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ABSTRACT

‘We explore the properties of the host galaxies of X-ray selected AGN in the COSMOS field using the Chandra Legacy sample and the
LEGA-C survey VLT optical spectra. Our main goal is to compare the relative ages of the host galaxies of the obscured and unobscured
AGN by means of the calcium break D, (4000) and the H; Balmer line. The host galaxy ages are examined in conjunction with other
properties such as the galaxy stellar mass, and star-formation rate as well as the AGN Eddington ratio. Our sample consists of 50
unobscured or mildly obscured (Ng < 10** cm™2) and 23 heavily obscured AGN (Ny > 102 cm™2) in the redshift range z = 0.6—1. We
take specific caution to create control samples in order to match the exact luminosity and redshift distributions for the obscured and
unobscured AGN. The majority of unobscured AGN appear to live in young galaxies in contrast to the obscured AGN which appear
to live in galaxies located between the young and old galaxy populations. This finding may be in contrast to those evolutionary AGN
unification models which postulate that the AGN begin their life in a heavy obscuration phase. The host galaxies of the obscured
AGN have significantly lower levels of specific star-formation. At the same time the obscured AGN have lower Eddington ratios
indicating a link between the star-formation and the black hole accretion. We find that the distribution of the stellar masses of the host
galaxies of obscured AGN is skewed towards higher stellar masses in agreement with previous findings. Our results on the relative
age of obscured AGN are valid when we match our obscured and unobscured AGN samples according to the stellar mass of their host
galaxies. All the above results become less conspicuous when a lower column density (log Niy(cm™2) = 21.5 or 22) is used to separate

the obscured and unobscured AGN populations.
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1. Introduction

Active Galactic Nuclei (AGNs) are among the most lumi-
nous sources in the Universe. They are powered by accre-
tion onto supermassive black holes (SMBHs) in their cen-
tres (Lynden-Bell 1969). Despite the difference in physical
scale between the SMBH and the galaxy spheroid (about nine
orders of magnitude), there is a tight correlation between the
masses of the SMBH and the galaxy bulge (Silk & Rees 1998;
Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhardt et al.
2000). The physical mechanisms that underlie this correlation
are not properly understood but most theoretical models for
galaxy evolution predict a regulating mechanism between the
AGN power and the star-formation of the host galaxy. The mod-
els that explain the AGN and galaxy co-evolution on the basis of
mergers (e.g., Hopkins et al. 2008) suggest that when the AGN
becomes active it passes a long period in an obscured phase.
The obscuring material feeds the AGN that eventually becomes
powerful enough to push away the surrounding material and
become unobscured (e.g., Ciotti & Ostriker 1997; Hopkins et al.
2006; Hopkins & Hernquist 2006; Somerville & Hopkins 2008;
Blecha et al. 2018). Then the unobscured AGN passes a phase
of coeval growth where the SMBH accretes material at high

Eddington rates and at the same time this stimulates intense star-
formation in the centre of the host galaxy (Di Matteo et al. 2005;
Hopkins et al. 2008; Zubovas et al. 2013). These are the evo-
lutionary unification models which are differentiated from the
standard unification models. The latter postulate that the obscu-
ration in an AGN depends only on the inclination angle relative
to the line of sight (Antonucci 1993). A number of observational
works provide evidence in support of the above evolutionary sce-
narios (e.g., Koss et al. 2018; Glikman et al. 2018; Banerji et al.
2021; Hatcher et al. 2021; Mountrichas & Shankar 2023).

In the past years there has been a number of works which
examined the validity of the AGN/galaxy co-evolution mod-
els. The most widely applied method to study the AGN-galaxy
co-evolution is via examining the correlation of the SMBH
activity and the star formation rate (SFR) of the host galaxy
(e.g., Rovilos et al. 2012; Rosario et al. 2012; Chen et al. 2013;
Hickox et al. 2014; Stanley et al. 2015, 2017; Rodighiero et al.
2015; Aird et al. 2012, 2019; Lanzuisi et al. 2017; Harrison et al.
2018; Brownetal. 2019). In many of the above studies the
star-formation is measured at far infrared wavelengths from
the cold dust emission heated by young stars using data from
the Herschel mission. The X-ray luminosity is used as a very
good proxy of the AGN power. More recent works attempt to
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disentangle the effect of the host galaxy on the star-formation by
taking into account the position of the host galaxy on the star-
formation main sequence as defined by its redshift and stellar
mass. These works (Mullaney et al. 2015; Bernhard et al. 2019;
Masoura et al. 2018, 2021; Florez et al. 2020; Mountrichas et al.
2021a; Torbaniuk et al. 2021) find again a correlation between
the normalised SFR (SFRnorMm) and the AGN X-ray luminos-
ity; SFRNorMm is defined as the observed SFR divided by the
mean SFR of normal galaxies at the same redshift and stel-
lar mass. However, it is not entirely clear whether the corre-
lation between SFR and X-ray luminosity hides an underlying
correlation with the galaxy’s stellar mass (Fornasini et al. 2020;
Mountrichas et al. 2022¢). This would suggest that the AGN
power and the SFR evolve in a similar manner because they
are fed by the same molecular gas depot of the host galaxy.
Some of the above works examined the SFR separately for type-
1 and type-2 AGN. They concluded that there is no concrete evi-
dence that the SFR properties differ in the two types of AGN
(Masoura et al. 2021; Mountrichas et al. 2021a). Nevertheless,
Chen et al. (2015) by analysing a sample of mid-IR selected
AGN in the Bootes region, find that the SFR in type-2 AGN is a
factor of two higher compared to type-1 AGN.

Additional evidence in support of the evolutionary uni-
fication scenarios may come from the comparison of the
Eddington ratio distribution in obscured and unobscured AGN
(Ananna et al. 2022; Schulze et al. 2015; Kelly & Shen 2013;
Schulze & Wisotzki 2010). Ananna et al. (2022) studied the
Eddington ratios of low redshift AGN in the Neil Gehrels
Swift/Burst Alert Telecope (BAT) AGN spectroscopic survey
(BASS). They find that the Eddington ratio distribution of
obscured AGN is skewed towards low Eddington ratios. This is
in favour of a radiation-driven scenario where the radiation pres-
sure regulates the shape of the torus. This means that when the
AGN is luminous the torus is pushed away while the obscured
AGN are those which have low Eddington ratios. These findings
are not in contrast with the evolution unification scenarios where
the birth of an AGN is marked by a long phase of obscuration
accompanied by low Eddington ratios.

On the other hand, recent results on the masses of obscured and
unobscured AGN may be in contrast to the above evolutionary uni-
fication scenarios. Zou et al. (2019) examined optically selected
narrow and broad line AGN in the COSMOS field, finding that
the type-2 systems have significantly higher stellar masses. This
result has been corroborated by other optically selected samples
(Mountrichas et al. 2021a; Koutoulidis et al. 2022) although the
difference in stellar mass is not prominent when the separation
between type-1 and type-2 AGN is based on X-ray obscuration.
This difference in stellar mass may suggest that type-2 AGN are
more massive because they are associated with older systems and
had more time to increase their mass because of merging with
satellite galaxies. However, more concrete evidence is necessary
in order to pin down the age of these AGN and thus to better con-
strain the models of AGN and galaxy co-evolution. This evidence
can be provided by optical spectroscopy. In a pioneering work
Kauffmann et al. (2003) examined the properties of the host galax-
ies of a large number of AGN in redshifts below z = 0.3 from the
Sloan Digital Sky Survey. In particular they examined the galaxy
ages using the strength of the calcium 4000-A break as the primary
indicator of the age of the stellar population. They examined the
stellar ages of narrow-line and broad-line AGN finding no signifi-
cantdifference between the two populations when their luminosity
and redshift is taken into account.

The LEGA-C survey provides the opportunity to expand
these studies at redshifts z ~ 0.7 corresponding to a look-back
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time of 7 Gyr. The LEGA-C survey has observed 4000 galaxies
in the COSMOS field using the VIMOS instrument on VLT pro-
viding excellent quality spectroscopy and hence accurate mea-
surements of the calcium break and other age indicators such
as the Hs absorption line. In this work, we examine the prop-
erties of the Chandra X-ray selected AGN in the COSMOS
field combining the LEGA-C optical spectroscopy with spec-
tral energy distribution (SED) fittings performed with the X-
CIGALE code. The optical spectroscopy provides robust indi-
cators of the age as well as black hole masses while the SED
provide the stellar masses and SFR. Our goal is to examine how
the properties of obscured and unobscured AGN evolve with
stellar age. This may provide constraints on the galaxy/AGN
co-evolution models and evolutionary unification models.
Throughout the paper, we assume a standard ACDM cosmology
with H, = 69.3kms™ Mpc™!, Q,, = 0.286.

