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ABSTRACT

To understand the active galactic nuclei (AGNs) phenomenon and their impact on the evolution of galaxies, a complete AGN
census is required; however, finding heavily obscured AGNs is observationally challenging. Here we use the deep and extensive
multiwavelength data in the COSMOS field to select a complete sample of 578 infrared (IR) quasars (Lagn.r > 10% ergs™')
at z < 3, with minimal obscuration bias, using detailed UV-to-far-IR spectral energy distribution (SED) fitting. We complement
our SED constraints with X-ray and radio observations to further investigate the properties of the sample. Overall, 322 of the
IR quasars are detected by Chandra and have individual X-ray spectral constraints. From a combination of X-ray stacking
and Ly_jokev — L6 um analyses, we show that the majority of the X-ray faint and undetected quasars are heavily obscured
(many are likely Compton thick), highlighting the effectiveness of the mid-IR band to find obscured AGNs. We find that
355 (~61 percent) IR quasars are obscured (Ny > 10> cm~2) and identify differences in the average properties between the
obscured and unobscured quasars: (1) obscured quasars have star formation rates ~3 times higher than unobscured systems
for no significant difference in stellar mass and (2) obscured quasars have stronger radio emission than unobscured systems,
with a radio-loudness parameter &~ 0.2 dex higher. These results are inconsistent with a simple orientation model but in general
agreement with either extreme host-galaxy obscuration towards the obscured quasars or a scenario where obscured quasars are
an early phase in the evolution of quasars.

Key words: galaxies: active —quasars: general —infrared: galaxies.

1 INTRODUCTION

It is widely known that all massive galaxies host a supermassive
black hole (SMBH) at their centre (e.g. Magorrian et al. 1998;
Marconi & Hunt 2003), implying that all massive galaxies must
have hosted an active galactic nuclei (AGNs) during their lifetime
(e.g. Rees 1984). A complete census of AGN activity is therefore
crucial to constrain how these SMBH and their galaxies grew and
to, consequently, estimate the radiative efficiency of the BH growth

* E-mail: carolina.p.andonie @durham.ac.uk (CA);
d.m.alexander @durham.ac.uk (DMA)

© 2022 The Author(s).

(e.g. Shankar et al. 2010, 2020; Alexander & Hickox 2012). The
identification of all AGNs may also reveal dependencies on the
presence of obscuration with the environment (from small to large
scales) since obscured AGNs are more likely to reside in more
dust-rich and gas-rich environments than unobscured AGNs (e.g.
Alexander & Hickox 2012; Hickox & Alexander 2018).

A complete census of AGNs is also crucial to understand the
role of SMBH accretion in galaxy evolution. The tight correlation
between the SMBH mass and the stellar mass of the galaxy bulge
(e.g. Ferrarese & Merritt 2000; Gebhardt et al. 2000; Marconi &
Hunt 2003) provides evidence for a connection between the growth
of SMBHs and their host galaxies. First-order evidence for this
connected growth is seen in the evolution of the star formation rate
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(SFR) and SMBH accretion rate over cosmic time, which both show a
peak at redshift z & 2 and then start to decline towards the present day
(e.g. Boyle & Terlevich 1998; Aird et al. 2010; Brandt & Alexander
2015). However, it is still uncertain how this apparent evolution
between galaxies and SMBH is related.

Itis now well established that the majority of the AGNs population
is obscured (e.g. Ueda et al. 2014; Aird et al. 2015; Buchner et al.
2015). An efficient method to identify obscured AGNs is X-ray
observations since (1) X-ray emission appears to be a near universal
property of AGNs, (2) X-ray photons can penetrate high column
densities of gas, and (3) the contamination from the host galaxy (i.e.
due to supernova remnants or X-ray binaries) is negligible in most
cases (e.g. Brandt & Alexander 2015). Indeed, the signature of the
emission from the entire AGN population including even the most
extreme Compton-thick (CT; Ny > 1.5 x 10%* cm™2) systems is, in
principle, imprinted on the cosmic X-ray background (CXB; e.g.
Comastri et al. 1995; Bauer et al. 2004; Gilli, Comastri & Hasinger
2007; Ueda et al. 2014; Ananna et al. 2019). However, even the
deepest X-ray surveys struggle to identify the most obscured AGNs
when the column density is CT since most of the X-ray emission is
absorbed.

An alternative approach to identifying obscured AGNs is MIR
emission. The mid-infrared (MIR) emission from AGNs originates
after the absorption and re-emission of UV light by circumnuclear
dust; consequently, MIR emission is even less biased against obscu-
ration than X-ray observations. The drawback of the MIR band is that
it can be highly contaminated by star formation (SF) emission from
the host galaxy; therefore, separating the AGNs from the host galaxy
emission is not trivial. A powerful tool that allows for the separation
of the AGNss from the host galaxy emission, and the identification of
luminous AGN even in strong star-forming galaxies is broad-band
UV—far-IR spectral energy distribution (SED) template fitting (e.g.
Berta et al. 2013; Del Moro et al. 2013, 2016; Rovilos et al. 2014;
Calistro Rivera et al. 2016; Battisti et al. 2019; Kokorev et al. 2021).
SED decomposition is also an excellent technique for identifying
obscured AGN with moderate levels of dust attenuation (e.g. Rovilos
et al. 2014; Del Moro et al. 2016; Calistro Rivera et al. 2021) that
have been missed even in the deepest X-ray surveys.

With the aim of selecting a complete and unbiased set of obscured
AGNSs and investigating possible dependencies between AGNs and
host galaxy properties, we use the deep and extensive multiwave-
length data in the Cosmic Evolution Survey (COSMOS; Scoville
et al. 2007). One of the motivations of this work is to extend the
previous research in our group on red and blue quasars to more
obscured systems, where we explored the panchromatic properties
of red quasars using Bayesian SED fitting (Calistro Rivera et al.
2021), and it was found that red quasars have excess radio emission
compared to blue quasars, due to compact (< 2 kpc) radio sources
(Klindt et al. 2019; Fawcett et al. 2020; Rosario et al. 2020, 2021;
Fawcett et al. 2022). To achieve this objective, we perform a detailed
analysis of the optical/UV to far-IR (FIR) SED of the sources in
COSMOS toidentify a complete set of IR-emitting quasars, including
both obscured and unobscured systems. Our paper is organized as
follows. In Section 2, we describe the multiwavelength data used
in our analyses, and in Section 3, we present our SED fitting
approach and IR-quasar sample selection. In Section 4, we then
investigate the multiwavelength properties of the IR quasar sample
and compare several key properties of the obscured and unobscured
systems, carefully controlling for redshift and AGN luminosity. More
specifically, in Section 4.1 we estimate the completeness of our
sample using X-ray observations and compare to other IR-selection
approaches; in Section 4.2 we investigate the overall UV/optical—far-

MNRAS 517, 2577-2598 (2022)

IR SEDs of the obscured and unobscured quasars; in Section 4.3, we
use published X-ray spectral fitting results of the Chandra COSMOS-
Legacy survey (Civano et al. 2016) to study the X-ray properties
of the quasars; in Sections 4.4 and 4.5, we present the SFRs and
stellar masses of the sample derived from our SED analyses; and in
Section 4.6 we use 1.4 and 3 GHz VLA data to investigate the radio
properties of the sample. We finally discuss and put in context our
results in Section 5 and present our conclusions in Section 6.

