
0.9 -20.3 -21.4

5606 44.73 22.623.2
20.8 4.166 s 10.210.2

10.2 401.8401.8
399.0 -23.4 -23.7

10094 44.69 22.923.2
20.4 2.670 p 10.710.7

10.7 5.05.0
5.0 -20.7 -21.8

10499 44.11 22.523.0
21.7 1.990 p 11.211.2

11.2 98.998.9
98.9 -20.9 -22.0

10690 44.52 22.723.3
21.9 3.100 p 10.210.2

10.2 177.8179.1
176.2 -22.7 -23.1

10719 44.68 22.522.9
22.1 1.700 p 10.510.5

10.5 360.6364.8
360.6 -22.9 -23.3

30292 44.37 23.0−1.0
20.9 2.550 p 10.010.0

10.0 1.11.1
1.1 -19.7 -20.6

14 The quality of the SED fit is poor.
15 The IR photometry is contaminated by a nearby source.
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Table 1.continued.

XID log LX [0.5-10 keV] log NH z Survey log M⋆ SFR MU MB

(erg s−1) (cm−2) (M⊙) (M⊙ yr−1) (AB) (AB)

30361 44.19 22.823.4
20.4 1.910 p 11.111.1

11.1 156.0156.0
151.4 -21.2 -22.2

30789 44.99 22.823.3
20.4 1.810 p 11.111.1

11.1 2.72.7
2.7 -20.9 -22.1

31357 44.63 23.223.5
22.9 1.700 p 11.411.4

11.4 1.71.7
1.7 -21.7 -23.0

31419 44.35 23.6−1.0
20.4 1.130 p 9.910.0

9.9 14.614.7
7.0 -18.6 -19.6

53351 45.80 23.2−1.0
20.4 3.000 p 10.310.3

10.1 53.766.5
53.2 -21.1 -21.9

54316 44.26 22.522.9
22.0 1.980 p 11.211.2

11.0 68.7161.4
68.7 -21.1 -22.2

54514 44.44 23.6−1.0
20.4 0.707 s 11.111.1

11.1 2.52.5
2.5 -20.8 -22.0

60075 44.15 22.923.4
22.4 1.080 p 10.810.8

10.8 1.31.3
1.3 -19.4 -20.7

60144 44.07 23.0−1.0
20.4 1.500 p 10.910.9

10.9 0.50.5
0.5 -21.1 -22.2

60168 44.84 22.622.9
22.3 2.140 p 10.910.9

10.9 380.2383.7
372.4 -21.9 -22.7

60214 44.17 22.8−1.0
20.4 1.640 p 10.910.9

10.8 0.30.5
0.3 -19.8 -21.1

60255 44.15 22.8−1.0
20.4 0.890 p 11.211.2

11.2 161.8161.8
161.8 -21.3 -22.3

60314 44.59 23.524.0
20.4 1.080 p 10.310.3

10.3 49.850.8
49.5 -19.9 -20.8

60421 44.24 22.623.1
20.4 1.600 p 10.010.0

9.8 8.318.5
8.0 -19.9 -20.7

60422 45.17 23.023.3
22.6 1.890 p 9.89.89.8 71.371.8

71.0 -21.1 -21.6

60423 44.34 22.222.8
20.4 1.560 p 10.910.9

10.9 387.3393.6
387.3 -22.6 -23.3
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Table 2. Morphological parameters of Type-2 QSO hosts at z≤ 1.2. The morphological classes in column 4 are : 1= bulge dominated; 2= disk
dominated; 3= possible merger.

XID z magI Class r1/216 RP ǫ C A G M20

AB pixels pixels

41 0.962 21.73 1 3.01 6.01 0.10 2.99 0.20 0.53 -1.70
70 0.688 20.51 2 15.14 30.35 0.28 2.42 0.15 0.47 -1.66

151 0.797 21.99 3 21.17 51.81 0.42 2.36 0.45 0.58 -0.66
200 1.156 23.34 3 11.18 31.52 0.25 3.24 0.31 0.49 -1.89
211 1.188 23.94 1 4.91 13.06 0.01 2.99 0.10 0.60 -1.83
212 0.931 22.47 1 7.73 19.87 0.17 3.16 0.07 0.60 -2.10
229 0.864 21.67 1 8.23 18.33 0.20 2.72 0.06 0.55 -1.92
292 0.618 21.68 2 21.47 41.24 0.67 2.45 0.18 0.53 -1.79
313 0.970 22.51 2 10.03 22.59 0.40 2.77 0.12 0.53 -1.84
323 0.839 21.29 2 16.77 36.11 0.56 3.49 0.15 0.51 -2.29
411 0.952 22.56 1 6.52 15.84 0.23 2.95 0.08 0.54 -1.98
413 1.023 21.46 3 31.00 83.23 0.31 3.51 0.39 0.50 -1.86

2208 1.130 23.04 1 7.99 21.86 0.25 3.35 0.23 0.58 -1.90
2210 0.968 21.48 1 13.38 35.99 0.18 3.75 0.10 0.57 -2.28
2237 0.944 20.94 2 12.57 34.64 0.44 3.97 0.14 0.58 -2.33
2289 0.833 20.79 1 6.68 15.90 0.29 3.69 0.09 0.61 -2.18
2440 1.175 22.27 1 9.62 22.94 0.19 3.05 0.12 0.58 -1.92
2597 1.119 22.89 1 9.60 29.59 0.20 3.52 0.20 0.60 -2.06
5033 0.670 21.02 3 18.95 39.91 0.20 1.99 0.21 0.53 -1.17
5053 1.200 23.83 1 8.78 29.95 0.29 3.25 0.24 0.53 -2.06
5229 1.030 23.32 1 6.46 14.65 0.23 2.95 0.13 0.56 -1.90
5288 1.000 21.98 1 7.52 18.34 0.26 3.09 0.06 0.57 -1.96
5326 0.950 23.97 3 7.76 17.84 0.52 2.69 0.32 0.56 -0.99
5400 0.680 21.18 1 10.04 23.91 0.20 3.42 0.07 0.62 -2.18
5414 0.910 22.59 1 8.60 19.75 0.46 2.75 0.09 0.54 -1.81
5427 1.177 22.13 2 18.08 45.91 0.26 3.24 0.21 0.54 -2.11
5441 1.170 22.77 1 14.84 38.39 0.30 3.81 0.24 0.51 -2.16
5467 0.870 23.13 1 6.63 15.94 0.11 2.94 0.11 0.57 -1.94
5496 0.694 21.06 3 12.10 27.63 0.41 3.28 0.23 0.59 -1.84
5546 1.200 22.25 1 4.16 8.85 0.10 2.80 0.14 0.56 -1.81
5547 0.960 23.77 2 6.37 20.50 0.15 3.75 0.20 0.59 -2.14
5548 1.060 22.77 2 13.83 30.79 0.48 3.21 0.16 0.53 -2.14

54514 0.707 20.41 1 13.76 42.68 0.32 3.72 0.11 0.66 -2.12
60314 1.080 23.26 1 6.51 15.56 0.24 2.69 0.13 0.55 -1.81
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Appendix A: SED fits

SED decomposition for the sample of Type-2 QSOs. Black circles are the observed photometry in the rest-frame. Purple andblue
lines correspond respectively to the galaxy and AGN template found as the best fit solution, while the black line shows their sum.
The triangle is the predicted AGN emission at 12.3µm based on the Gandhi et al. (2009) correlation. We tried to anchor the AGN
template to this value allowing an uncertainty egual to the dispersion observed by Gandhi et al. (2009) in their correlation.
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