2. Data
2.1. The LEGA-C survey

The Very Large Telescope VIMOS LEGA-C survey (van der Wel
et al. 2021) collects high signal-to-noise, high resolution spectra
for thousands of galaxies in the redshift range 0.6—1. This allows
to probe stellar populations (ages and metallicities) and stellar
kinematics (velocity dispersions) of thousands of galaxies at a
look-back time of ~7 Gyr. This allows to study with unprece-
dented accuracy the star-formation history of galaxies.

The LEGA-C survey is based on the UltraVISTA catalogue
of Muzzin et al. (2013). This catalogue contains 160 070 sources
down to K = 23.4 across 1.62 sq. degrees of the COSMOS field
(Scoville et al. 2007). The LEGA-C survey creates a parent sam-
ple of galaxies with (spectroscopic or photometric) redshifts in
the range 0.6 < z < 1 and with Ks magnitudes brighter than a
redshift-dependent limit K; = 20.7-7.5log[(1+z)/1.8]. The final
survey footprint covers 1.4255 square degrees, giving a total sur-
vey co-moving volume of ~3.7 x 10° Mpc? between z = 0.6 and
z = 1.0. The VIMOS observations produced 3029 high signal-
to-noise spectra of primary targets in the 6300-8800 A wave-
length range with a resolution of R = 2500. Additional targets
have been observed at either higher redshifts or at fainter mag-
nitudes in the primary z = 0.6-1 redshift band. The strength of
the Balmer absorption lines and the spectral region around the
calcium break at 4000 A provide the most sensitive diagnostics
of the stellar population age (e.g., Kauffmann et al. 2003). The
determination of the age distribution of stellar populations at a
redshift of about 7 Gyr is one of the main products of the survey.

2.2. The COSMOS Chandra Legacy survey

Civano et al. (2016) present a 4.6 Ms Chandra survey that cov-
ers 2.2 deg? of the COSMOS field. The central area has been
observed with an exposure time of ~160 ksec while the remain-
ing area has exposure time of 80 ksec. The limiting depths are
2.2x1071%,1.5x 10" ergecm™ 57! in the soft (0.5-2keV), hard
(2-10keV) bands, respectively. The catalogue contains 4016
sources. Lanzuisi et al. (2017) and Marchesi et al. (2016b) pro-
vide X-ray spectral fits for all sources with over 30 counts.
For the remaining sources hardness ratios are given defined as
HR = (H - S)/(H + §S) where H and S are the net (back-
ground subtracted) count rates in the 2-7keV and 0.5-2keV
respectively. These provide a good proxy of the intrinsic col-
umn density of the source. As most sources have a low number
of counts, Civano et al. (2016) used the Bayesian Estimation HR
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code (Park et al. 2006) which is particularly effective in the low-
count regime.

Marchesi et al. (2016a) matched the X-ray sources with opti-
cal/infrared counterparts, using the likelihood ratio technique
Sutherland & Saunders (1992). 97% of the sources have an opti-
cal/IR counterpart. Finally, a cross-match with the COSMOS
photometric catalogue produced by the HELP collaboration
Shirley et al. (2019) has been performed. HELP includes data
from 23 of the premier extragalactic survey fields, imaged by
the Herschel Space Observatory which form the Herschel Extra-
galactic Legacy Project (HELP). The catalogue provides homo-
geneous and calibrated multi-wavelength data. The cross-match
with the HELP catalogue is done using 1 arcsec radius and the
optical coordinates of the counterpart of each X-ray source.

3. Sample selection
3.1. Optical spectra

We cross-correlate the LEGA-C DR-3 spectroscopic catalogue
(van der Wel et al. 2021) with the coordinates of the optical
counterparts of the COSMOS Chandra Legacy sample. We find
173 common sources of which 163 have optical spectra with
good signal-to-noise ratio >3 per pixel (0.6 A). Out of these
only 107 have reliable measurements in both the H; and the
calcium break D, spectral region. Kauffmann et al. (2003) have
studied the Hs; — D,, diagram for SDSS optically selected AGN.
They find that the continuously star-forming galaxies define a
sequence from old galaxies having large values of D, and low
values of Hs moving progressively to young galaxies which have
low values of D, combined with high values of H;. Galaxies
which experienced recent star-formation bursts present high H;
values above the main sequence. However, eight of our sources
present low values of D,, placing them in the young galaxy
regime, combined with low values of Hs which are characteris-
tic of old galaxies. The location of these sources on the Hs — D,
diagram cannot be easily interpreted using the star-formation
history models in Kauffmann et al. (2003). Inspection of their
optical spectra suggests that the Lick indices may be contami-
nated by broad emission features. The details of these galaxies
are given in Table 1. These eight sources lie outside the 99% con-
tours of the LEGA-C galaxy population (see the top left panel in
Fig. 4). A further eight sources have been discarded because of
poor quality spectral energy distribution fits having y> > 5, see
Sect. 4.1 for details.

3.2. Photometry

In our analysis, we need reliable estimates of the galaxy proper-
ties via SED fitting. The vast majority of our X-ray AGN have
been detected in the following photometric bands u, g, 1, 1,2, J,
H, Ks, IRAC1, IRAC2 and MIPS/24. IRAC1, IRAC2 and
MIPS/24 are the [3.6] um, [4.5]um and 24 wm, photometric
bands of Spitzer. However, there are seven sources which have
photometric information available only in the optical band and
obviously these are excluded from further analysis. Finally, we
select only the sources in the redshift range z = 0.6—1 and X-ray
luminosity range log Lx(ergs™') = 42.6—44. The luminosity cut
is dictated by the need to create obscured and unobscured AGN
samples in the same luminosity range. Our final sample is com-
prised of 73 sources. All have detections in the Herschel PACS
100 and 160 um bands while 57 have detections in the Herschel
SPIRE bands. We plot the redshift and luminosity distribution of

Table 1. Excluded sources lying well below the main Hs — D,, sequence.

LEGA-CID Redshift D, H

3795 1.005 126 -1.30
3589 0.6921 123 -3.29
3247 09585 1.14 -0.66
2236 0.7076 1.05 -4.23
2015 0.7025 120 -4.24
1718 0.7283 1.13 -2093
939 0.6643 1.14 -3.48
37 0.9044 1.07 0.58

our final sample in Fig. 1 while in Sect. 5.1 we show the distri-
bution on the L, — z plane.

3.3. X-ray absorption

Out of our 73 sources, 41 have reasonable quality X-ray spec-
tra with over 30 counts while the remaining sourfsee aslces have
only hardness ratios available. We first used the column densi-
ties given in Lanzuisi et al. (2017, 2018) while for the remain-
ing sources we used the estimates in Marchesi et al. (2016b).
In some cases the AGN X-ray spectra may be contaminated
by a non-negligible SFR component. This component origi-
nates from gas heated by supernova remnants to temperatures of
~0.8keV (e.g., Mineo et al. 2012). The luminosity of this com-
ponent could reach a few times 10*' ergs™' in the 0.5-2keV
band (e.g., Ranalli et al. 2003). Obviously in the case of low-
luminosity AGN this component may contribute a significant
part of the soft X-ray emission and thus it could affect the col-
umn density estimates. We have performed detailed simulations
to check the effect of the SFR component using XSPEC (Arnaud
1996). We model the SFR component using the APEC model.
We find that for a column density of 10?3 cm™2, an AGN X-ray
luminosity of Ly_7iey = 10¥ ergs™ and a SFR luminosity of
Los—okev ~ 3 x 10% erg s~! the column density estimate is not
affected. This holds well even in the case of lower column den-
sities of Ny = 10?> cm™2. However, in the case of even lower
column densities Ny < 1023 cm™2 in combination with low
X-ray AGN luminosities L, 7y < 10 ergs™! and/or high SFR
component luminosities in excess of Lys_oxey ~ 3 X 10* ergs™!
the column density estimates could be underestimated.

We divide our sample according to their column density to
unobscured or mildly obscured and heavily obscured sources
with log Ng(cm™2) > 23. The choice of this high threshold col-
umn density is dictated by the need to select only bona-fide
obscured AGN where the absorption originates in the torus. It
has been demonstrated that lower column densities could often
be associated with large scale absorption within the galaxy (e.g.,
Maiolino & Rieke 1995; Malkan et al. 1998; Buchner & Bauer
2017; Circosta et al. 2019; Malizia et al. 2020; D’ Amato et al.
2020; Gilli et al. 2022). The obscuration associated with inter-
stellar medium of the host galaxy may be more pronounced at
higher redshifts (Scoville et al. 2017; Tacconi et al. 2018). Inter-
estingly, Gilli et al. (2022) predicts that even at a redshift of z ~ 1
the Galactic column density could be as high as log Ny(cm™2) =
22. There are 23 heavily obscured and 50 unobscured or mildly
obscured sources. Hereafter, we refer to these as the obscured
and unobscured AGN subsamples. Note that in the remaining
of the paper when the classification is based on X-ray spec-
troscopy or hardness ratio we refer to the objects as obscured
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Fig. 1. Distributions of redshift (left panel) and intrinsic X-ray luminosity Ly (right panel) for the obscured and unobscured AGN samples. The

distribution of the combined X-ray sample is over-plotted for reference.

and unobscured, whereas if the classification is based on opti-
cal spectroscopy we refer to the objects as type-2 and type-1
respectively.