Throughout this work, we adopt a concordance cosmology (Hin-
shaw et al. 2013), and a Chabrier initial mass function (Chabrier
2003).

2 DATA

In this section, we describe the multiwavelength data sets used to
select our IR quasar sample.

2.1 Multiwavelength photometry

To construct the SEDs of our sources, we use the public COS-
MOS2015 (Laigle et al. 2016, L16) and Jin et al. (2018, J18)
catalogues. J18 used a ‘superdeblended’ approach (Liu et al. 2018)
to derive IR and radio photometry for 194428 galaxies in the
COSMOS field, covering ground-based K band, Spitzer (Werner et al.
2004) IRAC and MIPS, Herschel PACS/SPIRE (Pilbratt et al. 2010),
SCUBA2, AzTEC, MAMBO, and VLA bands. K-band and radio
source positions were used as priors for the deblending process,
and were obtained from L16 and Muzzin et al. (2013), respectively.
We take the optical/UV and near-IR (NIR) photometry from the
COSMOS2015 catalogue and the MIR and FIR photometry from
J18. Overall, we include 20 photometric bands in the 0.1-500 pm
range: the u* filter from CFHT; the V, B, r+, i+, and z++ filters
from the Subaru Suprime-Cam (Miyazaki et al. 2002); the Y, J, H,
and Ks filters from the UltraVISTA-DR2 survey (McCracken et al.
2012); Spitzer IRAC fluxes at 3.6, 4.5, 5.8, and 8 um; Spitzer MIPS
at 24 um; Herschel PACS at 100 and 160 wm; and Herschel SPIRE
at 250, 350, and 500 pm.

To assign the redshifts of our sources, we cross-match the positions
of the J18 catalogue with the quasar catalogue of SDSS DR14
(Rakshit, Stalin & Kotilainen 2020), the compilation of spectroscopic
redshifts of Salvato (in preparation), and the catalogue of optical and
IR counterparts of the Chandra COSMOS-Legacy survey (Marchesi
et al. 2016a), adopting a matching radius of 1 arcsec. We use the
redshifts in order of priority: (1) Rakshit et al. (2020) (100 objects),
(2) Salvato (in preparation) (3364 objects), (3) Marchesi et al. (2016a)
(2699 objects), (4) spectroscopic redshifts from J18 (23 461 objects),
(5) photometric redshifts from L16 (125464 objects). Overall,
we have 26837 spectroscopic redshifts and 168 270 photometric
redshifts.

2.2 Radio observations

To analyse the radio emission of our sample, we use as a first option
the VLA-COSMOS 3 GHz survey (Smolci¢ et al. 2017), which
is the largest and deepest radio survey in COSMOS. For this, we
cross-match the positions of the J18 catalogue with the positions in
Smol¢i¢ et al. (2017), allowing 1 arcsec of separation. Otherwise, we
use the 1.4 GHz VLA fluxes reported by J18. We re-scale the 3 GHz
fluxes from Smolci¢ et al. (2017) to 1.4 GHz fluxes, assuming that
the radio emission can be describe as a power law with an uniform
spectral slope, S, o v*, with o = —0.9. The adopted spectral slope
correspond to the median calculated from the 1.4-GHz fluxes from
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the VLA-COSMOS (Schinnerer et al. 2010) and the 3-GHz fluxes
from SmolCi¢ et al. (2017). We did not use the 1.4 GHz fluxes from
the VLA-COSMOS Survey since it is almost 10 times fainter than
the 3-GHz survey; hence, it provides fluxes for just a small fraction
of our sample.

2.3 X-ray data
2.3.1 The Chandra COSMOS-Legacy survey

The properties of the X-ray sources in the COSMOS field have
been extensively studied in previous works. The deepest and most
complete X-ray catalogue available is the Chandra COSMOS-
Legacy survey (Civano et al. 2016), a 4.6 Ms Chandra program
that has observed the 2.2 deg2 area of the COSMOS field, with
a homogeneous exposure time of ~160 ks, yielding a 2-10 keV
flux limit of Fy_jgrey ~ 1.9 x 107" erg cm~2 s~!. Marchesi et al.
(2016b) studied all sources in the COSMOS-Legacy catalogue with
more than 30 net counts in the 0.5-7 keV band and computed X-ray
properties such as column density (Ny), intrinsic 2—-10 keV X-ray
luminosity (L,—jokey) and photon index (I') for a final sample of
1949 sources. To calculate these properties, they initially fitted the
X-ray spectra with an absorbed power-law model, allowing Ny and
I to vary (for sources with <70 spectral net counts, I" was set to
a fixed value of 1.9). For sources obscured by Ny > 10%2cm™2,
they added a second power-law component to account for the
scattered component (e.g. scattered radiation without being absorbed
by dust and gas). This approach performs well when the level of
obscuration is modest (Ny < 10>} cm™2). In a later study, Lanzuisi
etal. (2018) performed a detailed analysis of 67 CT AGN candidates
from Marchesi et al. (2016b), using a physically motivated model
that accounts for the photoelectric absorption, Compton scattering,
reflection, and fluorescent emission lines (see section 2.2. of Lanzuisi
etal. 2018 for details). Therefore, we use Lanzuisi et al. (2018) results
for the 67 CT AGN candidates and Marchesi et al. (2016b) for the rest
of the sources, following the recommendation of the main authors of
both papers. The X-ray spectral properties used in this paper were
acquired by private communication with the authors.

As atest, we also performed our analyses using the X-ray spectral
fitting results in the COSMOS field from Laloux et al. (submitted),
which adopts a Bayesian approach to constrain the AGN physical
properties. We found small quantitative changes with respect to our
study here and our overall conclusions do not qualitatively change.

To identify the X-ray counterparts of our sample, we cross-match
the positions of J18 with the optical and infrared positions of the
X-ray sources in the COSMOS field from Marchesi et al. (2016a),
using a 1 arcsec matching radius. In order of priority, we use (1)
the K-band Ultravista positions, (2) the optical positions, and (3) the
IRAC positions. We identified X-ray counterparts for 3437 sources.

2.3.2 X-ray flux upper limits estimation

For the sources that are not associated with an X-ray counterpart,
we determine 3o upper limits to their X-ray flux. This calculation is
based on aperture photometry and follows the methods described
in Ruiz et al. (2022). In brief, the X-ray photons in the 0.5-2
and 2-7keV spectral bands are extracted at the source position
within apertures of variable radius that correspond to the 70 per cent
Encircled Energy Fraction (EEF) of the Chandra Point Spread
Function. Background maps of 0.5-2 keV and 2-7 keV are then used
to determine the background expectation value within the extraction
apertures. The average exposure times within the same regions are

Obscured IR quasars in the COSMOS field 2579
calculated using the Chandra exposure maps. It can be shown (e.g.
Kraft, Burrows & Nousek 1991; Ruiz et al. 2022) that the flux
upper limit, UL, of a source within the aperture can be estimated
by numerically solving the equation

UL .
C~/ P(fxIN)dfy = CL, (1)
0

where C is a normalization constant, N is the total number of photons
within the extraction aperture, P(fx|N) is the Poisson probability of a
source with flux fx given the observed number of photons, and CL is
the confidence level of the upper limit. Our analysis assumes CL =
99.7 per cent, meaning that the true flux lies below the respective
upper limit. This probability corresponds to the two-sided 3¢ limit
of a Gaussian distribution. The Poisson probability for a source with
flux fy is
—A 3N

P(fxIN) = “—

where A is the expected number of photons in the extraction cell for
a source with flux fx

, (@)

A= fx-EEF-ECF -t +B, A3)

where ¢ is the exposure time, B is the background level, ECF is
the energy flux to photon flux conversion factor and depends on the
spectral shape of the source. Given N, B, t, and CL, equation (1) can
be numerically solved (see Ruiz et al. 2022) to infer the flux upper
limit. For the X-ray spectral shape, we adopt a power law with I' =
1.8. The inferred X-ray flux upper limit depends only mildly on this
choice.

3 SED FITTING AND SAMPLE SELECTION

In this section, we describe the models we use to fit the SED of the
sources and the process to select the final IR quasar sample.

3.1 SED modelling

We fit the rest-frame 0.1-500 pum SED of the objects using the
multicomponent Bayesian SED fitting package FORTESFIT! (Rosario
2019). In fitting the SEDs, we consider the unabsorbed stellar
emission modelled by Bruzual & Charlot (2003); the UV emission
from the accretion disc following the model of Richards et al. (2006);
the IR emission from the torus, based on the empirical DECOMPIR
AGN model of Mullaney et al. (2011); and a semi-empirical star-
forming galaxy model which reproduces the full range of dust
temperatures observed in galaxies (Dale et al. 2014).

The stellar emission template has as free parameters the age and
mass of the stellar population, and the star formation time-scale. As
the emission can be affected by galactic extinction, we attenuate the
templates according to the Milky Way reddening law from Calzetti
et al. (2000), adding the reddening E(B — V)gp as a free parameter.
Similarly, the accretion disc emission might also be altered by dust
along the line of sight, therefore we apply the Prevot et al. (1984)
reddening law for the Small Magellanic Clouds, which has been
shown to be representative of Type-1 AGN (e.g. Hopkins et al. 2004;
Salvato et al. 2009), and describe well the SEDs of red and blue
QSOs (Calistro Rivera et al. 2021; Fawcett et al. 2022). Hence, the
free parameters of the accretion disc (AD) model are the luminosity
at2500 A (Las00) and the reddening E(B — V) ,p. The free parameters

Thttps://github.com/vikalibrate/FortesFit
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Table 1. Description and allowed ranges of the free parameters for the components in our SED fitting models, including references for more details of each

model.
Component Parameter Description Range Reference
Stellar population emission (SP) log M, Mgp) Stellar mass [6, 13] Bruzual & Charlot (2003)
logt’ (Gyr) Age of the stellar population [8, 10.1]
log 7 (log Gyr) Star formation time-scale [0.01, 15]
E(B — V)sp (mag) Galaxy reddening [0, 0.5] Calzetti et al. (2000)
Accretion disc (AD) log Lasoo (erg s~ Hz™!) Luminosity at 2500 A [26,36] Richards et al. (2006)
E(B — V)p (mag) Accretion disc reddening [0, 1] Prevot et al. (1984)
Torus log LAGN,1R (erg s7h 8-1000 pm AGN luminosity [38,48] Mullaney et al. (2011)
I Short-wavelength slope [-0.3,2.1]
'y Long-wavelength slope [—1,0.5]
Tgp.s (K) Hot dust temperature [800,1900]
Star formation (SF) log LsF 1r (erg s7h 8-1000 pm Star formation luminosity [42,48] Dale et al. (2014)
ASF Shape parameter [0.06,4]

of the star-forming galaxy model are the integrated §—1000 pm
galaxy luminosity from the SF (Lgg 1r) and a shape parameter that
describes a wide range of of PAH emission and spectral shapes for
normal star-forming galaxies. Finally, the torus template combines a
smoothly broken power law and a blackbody. The parameters of the
broken power-law component are the short-wavelength slope (T'y),
the wavelength of the break (Ag), and the long-wavelength slope
(I'L), and the parameters of the blackbody component are the peak
wavelength of the blackbody (Agg), and the temperature of the short
end (Tgg, 5). Following Mullaney et al. (2011), we fix Agy = 19 and
)\BB =40 pHm.

We note that in this work, we use a simple one-shape parameter
template to model the star formation emission in FIR wavelengths,
as we are only interested in constraining the SF luminosity of
our sample. To test how our fits change with other star formation
templates, we fit the 2.2-500 wum SED of our IR quasar candidates
(see Section 3.2 for details), modelling the star formation emission
with the Draine et al. (2014) templates, which are parametrized by the
polycyclic aromatic hydrocarbon mass fraction, the lower cutoff of
the starlight intensity distribution, and the fraction of the dust heated
by starlight. We find that the SF luminosities are entirely consistent
between the Draine et al. (2014) and Dale et al. (2014) models,
indicating that although the templates adopted in this work might be
comparatively simple, they are also comprehensive, and successfully
constrain the broad range of contributions from star formation to the
IR emission.

In summary, we fit 20 photometric bands in the rest-frame
0.1-500 pm range with a model with 12 free parameters. Table 1
lists the parameters of each model, their description, and the value
ranges considered to perform the fits.

3.2 IR quasars selection

The selection process of our sample has several steps and is outlined
in Fig. 1. The process consists of two main components: (1) we
first preselect candidate IR quasars based on 24 pum detections and
flux and then fit the SEDs of these objects with a simple model to
identify the most likely luminous AGN in the J18 catalogue; (2)
we then refit these sources with a more detailed AGN model and
select the IR quasars with Lgn R > 10% erg s~!. In our analyses,
we only consider the sources with SNR > 2 at 24 um, as it is
the main band that samples the rest-frame MIR, and enables us
to break some of the degeneracy of SF versus AGN emission
in that important diagnostic wavelength regime. We only select
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sources with redshift z < 3, because at z = 3, the observed 24
pwm band no longer constrains the AGN emission, as it is equivalent
to < 6 um rest frame. Since we are only interested in quasars with
Lacnar > 10% erg s™!, we apply a cutin the F, (24 pum) flux to select
the sources that would have Lagnr > 105 erg s, conservatively
assuming that all of the F, (24 pm) flux is produced by the AGNs.
We achieve this by computing the F,(24 pum) curve as a function
of redshift using the DECOMPIR AGN template, for I'y = 0.2,
Tsss = 1500K, and I'y = 0.8, which gives a lower limit for
F,(24 um). The application of these cuts results in 28 875 IR quasar
candidates.