4. Analysis
4.1. Spectral Energy distribution fitting using X-CIGALE

In this section we estimate the host galaxy properties, the stel-
lar mass and the star-formation rate. We measure the host galaxy
properties of X-ray AGN in our sample, by applying SED fit-
ting using the X-CIGALE code (Boquien et al. 2019). In its latest
version (Yang et al. 2020, 2022), CIGALE accounts for extinc-
tion of the ultraviolet (UV) and optical emission in the poles
of the AGN. At the same time it takes into account the X-ray
emission of the AGN in order to better constrain the torus emis-
sion. This is performed by means of the @, index which is the
spectral slope that connects the 2 keV and the 2500 A monochro-
matic emission. For the estimation of the above index, the code
requires the intrinsic X-ray fluxes, i.e., X-ray fluxes corrected for
X-ray absorption. The improvements that these new features add
in the fitting process are described in detail in Yang et al. (2020),
Mountrichas et al. (2021b) and Buat et al. (2021).

For the SED fitting process, we use the intrinsic X-ray
fluxes estimated in Marchesi et al. (2016b) . X-CIGALE uses the
Qox — Lysop 4 relation of Just et al. (2007) to connect the X-ray

flux with the AGN emission at 2500 A. We adopt a maximal
value of |Aaox|max = 0.2 that accounts for a =2 o scatter in the
above relation.

In the SED fitting analysis, we use the same grid used in
Mountrichas et al. (2022¢) in the COSMOS field. This allows
us to provide a better comparison with the results presented in
the above study. Here, we only summarise the modules included
in that work. A delayed star formation history (SFH) model
with a function form is used to fit the galaxy component. The
model includes a star formation burst in the form of an ongo-
ing star formation no longer than 50 Myr (Buat et al. 2019). The
Bruzual & Charlot (2003) single stellar population template is
used to model the stellar emission. Stellar emission is attenu-
ated following Charlot & Fall (2000). The dust heated by stars
is modelled following Dale et al. (2014). The SKIRTOR tem-
plate Stalevski et al. (2012, 2016) is used for the AGN emission.
SKIRTOR assumes a clumpy two-phase torus model, based on
3D radiation-transfer. All free parameters used in the SED fit-
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ting process and their input values, are presented in Table 2. In
Fig. 2, we present example SED fits for four obscured and four
unobscured AGN.

4.2. Quality examination
4.2.1. Poor SED fits

We exclude SEDs with poor fits, in order to constrain our anal-
ysis only to the sources with reliable host galaxy measure-
ments. For that purpose, we consider only sources for which the
reduced y?, ¥ < 5. This value has been used in previous stud-
ies (e.g., Masoura et al. 2018; Buat et al. 2021) and is based on
visual inspection of the SEDs. Following this criterion, we have
excluded seven sources from further analysis.

4.2.2. SFR

As Zouetal. (2019) pointed out, for sources undetected by
Herschel, SFRs derived from SED fitting may be affected by
contamination from AGN emission at UV to optical wave-
lengths. This contamination could be more significant in the case
of type-1 AGN. In the Zou et al. (2019) sample, only 32% of the
sources had detection in at least one Herschel band. They derived
SFR estimates by using single band Herschel photometry and
they compared with the SED SFR. They found that although the
single band SFRs are overestimated by a factor of a few com-
pared to the SED fits, there is no systematic difference between
type-1 and type-2 AGN.

Mountrichas et al. (2022c), used data from the COSMOS
fields and showed that the lack of far-IR Herschel photometry
(both PACS and SPIRE) does not affect the SFR calculations of
X-CIGALE. They used 742 AGN (60% of their total X-ray sam-
ple) that have been detected by Herschel. For these sources, they
performed SED fitting with and without Herschel bands, using
the same parametric space. The results are shown in their Fig. 4.
The mean difference of the log(SFR) measurements is 0.01 and
the dispersion is o = 0.25.

In our case, the far-IR photometry available is way more
solid. As described in Sect. 3, all of our sources have PACS pho-
tometry available, while there are only 23 sources which lack
Herschel SPIRE photometry. As an additional check we exam-
ine the CIGALE SFR Bayesian errors. We found that the median
relative SFR errors (error/measurement) are 0.53 and 0.78 for the
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Table 2. Models and values for their free parameters used by X-CIGALE for the SED fitting.

Parameter

Model/values

Star formation history: delayed model and recent burst

Age of the main population
e-folding time
Age of the burst
Burst stellar mass fraction

1500, 2000, 3000, 4000, 5000, 7000, 10000, 12 000 Myr
200, 500, 700, 1000, 2000, 3000, 4000, 5000 Myr
50 Myr
0.0, 0.005, 0.01, 0.015, 0.02, 0.05, 0.10, 0.15, 0.18, 0.20

Simple Stellar population: Bruzual & Charlot (2003)

Initial Mass Function
Metallicity

Chabrier (2003)
0.02 (Solar)

Galactic dust extinction

Dust attenuation law
V-band attenuation Ay

Charlot & Fall (2000) law
0.2,0.3,04,05,06,0.7,0.8,09,1, 1.5,2,2.5,3,35,4

Galactic dust emission: Dale et al. (2014)

a slope in dMyyg o< U~*dU 2.0
AGN module: SKIRTOR)
Torus optical depth at 9.7 microns 797 3.0,7.0
Torus density radial parameter p (o oc r=Pe=4105O) 1.0
Torus density angular parameter g (p oc r~Pe~4¢0sO)) 1.0
Angle between the equatorial plan and edge of the torus 40°
Ratio of the maximum to minimum radii of the torus 20

Viewing angle
AGN fraction

30° (type 1),70° (type 2)
0.0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8, 0.9, 0.99

Extinction law of polar dust SMC
E(B - V) of polar dust 0.0,0.2,04
Temperature of polar dust (K) 100
Emissivity of polar dust 1.6
X-ray module

AGN photon index I" 1.4

Maximum deviation from the aox — Lysq 4 relation 0.2
LMXB photon index 1.56

HMXB photon index 2.0

Total number of models (X-ray/reference galaxy catalogue) 313632 000/60 984 000

Notes. For the definition of the various parameter see Sect. 4.1.

unobscured and obscured AGN, respectively. This further sup-
ports the fact that our SFR measurements are not contaminated
by UV and optical light in the case of unobscured AGN. We
note that the median logSFR is 0.41 and 0.18 for the unobscured
and unobscured AGN. The corresponding median SFR errors are
0.36 and 0.21 respectively.

4.3. Derivation of the normalised star-formation

A widely applied method to compare the SFR of AGN with
that of galaxies, is to use analytical expressions from the liter-
ature. Schreiber et al. (2015) describe the SFR-M, correlation,
known as the main sequence (Elbaz et al. 2007; Speagle et al.
2014). The estimated parameter is the SFRnorwMm, defined as
the ratio of the SFR of an AGN with M, at redshift z rela-
tive to the SFR of normal galaxies at the same stellar mass and
redsift. Results from studies that followed this approach (e.g.,
Mullaney et al. 2015; Masoura et al. 2018, 2021; Bernhard et al.
2019; Torbaniuk et al. 2021) may suffer from systematics. These
could be caused by the fact that different methods are applied for
the estimation of the host galaxy properties (SFR, M, ) of AGN
and galaxies.

A more advanced approach, is to compare the SFR of AGN
with that from a control galaxy, i.e., a non-AGN sample that has
been selected by applying the same criteria (e.g., photometric

coverage) as the AGN sample and for which the galaxy prop-
erties have been calculated following the same method (e.g.,
SED fitting). This method has been applied by Shimizu et al.
(2015, 2017) in hard (14-195keV) X-ray selected AGN from
the Swift/BAT and more recently by Mountrichas et al. (2021c,
2022a,c). The limitation of this method is the available num-
ber of reference galaxies at a given M,,z bin (Pouliasis et al.
2022). Here, we compare the SFR of X-ray AGN with that of
normal galaxies. We apply the same SED fitting analysis in both
datasets and we require the availability of the same photometric
bands. The reference sample is drawn from the HELP catalogue
(Shirley et al. 2019). There are about ~2.5 million galaxies in the
COSMOS field of which ~500 000 are in the 1.38 deg? of Ultra-
VISTA (see also Laigle et al. 2016). There are ~230 000 galax-
ies, after we exclude X-ray sources, that meet the photometric
requirements we have set on the X-ray sample.