We fit the SEDs for all IR quasar candidates and obtain the poste-
rior distribution for each parameter as outputs. To save computational
time, we pre-select the IR quasars by only fitting the 2.2-500 pm
SED; hence, we do not consider the optical photometry, and so
do not include the AD in our modelling, and we let free to vary
only the short-wavelength slope of the torus component. The rest
of the parameters of the torus component are fixed to I'y = 0.2
and Tgp s = 1500 K, which are the values of the mean intrinsic SED
found by Mullaney et al. (2011). We compute the Lagn, ir cumulative
distribution function of each object to estimate the probability of
each object of having an AGN luminosity Lagn R > 10% ergs™!.
We find 1308 sources with a > 50 per cent probability of hosting
an AGN component in the quasar regime. We then incorporate the
optical photometry to fit the rest-frame 0.1-500 um SED of the
IR quasar candidates, considering a version of the DECOMPIR
model that allows all three torus parameters to vary across the
prescribed ranges listed in Table 1. This time, we include the AD
when the source is either X-ray unobscured (i.e. Ny < 10> cm™2;
see Section 4.3 for details), has broad lines (BL) in the optical spectra
reported by Rosario et al. (2013), or has a steep UV—optical SED,
suggesting the presence of an accretion disc component. For the
X-ray obscured sources (Ny > 10?2 cm™2), we associate all optical
emission to the stellar population since the emission from the AD
will be extinguished.

It is difficult to constrain the stellar population and accretion
disc emissions of the unobscured sources because both components
overlap in the optical band. Therefore, we need to apply a prior
to the stellar mass, M,, and the AD luminosity, Lysp, to improve
the measurements of these parameters. There are 142 IR quasar
candidates with broad lines and an estimation of their SMBH mass
(Mgy) in Rosario et al. (2013). For those objects, we use as a prior
the M, estimated from Mpy—M, relation reported in Merloni et al.
(2010). For the sources without a Mgy estimation, we use as a
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Jin et al. (2018) catalog
194,428 sources

MIPS 24 pm SN>2 and
z<3and
Fp(24 pm) sufficient to select Lmu.m
28,875 sources

>10*° ergfs

Perform simple 2.2-500 um SED fitting

‘p("'mm?m” erg/s ) > 50% selection
1,308 sources

|

N,<10%* em? or
broad optical
emission lines or
steep optical
SED shape?

no

Perform detailed 0.1-500 pm
SED fitting including AD + SP
+ Torus + SF
337 sources

Perform detailed 0.1-500 pm
SED fitting including SP +
Torus + SF
971 sources

Laeu,mﬂaas erg/s selection
578 IR quasars

355 obscured quasars 223 unobscured quasars

Figure 1. A schematic representation of our IR quasar sample selection
process. We started selecting the sources in the Jin et al. (2018) catalogue
with a 20 detection at 24 um and z < 3. We then apply a cut in F, (24 pum)
flux to select the sources that would have 8-1000 pm luminosity LAgN IR >
10443 erg s~ if we assume that all of the F,(24 pum) flux comes from the
AGNSs. We fit the 2.2-500 um SED of those sources with a simple model (see
Section 3.2 for details) and select all sources with a probability higher than
50 per cent of having LaGN, IR > 10% erg s~'; we refit the rest-frame 0.1—
500 pum SEDs of these IR quasar candidates with a more complex model,
including the accretion disc when necessary. We finally select the sources
with LAGN, IR > 10% erg s~1, and then split the sample into the obscured and
unobscured IR quasars, using Ny = 1022 cm~2 as the unobscured/obscured
threshold (see Section 4.3 for details).
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Figure 2. Lagn, R (the 8-1000 um AGN luminosity) against the redshift
of our IR quasar sample. The error bars represent 1o uncertainties. Magenta
open circles are objects with Ny < 10?2 cm™2 from X-ray spectral fitting,
black open stars are objects with Ny > 1022 cm~2 from X-ray spectral fitting,
and green open stars are objects undetected or faint (i.e. insufficient counts to
perform X-ray spectral fitting) in the X-ray band but which have properties
implying Ny > 10?2 cm~2 (see Section 4.3 for details).

prior the mean M, of the obscured sources (M, obs/Mg = 10.71
and o = 0.3 dex), which we compute with POSTERIORSTACKER (see
Section 3.3). For the AD luminosity, we use the well-established
Lysoo—L, kev relation for quasars reported by Lusso & Risaliti (2016)
to calculate a prior for L,s09, when an object has an X-ray luminosity
measurement. In both cases, we apply a Gaussian prior centred
in the estimated value for M, or L,soy with a standard deviation
of o = 0.3 dex.

The final IR quasar sample comprises 578 sources with LGN g >
10% erg s~!. Although we select sources down to SNR > 2 in MIPS
24 um, we note that the vast majority (561/578, 97 per cent) of the
IR quasars have an SNR > 5, indicating that our sample should
not be impacted by unreliable or blended 24 pm photometry. Fig. 2
shows the Lagn, r against the redshift of our sample. The redshift
of the IR quasars ranges between 0.5 and 3. We find that the
majority of our IR quasars have 10% < Lygn r/ergs™' < 10%,
but there are 56 very powerful AGNs with Lagnr > 10% ergs™!.
The bolometric luminosities of our quasars span the range Lagn, boi =
[10%3,10%4] erg s~!; these are calculated as Lagn, pot & 3 X LaGN. IR»
assuming that L g bol & 8 X LagN,6.m (Richards et al. 2006), and
that the median ratio Lagn,6um/Lacn,r & 0.36 for our quasars.
Overall, 393 (768 per cent) IR quasars are detected in the X-ray band:
322 sources are bright enough to have X-ray spectral constraints (see
Section 4.3 for details) and 71 sources are faint (i.e. not enough
counts to perform X-ray spectral fitting). The remaining 185 sources
are undetected in the X-ray band. Furthermore, 321 quasars have
spectroscopic redshifts and 257 have photometric redshifts. Fig. 3
shows examples of the SED fitting results for two objects, an
obscured (left-hand panel) and an unobscured (right-hand panel)
IR quasar. Table A1 reports the best-fitting SED parameters of our
IR quasars sample.
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Figure 3. Example best-fitting SED models for an obscured quasar (left-hand panel) and an unobscured quasar (right-hand panel). Black points with error
bars are the photometric data with their respective 1o uncertainties, and red empty circles are the best-fitting model photometry. The blue curves represent
the dust-obscured SF component, the red curves are the torus components, the orange curves are the stellar population emission, and the green curves are the
accretion disc emission. The spread in the curves represents the approximate 1o scatter in the SED components as constrained by FORTESFIT. The black line is
the sum of all the best-fitting components. Key derived parameters and 1o uncertainties from the best-fitting SED models are shown in the blue outlined box.
These figures show samples of the full SED and are only meant to guide the reader; hence, they should not be used to measure the merit of the fit.

3.3 Upper limits and mean values estimation

In order to decide if a parameter is well constrained, we take
two different approaches depending on the case. For the AGNs
and SF luminosity, we analyse the 1st percentile of the poste-
rior distributions. In both cases, the distributions have two peaks.
For Lagn,r, the peaks are at log Lagn,ir,1p/(erg s71) < 38.5 and
log LagN,Ir,1p/(eTg s7h 2> 44.5, while for Lsgr, 1p» the peaks are
at log Lspr 1p/(ergs™) < 42.5 and log Lsrr 1p/(ergs™") 2> 45.
Therefore, we consider that the AGNs and SF components of the
SED are well constrained when log L agn,Ir,1p/(€rg s71) > 38.5 and
log Lsp 1, 1p/(erg s7') > 42.5, respectively.

In the case of the stellar masses of the unobscured quasars, we use
a Gaussian prior to constrain the parameter; hence, we cannot take
the same approach as when using a uniform prior, as is the case for the
AGNSs and SF luminosities. This time, we use the Kullback—Leibler
Divergence (KLD) parameter, which is commonly used for model
comparison in Bayesian frameworks and estimates the distance
between two distributions. In our case, those distributions are the
Gaussian prior and the stellar mass posterior distribution. A low KLD
parameter indicates that the prior and the posterior distributions are
very similar and that during the SED fitting process the model does
not learn anything from the data and just reproduces the prior. On the
other hand, a high KLD value indicates that the model learns from
the data and the prior helps to constrain the parameter better. We
investigate the distribution of the stellar mass KLD parameter and
find that it has two peaks: at KLD < 0.2 and KLD 2 0.5. Therefore,
we consider that the stellar masses are well constrained when
KLD > 0.2

In order to account for the upper limits and unconstrained param-
eters, to compute the median values of the SF luminosity and stellar
masses we use Posterior Stacker,? a code that takes as input samples
of the posterior distributions of a sample of objects and models
them using a Gaussian model (Baronchelli, Nandra & Buchner
2020).

Zhttps://github.com/JohannesBuchner/PosteriorStacker
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4 RESULTS

This section presents the multiwavelength properties of the IR quasar
sample and explores potential differences between the obscured and
unobscured IR quasars. We assess the completeness of our IR SED
selection approach in Section 4.1, explore the different variety of SED
shapes we obtain in Section 4.2, and present the X-ray properties
of our IR quasar sample in Section 4.3. We then compare the SF
properties (Section 4.4), the stellar mass (Section 4.5), and the radio
emission (Section 4.6) between the obscured and unobscured IR
quasars.

4.1 IR quasar sample completeness

To investigate whether our IR SED fitting misses any luminous AGN,
we fit the rest-frame 2.2-500 um SED of all X-ray sources in the
Chandra COSMOS-Legacy survey at z < 3, following the procedure
described in Section 3.2. While X-ray surveys will miss the most
heavily obscured AGN (as demonstrated in Section 4.3), they are
effective at identifying less obscured AGN down to modest X-ray
luminosities, even in systems with bright host-galaxy emission where
we would expect our IR-AGN identification approach to struggle.
Fig. 4 shows the fraction of X-ray sources with a well-constrained
AGN component in the IR SED fits as a function of the X-ray
luminosity. Overall, our SED fitting identifies 60 = 1 per cent of
the X-ray AGNs; however, the fraction of IR AGN increases with
X-ray luminosity, as expected given lower luminosity AGN are
challenging to identify in SED-fitting approaches due to an increasing
contamination from the host-galaxy emission which dilutes the
signature of the AGNs. In the highest luminosity bin, equivalent
to our quasar IR-luminosity threshold (Ly_joey > 10% erg s71),
we reach a maximum completeness of 9670} per cent at z < 1.5
(1/28 missed) and 78 £ 0.3 percent at z < 3 (40/181 missed).
Seventeen of the 40 missed AGNs have a 99th upper limit percentile
of Lagnr > 10% erg s~!, which means that the SED fitting does
not identify an AGN, but we cannot rule out the presence of an
IR quasar in these systems, typically due to lack of any Herschel
detections. The 99th upper limit percentile on the AGN luminosity is
LaoNr < 10% erg s~! for the other 23 sources: 5 lack a 2o detection
at 24 um, which is fundamental to constrain the AGN component in
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Figure 4. Fraction of X-ray AGNs that are identified as IR AGNs as a
function of the intrinsic X-ray luminosity (La—jokev) at z < 1.5 (grey stars)
and z < 3 (black stars) for the sources in the Chandra COSMOS Legacy
survey. The error bars in the x-axes represent the size of the luminosity bins
and the y-axes indicate the binomial errors. The black and grey text reports
the mean SED best-fitting 8~1000 um AGN luminosity in log(erg s~') for
each X-ray luminosity and redshift bin.

the IR SED, 12 have an SED fully dominated by the host galaxy, and
6 have both an unconstrained AGN and SF component due to lack
of photometric detections.

As another comparison, we also select AGNs using different well-
established MIR colour—colour selections: we find that the Stern et al.
(2005) Spitzer-IRAC wedge selects 49 £ 1 per cent, Donley et al.
(2012) select 30 £ 1 per cent (also Spitzer-IRAC photometry), and
the Assef et al. (2018) 90 per cent reliability selects 11 4= 0.8 per cent
of the X-ray AGNs using just WISE photometry. We note that our
SED fitting approach is not only more complete but also more
reliable than any MIR colour selection since it considers the redshift
of the source and separate the AGN from the SF emission in the
IR band. Therefore, our method might not find all of the X-ray
AGN:Ss, but it is cleaner and more complete than a typical MIR colour
selection technique. For example, if we apply these MIR colour—
colour selections to our IR quasar sample, then find that Stern et al.
(2005) would miss 13 percent, Donley et al. (2012) would miss
20 per cent, and Assef et al. (2018) would miss 40 per cent of our IR
quasars.

4.2 The UV/optical-to-FIR SEDs of IR quasars

We present the best-fitting SED models of our IR quasar sample
in Fig. 5. The SEDs are normalized by the total AGN luminosity
at rest-frame 6 um. The figure also plots the overall median SEDs
of the obscured and unobscured quasars, together with the relative
contribution of each fitted component to the total emission. We find
a wide variety of SED shapes, and identify clear differences in the
median SEDs between the unobscured and obscured quasars. The
unobscured quasars are brighter in the optical band due to the AD
emission but have a weaker SF component relative to the AGN
emission. Additionally, the AGN torus component of the unobscured
quasars is hotter than that of obscured quasars, showing stronger
MIR emission and weaker FIR emission. In the following sections,
we perform a detailed analysis of the properties of the IR quasars

Obscured IR quasars in the COSMOS field 2583

obtained from the SED fits to understand the observed differences in
the SED shapes.

4.3 X-ray properties

In our sample, 322 of the 578 (56 per cent) quasars are bright enough
(>30 net counts, hereafter the X-ray bright sample) in the 0.5-
7keV band to have X-ray spectral constraints (Marchesi et al. 2016b;
Lanzuisi et al. 2018), while 71 sources are X-ray detected but faint
(i.e. <30 net counts), without X-ray spectral fitting results. The
remaining 185 sources (32 per cent) are X-ray undetected.