We compare the SFR of X-ray AGN with that of galax-
ies, using the SFR,,m parameter. We derive the SFR; oy, fol-
lowing the method described in Mountrichas et al. (2022c¢). In
more detail, the SFR of each X-ray source is divided by the
SFR of galaxies from the reference catalogue. These galaxies
are selected to have stellar mass that differs +0.1 dex from the
stellar mass of the AGN and is found within +0.075 X (1 + z)
from the X-ray source. The median value of these ratios is used
as the SFR,o:m of each AGN. In these calculations, each source
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is weighted based on the uncertainty on the SFR and M.. The
most reliable estimates refer to X-ray sources for which the
SFR;orm has been derived using at least 20 galaxies from the ref-
erence catalogue. However, this necessarily lowers to less than
ten galaxies when we consider only the most massive systems
(11.5 < log[M.(Mp)] < 12.0).

4.4. Black hole masses and Eddington ratios

One of the main measurements coming from the high resolution
LEGA-C spectra is the velocity dispersion (van der Wel et al.
2016). These have an error of only 0.08 dex. Eight sources
(6 unobscured and two obscured AGN) do not have a mea-
surement of the velocity dispersion available and hence are
excluded from the Eddington ratio analysis. The velocity dis-
persions can provide a good proxy of the black hole mass
Mpgy. Ferrarese & Merritt (2000), Gebhardt et al. (2000) found
a strong correlation between the black hole mass and the stel-
lar velocity dispersion. Merritt & Ferrarese (2001) proposed the
following relation between the above quantities.
Mgy = 1.3 x 108 032 M, €))
where o5 is the stellar velocity dispersion in units of
200kms™".

The Eddington luminosity is the maximum luminosity that
can be emitted by the AGN. This is defined by the bal-
ance between the radiation pressure and the gravitational force
exerted by the black hole.

Lepp ~ 1.3 x 10°® (Mg /M) ergs™". )

The Eddington ratio is defined as the ratio of the bolometric
luminosity and the Eddington luminosity, Agpp = LpoLr/Lepp.
The bolometric luminosity is usually determined from the
X-ray luminosity (Marconi et al. 2004; Vasudevan et al. 2013;
Lusso et al. 2012). We use here the most recent relation cali-
brated in Duras et al. (2020). These bolometric corrections take
into account both the X-ray luminosity and they differentiate
between obscured and unobscured AGN.

5. Results and discussion

In this section we present the distributions of the age of the host
galaxy, the SFR, the stellar mass the Eddington ratio and veloc-
ity dispersion separately for the obscured and unobscured AGN
populations.

5.1. Normalisation of the obscured and unobscured samples

Since the z and Ly distributions are different for obscured and
unobscured AGN (Fig. 1), we need to compare the host galaxy
stellar mass and age distributions by normalising on luminosity
and redshift. This is done with the use of control samples. We
follow the method of Zou et al. (2019) for the creation of the
control samples, dividing the log Lx — z plane into a grid with
Az = 0.1 and AlogLy = 0.5dex (see Fig. 3). We randomly
select Ny(z;, L;) unobscured sources as well as the same num-
ber of obscured sources N»(z;, L;) in the considered i,j grid ele-
ment. After repeating the procedure in each redshift, luminosity
bin, we end up with new unobscured and obscured samples with
similar distributions of z and Ly. The obscured and unobscured
control samples contain 73 sources each i.e. the total number of
sources in our sample.
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Fig. 3. Distribution in the redshift and intrinsic luminosity plane for
the obscured and unobscured AGN. The grid is used to assign weights
in different z, Lx bins in order to take into account the different lumi-

nosity and redshift distributions of obscured and unobscured AGN (see
Sect. 5.1).

0.6

5.2. Age indicators

We have used the amplitude of the 4000-A break and the Hj
absorption line (Worthey & Ottaviani 1997) as the age indica-
tors of the host galaxies. The D,(4000) index quantifies the
strength of the calcium break at 4000 A (Balogh et al. 1999).
This is defined as D, = Faps0/F3900. This break is prominent
in older and metal-rich stellar populations. It is caused by the
CAII absorption doublet and by line blanketing of metal lines
in stellar atmospheres. Metals in the outer layer of a star’s atmo-
sphere absorb some of the star’s radiation and re-emit it at redder
wavelengths. Then galaxies which experienced a recent episode
of star-formation have a smaller D, index because of the pres-
ence of young stars. Another commonly used age indicator is
provided by the Balmer lines which are most prominent in the
youngest stars. Absorption takes place mostly in A stars which
have large amounts of neutral material available. This has been
interpreted by Dressler & Gunn (1983) as an indication that that
the SFR burst ended 0.5-1.5 Gyr before the observation. At the
redshifts probed here higher order Balmer lines such as Hy, are
observed as the redder lines shift out of frame. The strength of
absorption features is often quantified using the Lick indices.
The Lick indices measure the flux in the absorption line compar-
ing it with the flux in a nearby pseudo-continuum. This defines
the strength of the line: I = (1, — A4;)(1 — F/F¢) where where
Ay — Ay is the width of the passband used to measure the index
and F¢ and F; are the fluxes of the continuum and the line
respectively (for details see Worthey & Ottaviani 1997). The
units of Hy are given in A. For more details on the extraction
of the D, and H; indices are given in Straatman et al. (2018) and
van der Wel et al. (2021). We note that the presence of a strong
AGN may affect the D,, and H; values. For example, regarding
the Calcium break, this could happen if the relative contribution
of the AGN to the galaxy R = FASN/FGal is different in the pass-
bands centred at 3900 A and 4050 A. The ratio R above can be
determined from our SED fitting. We found that the ratios are
very close to unity and then the resulting corrections are very
small.

In Fig. 4 we present the plot with the age indicators of our
sample compared to the LEGA-C galaxy sample. We colour-
code our sources using (a) the column density (b) the stellar mass
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Fig. 4. Age indicators H; — D, (4000) plots for our sample. The triangles and the squares denote the obscured and the unobscured AGN respectively.
The colour-coded key gives the value of the (a) intrinsic AGN column density. The dotted lines gives the contours that include 68% and 99% of
the LEGA-C galaxy population (b) stellar mass, (c) specific SFR, (d) normalised SFR, (e) Eddington ratio, and (f) stellar velocity dispersion. The
obscured and unobscured AGN samples have not been corrected for differences in their luminosity and redshift distribution.

(c) the specific star-formation rate (d) the normalised star forma-
tion rate and (e) Eddington ratio (f) velocity dispersion. Note that
this plot has not being weighted for the different luminosity and
redshift distributions of the obscured and unobscured objects.
The locus of galaxies is forming a sequence moving from
high (low) values of D, ~ 2 (Hs ~ -3) to low (high) val-
ues of D, ~ 1.2 (Hs ~ 5). Large deviations from this locus
are often used as an indicator of recent bursts of star forma-
tion (Kauffmann et al. 2003). It can be seen that the galaxies
are separated in two groups. The old group clusters around
(Dy, Hs) = (1.8,0) while the young group populates the area
around (D,,, Hs) = (1.3,5.5). The AGN occupy both the old and
young cloud but with some tendency towards the young cloud.
In particular, the unobscured AGN populate more frequently
the young cloud compared to the obscured AGN. The obscured
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AGN appear to have cc intermediate ages populating the region
(Dy, Hs) = (1.5,2.5). The above differences can be more clearly
seen in the histogram of D, (Fig. 5). We note that in this figure
the samples have been normalised in order to follow the same
luminosity and redshift distributions (see Sect. 5.1). Itis apparent
that the unobscured population is associated mainly with young
galaxies. Instead the obscured population occupies an area in
the middle of the young and old cloud. More specifically, the
obscured and unobscured AGN population have a median D,
value of 1.53 and 1.40 respectively. The K-S test shows that the
two populations have different distributions in the D,, at a statisti-
cally significant level (see Table 3). Following standard practice,
we adopt 20 (p-value = 0.05) as the threshold for a ‘statistically
significant’ difference in host-galaxy properties. The distribution
of H; (Fig. 5) shows that both populations present a peak around
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been normalised in order to follow the same luminosity and redshift distribution (see Sect. 5.1 for details). We over-plot the distribution of the
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Fig. 6. Distribution of M, for the obscured and unobscured AGN sam-
ples. The distribution refers to the frequency histogram so that the sum
of all bins equals unity. The distribution has been weighted taking into
account the redshift and luminosity distributions of obscured and unob-
scured AGN. We over-plot the distribution of the LEGA-C galaxies for
reference.

H; ~ 3 albeit the host galaxies of the unobscured AGN present
also a large tail at younger ages Hs ~ 5.