Fig. 6 shows the X-ray obscuration properties of the IR quasars.
The left-hand panel depicts the line of sight column density against
redshift for the X-ray bright objects (see Section 2.3 for details on
X-ray spectral fitting). Overall, we find that 99 quasars are obscured
by Ny > 10?2 cm~2, where 56 are also heavily obscured by Ny >
10%* cm™2, of which 6 reside in the CT regime. The remaining 166
X-ray bright quasars are unobscured (Ny; < 10?? cm™2).

We can estimate the average level of obscuration of the X-ray
faint and undetected sources through X-ray stacking. We stack both
samples using CSTACK v4.32.3 We find that the average count rate in
the 2-8 keV range is (1.44 & 0.21) x 107> countss~' for the X-ray
undetected sources, and is (4.63 £ 1.32) x 107> counts s~! for the X-
ray faint sources. Fig. B1 in the Appendix shows the stacked images
for X-ray undetected and faint sources, respectively. We detect a
strong signal in the hard band (2-8 keV) and a fainter but significant
signal in the soft band (0.5-2 ke V), where the absorption would have
the biggest impact, suggesting that the individual non-detections are
due to heavily obscured column densities and not because they are
intrinsically faint.

To estimate the obscuration of the X-ray faint and undetected
sources, we use the hardness ratio (HR), which is defined as HR =
ﬁ—;g, where H and S are the net counts in the hard (2-8 keV) and soft
bands (0.5-2 keV), respectively (Park et al. 2006). The right-hand
panel of Fig. 6 shows the average HR against redshift of X-ray faint
and undetected IR quasars, calculated after stacking the two samples.
This panel also shows the HR for the 48 X-ray faint quasars detected
in the hard and soft bands from Civano et al. (2016), together with the
expected change in HR with redshift for a fixed column density and
intrinsic X-ray spectral slope (I" = 1.8). Dotted and continuous black
lines are the curves for Ny = 10?? and Ny = 10> cm™~2, respectively,
which were calculated using PIMMS v4.11a,* for Chandra-Cycle
14.° The majority of the X-ray faint sources have HR measurements
consistent with them being heavily obscured. Additionally, the HR
of the stacked X-ray faint and undetected sources indicates that,
on average, both samples are heavily obscured by Ny > 10% cm™2,
with potentially a substantial fraction of CT AGN. Table 2 lists the
count rates of the stacked X-ray faint and undetected samples.

In addition to the direct Ny constraints from the X-ray spectral
fitting, and the Ny estimated from the HR, we can further estimate
the broad level of obscuration of the X-ray faint and undetected
quasars using the known relation between the intrinsic L, jgkey and
the AGN rest-frame 6 pm luminosity (Le.m) (e.g. Lutz et al. 2004;
Fiore et al. 2009; Stern 2015). Fig. 7 depicts the intrinsic Ly jgiey

3CSTACK (http://cstack.ucsd.edu/ or http://lambic.astrosen.unam.mx/cstack
/) developed by Takamitsu Miyaji.

4See https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
SWe choose to use the Chandra-Cycle 14 response files as that corresponds
to the period when the majority of the Chandra observations for the Chandra
COSMOS Legacy survey were taken.
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Figure 5. Composite and individual best-fitting SED models for the IR quasar sample. Grey thin curves are the best-fitting SED models for each quasar,
normalized at rest-frame 6 pm luminosity. Thick continuous and dotted curves represent the median SED for the obscured (Ng > 102 cm~2) and unobscured
(Nu < 10?2 cm~2) quasars, respectively. The figure also shows the median SED of each component: the accretion disc (green), the stellar population emission
(orange), the torus (red), and the dust-obscured SF (blue). The median AD SED of the obscured quasars was calculated only for the sources that required an AD
model. The median SEDs are normalized to the median AGN luminosity at 6 pm in order to obtain the relative contribution of each component with respect to

the AGN emission.
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Figure 6. Obscuration properties of the IR quasars. Left: line-of-sight column density (Ng) against redshift for IR quasars with X-ray spectral fitting constraints.
Right: Hardness ratio (HR) against redshift for X-ray faint and undetected quasars. Green dots with error bars are the HR of 48 X-ray faint IR quasars provided
by Marchesi et al. (2016a). The black, green, and red stars represent the average HR of the X-ray undetected, X-ray faint, and X-ray undetected quasars
with SFR > 100 My, yr~!, respectively, computed after stacking the three samples. The X-ray stacking results are reported in Table 2. The dotted black and
continuous lines represent the change of the HR with redshift for Ny = 10>2 and Ng = 103 cm~2, respectively. The curves were calculated using PIMMS
v4.11a, assuming I" = 1.8, and with observational parameters from Chandra-Cycle 14.

against L¢,m of the IR quasar sample, together with the intrinsic
L) joxey—L6 um relations of Stern (2015) and Fiore et al. (2009). For
the 185 IR quasars that are X-ray undetected, we calculate 30 upper
limits for the observed 2—-10 keV flux as described in Section 2.3.2.
For the X-ray faint quasars, we use the 2—-10 keV observed flux
reported in Civano et al. (2016). The luminosities and upper limits are
calculated as Ly joxev = 47d} fr1okev(l +2)T 2 erg s™!, assuming

MNRAS 517, 2577-2598 (2022)

I' = 1.8 (Alexander et al. 2003). The upper limits for the observed
L _j0kev Of the undetected quasars are shown in black and the majority
of them lie below the L, jorey—Lem relation, in the region of the
plane affected by a CT obscuration of Ny ~ 10** cm™2.

In order to locate the average position of X-ray faint and unde-
tected quasars in the Ly g xey—L6 um plane, we use the count rates
calculated from the X-ray stacking analysis to estimate the average
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Table 2. X-ray stacking results for the X-ray undetected, X-ray faint (<30 net counts), and X-ray undetected sources with SFR > 100 Mg yr~!. (1) The
sample; (2) number of stacked sources; (3) net soft band count rates (S, 0.5-2 keV); (4) net hard band count rates (H, 2-8 keV); (5) the hardness ratio
(HR = (H — S)/(H + S)); (6) the mean redshift of the subsamples; (7) mean and standard deviation of AGN rest-frame 6 pm logarithmic luminosity; (8) mean
2-10 keV flux estimated from the 0.5-2 keV stacked count rates; (9) mean log Ly _jokev calculated from F_jokev.

N S H HR z logLe 1 Fa10 kev logLo 1o kev
(counts s~ 1) (counts s~ 1) (ergs™h) (ergem™2 571 (ergs™h)
(1) (2) (3) (4 (5) (6) (7 (®) ©)
X-ray undetected 185 (8.88 & 1.25) x 10-° (1.44 £0.21) x 1075 024 +0.1 2.1340.50 44.93 +0.34 9.2£1.61) x 10-17 4241 +0.18
X-ray faint 71 (25340.97) x 107> (4.63 £1.32) x 107> 028 £0.21 2.14 +£0.51 4501 031 (2.62+1.11) x 1071¢ 42.87 + 1.00
X-ray undetected and 62 (8.11+23) x 107 (147 £0.40) x 1075 029+ 0.18 2.30+0.48 45.02+0.33 (841 +2.71)x 1077 4245 +0.32
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Figure 7. Intrinsic rest-frame 2—10 keV luminosity (L)_jokev) against the
AGN rest-frame 6 pm luminosity (Lg ;.m) for the IR quasar sample, computed
from the SED fits. Blue stars correspond to the intrinsic La_jpkey for IR
quasars with X-ray spectral fitting results, green circles with error bars
correspond to the observed Ly jokey Of the X-ray faint quasars, which are
lower limits of the intrinsic L2_okey, and black upper limits are 3o luminosity
upper limits for the X-ray undetected quasars. The upper dashed black and
dotted red lines show the intrinsic L>_jokev—Le um relation found by Stern
(2015) and Fiore et al. (2009), respectively. The lower dashed black and dotted
red lines show the same relations but including the impact of Ny ~ 10?3 cm—2
and Ny ~ 10%* ¢cm~2 on the observed Ly 10kev; these are calculated assuming
an absorbed power law with photon index I = 1.8 using PIMMS v4.11a. The
green, black, and red stars represent the average position of X-ray faint,
X-ray undetected, and X-ray undetected sources with star formation rates
(SFR) SFR > 100 Mg, yr~! (see Section 4.4 and Appendix C for details),
respectively, calculated after stacking the three samples.

observed L jg key Of both samples. We convert the count rates to
flux using PIMMS, assuming I = 1.8 and considering the average
Galactic absorption in the direction of the COSMOS field (Ny =
2.5 x 10?° cm~2, Kalberla et al. 2005). We estimate a 2—10 keV flux
of Fo_1okev.und = 9.2 x 10717 erg cm~2 s~ ! for the X-ray undetected
quasars and F_jg kv, faint = 2.62 x 107! erg cm=2 s~! for the X-ray
faint quasars. Then, we convert the flux to luminosity considering
the average redshift of the X-ray faint and undetected sources
(Zfaint = 2.14 and zypq = 2.13). The green and black stars on Fig. 7
mark the average location of X-ray faint and undetected quasars,
respectively, where the x-axis positions are the average values of

L ym (10g L ym faint/ €rg 71 = 45.01 and log L i una/ €1g s~ =

44.93). The X-ray stacked count rates suggest that X-ray faint and
undetected quasars are heavily obscured by Ny > 10** cm~2.

With all the evidence presented above (i.e. X-ray stacking, HR,
and L) jokev—Le.m analysis), we are confident that the samples of
X-ray faint and undetected quasars are a good representation of
heavily obscured AGNs and probably comprise the most obscured
subset of the IR quasar population in the COSMOS field, with CT
column densities in many cases. Therefore, we group all the X-
ray faint and undetected quasars with the X-ray bright quasars with
Ny > 10?2 cm ™2 to create an obscured IR quasar sample, which is
composed of 355 sources (61 per cent of the IR-quasar sample). All
the quasars with Ny < 10*2 cm~2 are grouped into an unobscured
IR quasar sample, composed of 223 sources (39 percent of the
IR-quasar sample).

4.4 Star formation rates

We analyse the star formation properties of the IR quasar sample
using the results of our SED fitting analysis. We directly measure
the Lgg g for 183 quasars, while for the remaining 395 objects,
we provide an upper limit (see Section 4.4 for details). The large
fraction (68 per cent) of upper limits is due to two main reasons: (1)
35 per cent of the sample does not have Herschel detections at 20,
and (2) our sample contains powerful quasars, for which the AGN
component dominates the SED in most cases.

We start by comparing the SFR of the obscured and unobscured
quasars. We convert the Lgg 1r that we obtain from our SED fitting to
SFR using the Kennicutt (1998) relation. To remove a possible de-
pendency of the SFR on the AGN luminosity and redshift, we match
the unobscured and obscured samples in Lg,,m and redshift. In each
matching iteration, for each unobscured quasar, we randomly choose
and assign an obscured quasar with a luminosity and redshift that lie
within Alog L¢,,m = 0.2 dex and Az =0.05 x (1 + z), respectively.
The resulting matched samples consist of 250 unobscured and 250
obscured IR quasars, with similar redshifts and AGN luminosity.

Fig. 8 shows the distribution of SFR for the unobscured and
obscured IR quasars. From the plot, it is clear that there are
more obscured quasars with well constrained SFR than unobscured
quasars, and that the obscured sample has a larger population of high
SFR (= 300 M, yr~!) quasars than the unobscured sample. As the
luminosity-redshift matching is performed with randomization, we
repeat the process 100 times and compute the number of Lgg, 1r upper
limits for unobscured and obscured sources. We find that, on average,
A 63 per cent of the obscured sources have a Lgg, g upper limit, and
that this number increases to & 75 per cent for unobscured sources.
We also investigated the SFR distributions for the systems where the
SF component is directly measured (i.e. a well constrained L, r)
by applying the Kolmogorov—Smirnov (KS) test for the unobscured
and obscured samples. We find an average p — value ~ 0.001,
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Figure 8. Distribution of the SFR calculated from the 8§-1000 um SF
luminosity of unobscured (magenta) and obscured (black) sources. The filled
and empty histograms are the median values of the well constrained SFRs,
and the dashed empty histograms are the 99th percentile of the posterior
distribution (i.e. 2.30 upper limits). The plot was made after matching the
unobscured and obscured samples in redshift and AGN 6 pm luminosity to
remove any luminosity biases. The values quoted on the figure correspond
to the mean SFRs calculated with POSTERIORSTACKER, including the upper-
limit values (see Sections 3.3 and 4.4 for details) of the matched samples.
The histograms are not normalized.

implying that the two distributions are different at the > 99 per cent
confidence level. We also calculate the average Lgg, 1r and SFR of the
unobscured and obscured matched samples. In order to account for
the upper limits, we use POSTERIORSTACKER. We find that for unob-
scured quasars, the mean log Lsgir 1S flunobs = 44.87 £ 0.1 erg s~!
and the standard deviation is oyuops = 0.80 2 0.08 erg s™!, while
for obscured quasars, fops = 45.34 £ 0.1 erg sl and oy = 0.7 £
0.06 erg s~! erg s~!. The mean SFRs are SFR s = 98 £ 16 M, yr™!
and SFR ,qps = 33 £ 8 M, yr~', indicating that the obscured quasars
have an SFR & 3 &£ 1 times higher than unobscured quasars.

To complement the SED fitting results, we also calculate the
number of Herschel detections and their associated binomial errors
in both samples for 100 matching realizations. We found that
73 £0.002 per cent (53 £ 0.002 per cent) of the obscured quasars
have at least one (two) 20 detection in one (two) of the Her-
schel bands, while this number decreases to 49 4= 0.002 per cent
(35 4+ 0.003 per cent) for unobscured quasars. The higher Herschel
detection fraction in obscured quasars is further confirmation of them
hosting larger SFRs than unobscured quasars.