Silverman et al. (2009) have investigated the ages of the host
galaxies of XMM-Newton selected AGN in the XMM-Newton
COSMOS field using the calcium break D,(4000). They find
an increased AGN fraction among the galaxies with younger
populations with 1 < D,(4000) < 1.4. These young galaxies
are actively star-forming as indicated by their blue rest frame
U-V colour as well as the strength of the [OII] line. Finally,
Hernan-Caballero et al. (2014) analyse the stellar populations
in the host galaxies of 53 X-ray selected optically dull active
galactic nuclei (AGN) at a redshift range of 0.34 < z < 1.07
from the Survey for High-z Absorption Red and Dead Sources
(SHARDS). They find a highly significant excess of AGN hosts
with D, (4000) =~ 1.4, as well as a deficit of AGN in intrinsically
red galaxies. Therefore our results are in good agreement overall
with those of Herndn-Caballero et al. (2014) as far as the total
AGN population is concerned. An additional important result
of our analysis is that we separate for the first time the X-ray

selected AGN in obscured and unobscured objects finding a sig-
nificant difference in their host galaxy ages.

5.3. Stellar ages

From the D, and Hj values derived above it becomes evident
that the obscured AGN population is associated on average with
older host galaxies, compared to the unobscured AGN popu-
lation. It is instructive to derive the approximate stellar ages
of these populations. The CIGALE code provides stellar ages
estimates. However, Mountrichas et al. (2022b) caution that the
CIGALE estimates have limited accuracy if they are not com-
bined with D, and Hs measurements. Hence, they developed a
variant of the CIGALE code which uses both these indices to
estimate the mass weighted galaxy ages. As this code is not pub-
licly available, we can rely on their galaxy age methodology.
This is possible because the LEGA-C COSMOS sample used by
Mountrichas et al. (2022b) is practically identical to our sample
and moreover they use the same parameter grid for their SED
fitting.

Mountrichas et al. (2022b) derive the spectral age index
using both the D, and EW(H;) measurements. This index com-
bines D, and H; to construct the distribution of galaxies along
the diagonal distribution on the D, — Hj plane (see Wu et al.
2018). They derive a spectral age index (S.A.L) defined as
—2.40 x D, — EW(H;) + 4.36 (priv. comm.). They combine the
S.A.L. with the CIGALE mass weighted age estimates to create
the S.A.I — age plot. Using this plot, the combination of EW(Hj)
and D, translates to a mass-weighted galaxy age. We use the
median Hs and EW(Hj;) estimates to obtain the exact S.A.IL for
our obscured and unobscured samples. We obtain values of 3280
and 2740 Myr for the mass-weighted ages of the host galaxies of
the obscured and unobscured populations respectively.

5.4. Distribution of stellar mass

Here, we examine whether there is any difference in the stel-
lar mass distributions of the obscured and the unobscured AGN
population. In Fig. 4 (top right panel) we show the distribution
of the stellar mass as a function of the two age indicators D,
and H;. There is a preponderance of AGN associated with low
mass galaxies with ~log M,(My) < 11.2 in the young cloud
(D,, < 1.5). Most of these low mass galaxies are associated with
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Fig. 7. Distribution of the specific SFR, sSFR, for the obscured and
unobscured AGN samples. The samples have been weighted in order to
follow the same X-ray luminosity and redshift distribution (see Sect. 5.1
for details). The sSFR distribution of the LEGA-C galaxies is overplot-
ted for reference.
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unobscured AGN. The difference between the galaxy masses of
the two populations can be better quantified in the histograms of
the stellar mass shown in Fig. 6. In this figure and subsequent
histogram figures the y-axis (density) refers to the frequency his-
togram so that the sum of all bins is equal to one. The two dis-
tributions are different with the obscured AGN population being
skewed towards higher stellar mass (p-value = 1x107%). Zou et al.
(2019) first noticed that the stellar masses of type-2 AGN are
on average higher that that of type-1 AGN (but see Suh et al.
2019). Mountrichas et al. (2021a) confirmed this result in the
XMM-XXL field. However, the division between type-1 and
type-2 in both Zou et al. (2019) and Mountrichas et al. (2021a)
is based on optical spectroscopy. Here, we find probably for
the first time a difference in stellar mass between obscured
and unobscured AGN samples based on X-ray spectroscopy
and hardness ratios. Previous works failed to identify a differ-
ence in stellar mass between the two populations (Merloni et al.
2014; Masoura et al. 2021; Mountrichas et al. 2021¢). However,
in the above works the column density cut-off between obscured
and unobscured AGN was set at much lower column densities
log Ng(cm™2) = 22 or log Ny(cm™) = 21.5. We re-examine
this apparent controversy in Sect. 5.10. The difference in stel-
lar mass could possibly signify a difference in the age of
the two populations. This is in the sense that older galax-
ies had more time to increase their mass through galaxy
mergers.

5.5. Star-formation rate

The distribution of the specific SFR, sSFR, defined as the SFR
per stellar mass as a function of the age indicators is presented in
Fig. 4 (middle right panel). We notice a trend where the major-
ity of the AGN with high sSFR are hosted by galaxies with the
youngest ages. Moreover, these appear to be primarily associated
with unobscured AGN. This can be more clearly seen in Fig. 7
we plot the histogram of the sSFR for the obscured vs. the unob-
scured AGN. The two distributions are different at a statistically
significant level yielding p-value ~ 1 x 1074,

The SFRnorM results can provide a more accurate picture of
the AGN SFR relative to galaxies of the same stellar mass and
redshift. Our SFRyorM results are presented in Fig. 4 (middle
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Fig. 8. Distribution of SFRyorMm for the obscured and unobscured AGN
samples. The samples have been weighted in order to follow the same
X-ray luminosity and redshift distribution (see Sect. 5.1 for details).

right panel) as a function of the age of the host galaxy. There is
a tendency for the highly star-forming systems to be associated
with young galaxies regardless of the AGN type. Most AGN host
galaxies with log SFRNxorMm > 0.5 have a calcium break value of
D, < 1.5. In Fig. 8 we compare the SFRnorwM histograms for
obscured and unobscured AGN. Both the obscured and unob-
scured AGN populations cluster around the main sequence of
star-formation (log SFR = 0). The median log SFRNorwM equals
—0.09 and 0.03 for the obscured and unobscured AGN respec-
tively. The obscured AGN have an SFRyorm skewed towards
lower values compared to the unobscured AGN.

There has been no concrete evidence in the literature that
the SFR properties of X-ray selected obscured and unob-
scured AGN are different regardless of whether the separation
between the two populations is performed using optical spec-
troscopy (Zou et al. 2019; Mountrichas et al. 2021a) or X-ray
spectroscopy (Masoura et al. 2021). Mountrichas et al. (2021a)
studied the X-ray selected AGN in the XMM-XXL field, in the
redshift range z = 0—1, classifying them as type-1 or type-2 on
the basis of optical spectroscopy. They estimate log SFRyorMm ~
0 for both types of AGN. Masoura et al. (2021) studied the
X-ray selected AGN in the same field performing the classifica-
tion between unobscured and obscured AGN based on Bayesian
X-ray hardness ratios and applying a column density dividing
threshold of log Ny(cm™2) = 21.5. Finally, Mountrichas et al.
(2021c) studied the SFRyorm for obscured and unobscured
AGN in the XBOOTES field applying a hardness ratio classifica-
tion using column density dividing threshold of log Ny(cm™2) =
22. Both works find that the SFRyorMm distributions are similar
for the two populations.

5.6. Eddington ratio distribution

The Eddington ratio Ag distribution provides another key element
in the study of the AGN demographics. It has been suggested
that the radiation pressure exerted on the obscuring screen reg-
ulates the AGN obscuration (Fabian et al. 2008, 2009; Ricci et al.
2017) in the sense that the high radiation pressure pushes the
obscuring torus further away and therefore decreases the obscu-
ration. According to this model high Eddington ratios should
correspond primarily to unobscured AGN while the obscured
AGN should have lower Eddington ratios. Riccietal. (2017)
present the Ny — Agpp plane for hard X-ray selected AGN where
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Table 3. Median values and K-S statistics for the obscured and unobscured sample.

Property u (Obscured) u (Unobscured) Distance p-value
D, 1.53ﬁ8:g§g 1.40f8:8§‘2‘ 0.34 34 %10
Ho 2.75j8:%§8 3.4211):;(5) 0.34 3.4x10™
log[M,] 11.37j8:8}‘g 11.24f8i815 0.32 1.3x 1073
log[sSFR] —2.19fg:(1)§4 —1.72j8:§g 0.31 1.3x 1074
log[SFRNorM] —0.09’:8:}8 0.025’:8:}12 0.28 4.7%x1073
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Fig. 9. Column density versus the Eddington ratio. The solid curve rep-
resents the effective Eddington ratio where the outward radiation pres-
sure on gas is equal to the inward gravitational pull. The horizontal line
denotes the column density value where the obscuration could come
from large scale clouds in the galaxy.

they demonstrate that there is a strong separation between the
obscured and unobscured AGN with the former occupying pri-
marily the low A high Ny region. More recently, Ananna et al.
(2022) has provided a comprehensive study of the Eddington
ratio distribution for obscured and unobscured AGN in the local
Universe using the Swift/BAT AGN sample. They find that the
Eddington ratio distribution of obscured AGN is significantly
skewed towards lower Eddington ratios.

In Fig. 9, we present the column density versus the Edding-
ton ratio diagram. Our obscured sources have relatively low
log[Agpp] < —0.8. All lie above the effective Eddington limit
where the outward radiation pressure on gas is equal to the
inward gravitational pull. We present the distribution of the
Eddington ratio as a key in the colour-coded diagram of Fig. 4.
The histogram of the Ag is shown in Fig. 10. There is a ten-
dency for obscured AGN to populate the lower Eddington ratio
bins with a peak at Ag ~ —2. The two distributions are differ-
ent at a highly statistically significant level according to the K-S
test (p-value ~ 3 x 107%). Therefore our results are in reasonable
agreement with the findings of Ananna et al. (2022) in the local
Universe.

5.7. The relation between the galaxy age and stellar mass

In the previous sections we argued that the host galaxies of the
obscured AGN are on average older than those of the unobscured
AGN. The mass distribution of obscured AGN appears to be

Fig. 10. Distribution of log[Agpp] for the obscured and unobscured
AGN samples.

skewed towards higher masses. At the same time, the host galax-
ies of obscured AGN appear to have lower star-formation rates.
All the above could suggest that the mass of the host galaxy is
directly related to its age. We plot the galaxy age D, vs. stellar
mass in Fig. 11 (upper panels) using as colour keys the sSFR
and the Eddington ratio. There does not appear to be an obvious
relation between the stellar mass and the age in the sense that the
host galaxies with a typical stellar masses of M, = 10"~ M1,
cover a very wide range of galaxy ages. The relation between
the black hole mass and host galaxy age appears to apply as
well to the normal (non-AGN) galaxies which have a mass of
M, > 1003 M. In contrast, lower mass galaxies are associated
with young galaxies (D, = 1.2).

5.8. The relation between the galaxy age and black hole
mass

In Fig. 11 (lower panel), there appears to be a trend for a corre-
lation between the host galaxy age and o* in the sense that the
older the age the largest the velocity dispersion o* that is the
more massive the black hole. This trend is weakened by cou-
ple of obscured AGN which have young ages D, < 1.4 rel-
ative to their velocity dispersion o, > 250kms™'. Note that
the relation between galaxy age and stellar velocity dispersion
is more prominent in the underlying galaxy population. Regard-
ing the AGN population, the youngest AGN host galaxies, are
those which show the highest Eddington ratios and highest star-
formation rates.
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Fig. 11. Relation between galaxy age and stellar mass and black hole mass. Top panel: calcium break D, as a function of the stellar mass. Lower
panel: calcium break as function of the velocity dispersion o*. In the right and left hand plots the colour key represents the sSFR and the Eddington
ratio, respectively. The contours represent the LEGA-C galaxy population.

5.9. Normalising with stellar mass

In the previous sections we have demonstrated that the ages
of the host galaxies of obscured AGN are higher compared to
the non-obscured ones. The normalisation or weighing between
the two populations was based on control samples using the X-
ray luminosity and redshift (Zou et al. 2019; Mountrichas et al.
2022a). As the masses of the obscured AGN are higher than
those of the unobscured ones, we explore whether the stellar
mass could be the underlying reason for the difference in age.
We perform the weighting method using control samples that has
been described in Sect. 5.1. The results are presented in Table 4.
The differences in the age indicators D,, and H; again imply that
the age of the host galaxies of the obscured AGN population is
older at a statistically significant level. The D, and H; indices
distributions are presented in Fig. 12.

5.10. The effect of the absorbing column density cut

In Sect. 3 we argued that we need to adopt a high absorb-
ing column density cut to make sure that our the obscura-
tion of our sources originates in the torus rather than the host
galaxy. Here, we investigate the effect that a lower column
density cut would have on our results. We explore the usu-
ally adopted value of log Ny(cm™2) = 22 which is most com-
monly used as the dividing line between obscured and unob-
scured AGN. In addition, we investigate the effect of an even
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lower cut-off of log Ny(cm™2) = 21.5. This column density
dividing line has been proposed by Merloni et al. (2014) who
argue that this brings the samples of type-1 and type-2 objects
(selected on the basis of optical spectroscopy) in relatively good
agreement with the unobscured and unobscured AGN samples
(selected on the basis of X-ray spectroscopy). We construct
anew the obscured and unobscured AGN samples based on
the above criteria and examine their host galaxy properties. In
Fig. 13 we present the distributions of the calcium break, the
stellar mass, the sSFR, Eddington ratio for all three cuts. We
present the new p-values for the Kolmogorov-Smirnov tests in
Table 5. From the above plot and the table it becomes evi-
dent that the differences between the obscured and the unob-
scured AGN are less pronounced. In particular, it appears that
there is no difference in D,, for obscured and unobscured AGN.
The stellar mass appears to be different at log Ny(cm™2) =
22 while at the dividing threshold of log Ny(cm™2) = 21.5
the stellar mass distributions are similar. The effect of column
density cut can be visualised in Fig. 14 where we plot the
p-values for the different parameters as a function of the column
density.

5.11. Compatrison with theoretical models

Many theoretical models assert that AGN can be triggered by
major mergers of massive gas rich galaxies (e.g., Hopkins et al.
2006, 2010). The mergers cause the gas to lose angular
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momentum and eventually to fall in the centre of the galaxy.
These mergers could resemble the IR luminous galaxies in
the local Universe (Sanders et al. 1988). The nucleus should
remain heavily obscured in this initial stage of the AGN.
Observational evidence suggests that a large fraction of heav-
ily obscured AGN are associated with mergers (Koss et al. 2010,
2018; Kocevski et al. 2015; Lanzuisi et al. 2018). The nuclear
gas will either feed the central SMBH or will be consumed in
star-formation. This phase is marked by co-existence of copi-
ous star-formation and AGN activity. When the AGN increases
its Eddington ratio, powerful outflows push away the surround-
ing material in a short outburst phase (see e.g., Fabian 2012;
King & Pounds 2015). In the Colour Magnitude Diagram, u — r
vs. M,, the galaxy should move from the red cloud (absorbed
phase) to the blue cloud (intense star formation phase) to the
green valley and eventually back to the red cloud when both the
star formation and the AGN turn off (Hickox et al. 2009).

There is observational evidence that the major merg-
ers may not be the dominant AGN triggering mechanism
(see Kormendy & Ho 2013). Schawinski etal. (2011) and

Kocevski et al. (2012) find that most moderate luminosity AGN
are hosted by disk galaxies in the redshift range z = 1.5-3. Also
Georgakakis et al. (2009) find that AGN hosted by disk galaxies
contribute an appreciable fraction of the AGN luminosity density
at z = 0.8. Then it is likely that secular processes drive gas to the
centre of the galaxy and trigger the AGN (Draper & Ballantyne
2012). These secular processes include supernova winds, minor
mergers, interactions with other galaxies or cold accretion flow
(Kormendy & Kennicutt 2004).

The current work shows that the host galaxies of the
obscured AGN are on average older than those of obscured
AGN. This is rather at odds with the major merger scenario
where the obscured phase marks the first stage of the AGN. As
the host galaxies of the (moderate luminosity) obscured AGN in
the COSMOS field appear to be at a later evolution stage com-
pared to the unobscured AGN, this may be more suggestive of
secular evolution. This obscured phase comes as a second phase
following the high SFR and high Eddington ratio phase. In the
obscured phase, both the star-formation and the AGN accretion
are abated. The low Eddington ratios do not appear to be suf-
ficiently high to clear the surrounding gas. Alternatively when
the Eddington ratios decrease the surrounding gas can fall back
towards the centre increasing the obscuration.

5.12. Outstanding questions

The current work provides some interesting insights on the host
galaxy age of the obscured and unobscured AGN population. It
also suggests the presence of significant differences between the
host galaxy masses as well as their SFR. These differences may
be explained by the difference in galaxy age. However, there are
remaining questions that need to be addressed in order to fully
understand the differences of galaxy properties in the obscured
and unobscured AGN populations. These questions are mostly
related to the classification between the obscured (type-2) and
unobscured (type-1) AGN, and can be summarised as follows
(a) Column density limit. The differences in the host galaxy
age appear to be pronounced only for the heavily obscured
sources with log Ny(cm™) = 23. There are no differences
between the age of the obscured and unobscured populations
when the column density threshold becomes log Ny(cm™2) = 22
or log Ni(cm™2) = 21.5. The difference in stellar mass probably
persists even at lower column densities of log Ny(cm™) = 22.
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Table 4. Median values and K-S statistics for the obscured and unobscured sample in the case of normalising the samples with M.

Property u (Obscured) u (Unobscured) Distance — p-value
D, 1.53 +90 1.41 *008 0273  8x107°
Hé 2.82 fgéz 3.51’:8%‘7‘ 0.315 1.3x 1073
log[sSFR] -1.91 fgfg —1.723f8:§2 0.205 0.092
log[SFRNorMm]  0.064 jg:égg —0.043j8:§3 0.246 0.023
log[Aepp] -1.91 fg:ﬁ —1.67f8:£ 0.290 7.5%x1073

This is in agreement with previous results by Mountrichas et al.
(2021c) in the XBOOTES field. Interestingly, Lanzuisi et al.
(2017) and Buchner & Bauer (2017) show that there is a strong
correlation between the absorbing column density and the stellar
mass in X-ray selected AGN suggesting a difference in stellar

mass between the obscured and unobscured AGN.
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(b) Optical versus X-ray classification. Similar controversies
occur when the classification between obscured and unobscured
AGN is based on X-ray spectroscopy (or hardness ratio) and
optical spectroscopy (i.e. redenning). Although we found a sig-
nificant difference between the ages of obscured and unobscured
AGN at a redshift of z ~ 0.7, the work on optically selected
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Table 5. Median values and K-S statistics for lower column density Ny cuts.

Property log Ny(cm™2) = 21.5 log Ny(cm™2) = 22

HMob Hunob Dist p'Value HMob Hunob Dist p-value
D, 1.53 1.45 0.24 0.082 1.48 1.50 0.21 0.11
Hé 2.86 4.21 0.32 0.008 3.55 2.27 0.33 0.0023
log[M,] 1126 11.37 0.026  0.049 1134 11.26  0.31 0.0046
log[sSFR] -192 -197 0.13 0.75 -199 -197 0.18 0.26
log[SFRNxorm]  —0.09  -0.15  0.14 0.57 024 -0.04 0.260 0.028
log[Aepp] -1.83 -1.81 0.15 0.66 -198 -166 037 9x10™*

SDSS AGN by Kauffmann et al. (2003) finds comparable ages
for type-1 and type-2 AGN at lower redshifts z < 0.3.

(c) Luminosity. There is a possibility that the differences
with previous results may not be attributed to the classifi-
cation method but rather on the luminosity. Owing to the
deeper flux limit, the AGN in the COSMOS field are less
luminous compared to those in XBOOTES and XMM-XXL
which have been used to compare the host galaxy properties
of obscured and unobscured sources (e.g., Masoura et al. 2021;
Mountrichas et al. 2021c). On the other hand, studies that have
classified their AGN based on optical criteria have either used the
lower Ly sources of the COSMOS field (e.g., Zou et al. 2019) or
have restricted their analysis to low luminosity systems at low
redshift (Mountrichas et al. 2021a). It is then likely that the dif-
ferences found in the host galaxy properties of type-1 and type-2
AGN are because of their lower luminosities of the AGN utilised
rather than the different classification method (X-ray vs. optical).

6. Summary

We examine the ages of the host galaxies of Chandra X-ray
selected AGN in the COSMOS field in combination with other
properties such as the stellar mass, the SFR and finally the
SMBH Eddington ratio. The ages are explored using the cal-
cium break and the Balmer H; absorption line obtained from the
LEGA-C VLT/VIMOS survey. Accurate stellar masses and SFR
are derived using the spectral energy distribution code CIGALE.
We compare for the first time the ages of the host galaxies of
obscured and unobscured X-ray selected AGN. Our sample con-
sists of 50 unobscured or mildly obscured (log Ny(cm™2) < 23)
and 23 heavily obscured AGN (log Nu(cm™2) > 23) in the red-
shift range 0.6 < z < 1. One of our goals is to test the predic-
tions of evolutionary unification models which assert that heav-
ily obscured sources mark the birth phase of the AGN. Our main
results can be summarised as follows.

The AGN occupy the full range of ages from old systems
to young galaxies. They preferentially lie around a value of the
calcium break of D, = 1.4—1.5. This implies that AGN are asso-
ciated with galaxies that have intermediate ages. Our findings cor-
roborate previous results by Herndn-Caballero et al. (2014) but
they are rather in tension with other results in the COSMOS field
which assert that the X-ray selected AGN are preferentially asso-
ciated with young star-forming systems (Silverman et al. 2009).

One of the main results of this work is that obscured AGN are
associated with older galaxies having a median value for the cal-
cium break of D, ~ 1.53 compared to unobscured AGN which
have D, = 1.40. A Kolmogorov-Smirnov test finds that the D,
distributions of obscured and unobscured AGN are different at a
highly significant level (p-value 3 x 107%).

There is some evidence that the stellar masses of obscured
AGN are skewed towards higher values compared to those of

unobscured AGN p-value = 1.3 x 1073, This result is in line with
earlier findings based on the classification between type-1 and
type-2 AGN following optical spectroscopy (Zou et al. 2019;
Mountrichas et al. 2021a; Koutoulidis et al. 2022). However, it
is the first time that this is reported based on classification result-
ing from X-ray spectroscopy. The difference in stellar mass is
consistent with the older ages of obscured AGN found above
under the assumption that older galaxies are assocciated with
more massive galaxies (Kauffmann et al. 2003; Wu et al. 2018;
Wilman et al. 2008). Our results on the different ages of the host
galaxies of the obscured and unobscured AGN populations still
apply when we normalise our samples according to stellar mass.

The SFR of obscured AGN appears to be lower than that of
unobscured AGN as demonstrated both by the comparison of
the sSFR and the more sensitive SFRnorMm distributions for the
obscured and the unobscured AGN. This combined with the find-
ing above that the Eddington ratios in unobscured AGN are sig-
nificantly higher than those of obscured AGN implies that high
levels of SFR go hand in hand with high accretion rates possibly
fed by the same gas depot.

We have demonstrated that the above results regarding the
host galaxy ages probably do not persevere for lower column
densities (log Nu(cm™) = 21.5 or 22).

Finally, the Eddington ratio distribution of the obscured
AGN are skewed towards lower values compared to the unob-
scured AGN. This supports a scenario where the shape torus
is regulated by the AGN radiation pressure as suggested by
Ananna et al. (2022).

All the above have implications for the evolutionary unifica-
tion models which are based on massive galaxy mergers. These
models postulate that an AGN begins its life in a highly obscured
phase. When the Eddington rate increases the obscured screen
is pushed away by the radiation pressure and the AGN passes
in an unobscured phase which is accompanied by intense star-
formation. The results presented in this paper support that the
obscured AGN on average are not hosted by the youngest galax-
ies in contrast to the above scenarios. As the Eddington ratios
of obscured AGN are lower than those of unobscured AGN, this
supports a scenario where the obscured AGN did not reach suffi-
ciently high levels of radiation pressure to blow away the obscur-
ing screen. Instead, the lower SFR in obscured AGN in combina-
tion with their lower Eddington ratios may be related to limited
availability of fuel in the vicinity of the black hole. As there are
rather diverging results on the gas content of AGN (Maiolino et al.
1997; Perna et al. 2018), this hypothesis needs to be systemati-
cally explored using future ALMA observations of AGN.
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Appendix A: Catalogue

Table A.1. Catalogue of the 73 sources used in our analysis and their derived properties.

ID RA DEC z Lx Ny Dy Ho M., SFR sSFR  SFRnorm Aepp  Msu
M &) (©) (GO &) ®© O & © «do0 dn a2y ds  d4)
17 150.39723 1.83487 0.96 43.04 2318 1.63 3.73 357 021 -3.22 -1.02  -2.05 8.20
39 15041814 1.97671 0.86 43.71 23.04 131 394 223 499 -0.65 1.34 -1.50 8.35
77 150.24255 1.7664 0.62 44 21.69 141 082 251 2.1 -2.08 0.55 -097 8.14
106 150.2998 1.7838 0.71 43.38 20 1.63 -028 1.68 044 -2.58 -042  -1.57 8.07
130  149.95947 1.80147 0.68 42.66 >23.15 1.73 1.01 1.18 1.36  -1.94 0.05 -2.80 8.56
137 149.94092 1.80623 0.83 42.61 <20.00 138 5.17 091 3.12 -1.46 0.19 -1.70 7.40
147 150.36452 1.81068 0.97 43.39 2327 142 093 14 509 -1.44 0.18 -2.13 8.63
209  149.99289 1.85787 0.83 43.09 <21.74 149 107 185 0.15 -3.09 -1.23  -1.31 7.51
332 150.24869 1.97235 0.67 43.04 23.73 134 355 218 3541 -0.79 1.7 -2.11 8.26
442  149.82056 1.81172 0.75 43.08 <21.55 127 4.6 1.7 28.71 -0.77 .15 -1.12 7.3l
448  149.52786 1.81717 0.79 42.84 <20.00 15 215 207 242 -193 0.18 -1.86 7.80
451 149.69179 1.81819 0.74 4322 20 152 287 35 .71 -2.31 -0.21 -2.19 8.52
774 150.42722 2.08308 0.96 4352 <21.70 138 2.85 0.67 1.81 -1.57 -0.44 - -
815 150.49304 2.11559 0.85 43.01 20 166 227 184 096 -2.28 -0.41 -2.14 8.26
879  150.57307 220349 0.82 4285 <21.77 137 3.64 294 3091 -0.98 1.18 -1.96 7091
919 150.6729  2.2313 09 43.01 2268 141 548 0.51 553 -0.96 003 -148 7.59
953  150.67397 226266 0.97 43.01 23.06 1.63 314 214 041 -2.72 -0.88 -242 8353
1004 150.53792  2.3105 0.84 43.75 225 129 382 051 7.12 -0.85 0.03 -0.50 7.39
1049  150.6673  2.34656 0.98 42.89 20 132 699 249 471 -1.72 022 -223 821
1055 150.37733 235152 0.93 42.62 20 1.63 258 222 178 2.1 -0.19 -224 795
1163 150.27464 198883 0.92 43.35 2287 1.5 352 171 144 -2.07 -0.28 -147 794
1183 150.32401 2.00395 0.96 43.19 20 135 335 178 354  -1.7 0.03 - -
1199 150.25063 2.01504 0.67 43.76 23.67 136 731 077 093 -192 -0.23  -0.78 7.68
1228 150.29488 2.03449 095 43.13 >2334 1.71 0.85 3.04 26 -2.07 0.06 -2.53 8.76
1252 150.26643 2.04985 096 42.93 2251 1.7 199 645 1.67 -2.59 -0.09 -2.32 8.35
1267 150.14873  2.0606 0.72 43.43 23.18 135 421 739 0.66 -3.05 277 -1.40 7.95
1388 150.32422  2.1765 091 43.13 >23.42 158 2.83 0.88 1.08 -1.91 -0.19 - -
1485 150.05592 2.23346 094 43.55 2233 14 351 414 7523 -0.74 1.6 - -
1496 150.04961 2.24024 0.6 42.69 23.02 138 249 051 .32 -1.59 -0.38 -191 7.69
1507 14992113 225036 0.88 43.15 >23.19 132 472 221 40.77 -0.73 123 -1.69 794
1677 149.97012 2.33537 093 4345 2331 134 257 542 045 -3.08 -0.67 -2.12  8.69
1815 150.0556  2.44917 0.73 43.27 2327 172 117 3.04 232 -212 034 -197 835
1856 149.84212 2.00165 0.74 4332 >23.00 1.59 031 0.79 048 -2.22 -047 -143 17.87
1971 149.73769 2.06521 0.68 43.15 <2091 138 343 3.68 43.07 -0.93 1.28 -1.54 7.80
1994 149.52129 2.07939 0.67 43.09 20 147 211 152 534 -145 0.63 -1.68 7.88
2061 149.70183 2.12183 0.89 434 20 1.64 1.02 184 165 -2.05 -0.21  -1.39  7.90
2105 149.88545 2.17717 0.66 43.52 23.03 144 25 3.62 862 -1.62 049 -146 8.11
2108 149.53911 2.1826 099 434 <2147 13 47 236 16.15 -1.16 0.75 - -
2153  149.64964 2.20925 0.95 4297 20 1.81 -0.52 359 027 -3.12 -0.86 -242 849
2157 149.61758 2.21556 0.68 4281 <21.14 127 291 094 1196 -09 .11 -0.95 6.86
2162 149.86823 2.21866 0.79 43.07 20 174 037 145 017 -2.92 -1.01 -1.84 8.02
2226 149.82198 2.25467 093 43.12 <21.75 126 353 201 27.11 -0.87 0.95 - -
2257 149.85678 2.27314 0.76 42.72 23.08 14 402 245 541 -1.66 055 -248 830
2333 149.48697 2.32644 0.84 43.1 2271 143 584 145 0.64 -2.35 -0.49 -048 6.68

A67, page 17 of 18



Georgantopoulos, I, et al.: A&A 673, A67 (2023)

Table A.1. Continued.

ID RA DEC z Lx NH Dn Ho M* SFR sSFR SFRNORM /IEDD MBH

(1) (2) (3) “) &) © O @& (10) adn a2) d3 d4
2339 149.79379 2.32721 0.89 43.58 20 153 22 272 02 -3.13 -1.08 -1.82 8.53
2377 149.67668 2.35335 0.95 4283 <20.00 1.28 528 1.06 47.19 -0.35 1.14  -0.79 6.72
2385 149.64417 2.35919 095 43.08 <20.00 1.89 1.78 2.57 249 -2.01 -0.04 -2.50 8.68
2396 149.84178 2.36706 0.85 4299 <20.00 145 6.59 044 047 -1.97 -1.04 -1.66 7.75
2416 149.78671 2.37833 0.76 42.67 20 176 043 0.77 0.38 -2.31 -0.73  -2.60 8.37
2531 150.63396 2.49045 0.8 43.01 <21.57 132 287 1.05 14.65 -0.85 1.03 -1.14 7.25
2537 15047704 2.49411 0.68 4271 >2296 1.26 7.88 0.71 046 -2.19 -0.61 -1.99 7.79
2747 150.50719 2.65357 0.81 4279 <20.00 1.33 453 2.11 28.85 -0.86 1.26 -0.70 6.59
2793 150.44531 2.71916 0.82 44.09 2399 143 342 1.89 1.93 -1.99 0.01 -1.17 843
2819 150.45914 27334 0.79 4282 >2327 147 3.1 492 423 -2.07 04 -2.02 794
2929  149.99065 24643 0.89 43.05 2259 125 486 2.09 88.45 -0.37 1.57 -0.11 6.26
2964 150.15025 2.47516 0.69 43.95 2296 134 809 32 11831 -043 1.86 -0.70 7.81
3059 149.92026 2.51424 0.7 4295 21.57 147 449 048 1.25 -1.58 -0.34  -1.53 7.58
3085 14991573 252133 0.73 42.81 2121 192 -148 441 0.12 -3.57 -1.13  -3.05 8.96
3097 150.1385 2.52937 09 4324 >2344 156 276 1.79 0.12 -3.17 -1.35 -145 7.80
3167 150.02681 2.56205 0.75 43.45 20 153 225 1.57 0.55 -2.46 -0.55 -1.35 792
3238  150.1991 259763 09 43.83 2285 1.73 0.76 2.24 0.5 -2.65 -0.7 -1.70 8.68
3250 150.3288 2.60545 0.92 42.77 <20.00 1.33 573 1.49 29.42 -0.7 1.04 -140 7.27
3281 150.12984 2.62471 09 42.94 2171 1.69 -05 1.74 048 -2.56 -0.71  -1.87 7091
3555 149.85017 2.45224 0.71 4291 22.64 1.31 5 1.48 6.15 -1.38 0.64 -1.80 7.81
3565 149.53326 2.45826 0.84 42.96 23.14 153 245 239 1.54 -2.19 -0.09 -2.03 8.09
3568 149.70566 2.46027 0.97 43.06 20 1.27 514 1.19 2593 -0.66 0.78 -1.64 7.80
3581 149.65997 2.4651 096 43.78 2351 185 -0.86 4.78 03 -3.21 -0.84 - -
3671 149.87674 251872 0.73 43.14 <20.00 1.51 421 1.75 1.23  -2.15 -0.16 -1.65 7.90
3757 149.8474 256896 091 42.79 <20.00 144 498 438 5598 -0.93 1.44 -206 7.94
3760 149.80627 2.57244 0.96 42.99 22775 149 526 2.16 26 -1.92 -0.06 -1.74 7.83
3826 149.88414 2.60991 0.76 43.35 22.84 128 6.19 192 47.75 -0.6 148 -1.69 8.16
3833 149.62067 2.61433 0.95 435 >23.51 1.54 3.87 1.9 522 -1.56 024 -1.09 7.71
3907 149.41666 2.69366 0.97 4331 <21.83 1.31 4.18 1.52 123 -1.09 0.61 - -

Notes. (1): Unique identifier in the LEGA-C catalogue. (2, 3): LEGA-C optical right ascension and declination [degrees]. (4): Spectroscopic
redshift. (5): X-ray luminosity [log(erg s™!)]. (6): Absorbing column density [log(cm=2)]. The < and > symbols indicate lower and upper limits,
respectively. (7): D,(4000) index indicating the amplitude of the calcium break at 4000 A. (8): H; Balmer line [A]. (9): Stellar mass in units of
10" M, (10): Star formation rate [M, yr™']. (11): Specific star formation rate [log(Gyr™")]. (12): Normalised star formation rate in logarithmic
scale. (13): Eddington ratio in logarithmic scale (Eq. 2). (14): Black hole mass estimates using Eq. 1 in units of [log(Mg)].
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