The increased SFRs of our obscured quasar sample could be due
to strongly star-forming galaxies masquerading as obscured quasars,
particularly within the X-ray undetected subset; i.e. our SED fitting
may have wrongly identified an IR-AGN component. Overall, 62
of the 170 quasars with SFR > 100 My, yr~! are X-ray undetected.
We stacked the X-ray data of these X-ray undetected strongly star-
forming systems, which reveals significant hard X-ray emission
with a HR and basic properties consistent with the overall X-ray
undetected and X-ray faint samples; see Appendix C, Table 2, Figs 6
and 7. These analyses show that the X-ray undetected high SFR
systems are obscured quasars with properties consistent with the
X-ray bright, faint, and undetected quasars.
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Table 3 shows a summary of the mean Lgg, 1z, SFR, and Herschel
detections of the obscured and unobscured quasar samples, quanti-
fying the evidence for a significant SF enhancement in the obscured
quasars compared to the unobscured quasars.

4.5 Stellar masses

Our SED fitting also provides constraints on the stellar masses
of the IR quasars. For the obscured sample, we can constrain the
stellar masses for the majority (87 per cent) of the sources. For the
unobscured sample, we can only provide well-constrained masses
for 26 per cent of the quasars, since it is more difficult to reliably
constrain the stellar population emission due to the significant
wavelength overlap with the accretion disc emission.

Fig. 9 shows the stellar mass distributions for the obscured and
unobscured IR quasars after matching the samples in redshift and
AGN 6 um luminosity. We calculate the mean stellar masses of
obscured and unobscured quasars using POSTERIORSTACKER (i.e.
including unconstrained values) and find that, for obscured quasars,
the mean and standard deviation are log M, o,s/Me = 10.71 £ 0.02
and oy, obs = 0.30 &= 0.02 M, respectively, and that for unobscured
quasars log M, unobs/Me = 10.86 £ 0.02 and oy, unobs = 0.21 £
0.02 M. The difference between the mean stellar masses of both
samples is around 0.15 dex, indicating that unobscured quasars
have slightly more massive host galaxies. However, we should not
overinterpret this small difference since the mean stellar mass of
unobscured quasars is dominated by the prior adopted in the SED
fitting. We note that the dispersion of the stellar mass distribution of
obscured quasars is higher than for the unobscured quasars. This is
probably because we do not apply a prior to fit the stellar masses of
the obscured quasars, while the fit is significantly influenced by the
prior for the majority of the unobscured quasars.

As a check, we compare the stellar masses of our IR quasars
calculated in this work with the values reported in the COSMOS
2015 catalogue (Laigle et al. 2016). We find broad agreement in the
stellar masses with COSMOS 2015 for the obscured quasars that do
not require an AD to model their optical emission (i.e. those where
the host galaxy dominates the optical emission). However, we find
large inconsistencies for the quasars that need an AD component
since in Laigle et al. (2016) the optical emission is solely modelled
with a stellar population component without any contribution from
an AGN.

The results reported above (summarized in Table 3) indicate that
unobscured quasars have comparable stellar masses to their obscured
counterparts. While the mean stellar masses of the unobscured
quasars are influenced by the stellar-mass prior, it is unlikely
that the mean stellar mass of the unobscured quasars could be
significantly smaller than the obscured quasars. Consequently, these
results indicates that the observed difference in the SFRs between
obscured and unobscured quasars is not due to the obscured quasars
being substantially more massive than the unobscured quasars.

4.6 Radio properties

We investigate the radio properties of our IR quasar sample. Overall,
420 out of 578 IR quasars (73 per cent of the sample) have at least a
20 detection at 3 or 1.4 GHz in the VLA-COSMOS 3GHz survey or
J18. The radio detection fractions (fy1 4 ) of unobscured and obscured
quasars are fyLa = 70 per cent and fyra = 75 per cent, respec-
tively. We convert the radio fluxes to the individual quasars to rest-
frame luminosity by calculating L;4cun, = 47tdff144GHZIO_36(1 +
2)*~!, following Alexander et al. (2003) and assuming a radio spectral
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Table 3. Mean AGNs and host galaxy properties of our sample bf matched in z and L ;um. The first two rows show the properties of the obscured and unobscured IR quasar samples and the last two rows show the

properties of the obscured X-ray bright and X-ray faint/undetected quasars. We report the mean values for each property obtained after matching the samples 100 times.
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Note. Columns (1) the sample; (2) the number of quasars in each matched sample; (3) mean AGN rest-frame 6 pm luminosity; (4) mean (x) and standard deviation (o) of the star formation luminosity distribution of the sample

calculated with POSTERIORSTACKER; (5) mean SFR estimated from the mean star formation luminosity; (6) fraction of the sample with at least one 20 Herschel detection; (7) fraction of the sample with at least two 20 Herschel

detections; (8) mean and standard deviation of the radio-loudness distribution of the sample; (9) same as (8) for sources where the radio emission is dominated by star formation processes adopting gpir = 2.64 (Bell 2003);

(10) same as (9) for sources where the radio emission is dominated by AGN processes; (11) VLA radio detection fraction; (12) mean (1) and standard deviation (o) of the stellar mass distribution of the sample calculated with

POSTERIORSTACKER.
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Figure 9. Distribution of stellar masses for obscured (black) and unobscured
(magenta) IR quasars. The filled histograms are the median values of the well-
constrained stellar masses, and the dashed empty histograms are the 99th
percentile of the posterior distribution. The plot was made after matching the
unobscured and obscured samples in redshift and AGN 6 pm luminosity to
remove any luminosity biases. The values quoted on the figure correspond
to the mean stellar masses calculated with POSTERIORSTACKER including
the upper-limit values (see Sections 3.3 and 4.4 for details) of the matched
samples. The histograms are not normalized.

index of @« = —0.9; as described in Section 2.2 we convert 3 GHz
fluxes to 1.4 GHz fluxes.

To quantify the strength of the radio emission, we use the radio-
loudness (RL) parameter, /R, which quantifies the relative strength
of the radio emission to the rest-frame 6 tm AGN emission:

1.4 x 10" Ly 4o, (WHz™")
Loum (ergs™!)

(e.g. Klindt et al. 2019; Fawcett et al. 2020). We adopt R = —4.2
as the radio-loud/radio-quiet threshold, following the prescription of
Klindt et al. (2019). The left-hand panel of Fig. 10 shows L¢.m
against L 4gn, for obscured and unobscured radio detected IR
quasars. The red line represents R = —4.2. Most of the quasars
reside in the radio-quiet regime. There are some visual differences
between the RL distributions of unobscured and obscured quasars:
the obscured systems tend to have larger R values (i.e. higher
Li.4Gn, for a similar Lg ) than the unobscured systems, with an
apparent excess of obscured IR quasars above the radio-loud/radio-
quiet threshold.

To test whether the enhancement in the radio is genuine, we
compare the RL distributions of unobscured and obscured quasars
using the matched samples described in Section 4.4, in order to
remove any possible dependency in redshift and AGN luminosity.
The right-hand panel of Fig. 10 shows RL distributions of unobscured
(magenta) and obscured (black) sources. The distributions appear
to be different, with relatively more obscured quasars in the RL
interval of [—5,—4]. As in Section 4.4, we match the unobscured and
obscured samples and perform the KS test 100 times. The mean
RL of obscured and unobscured quasars are R = —4.66 £ 0.02
and R = —4.85 £ 0.01, respectively. Consequently, we can rule
out that the two samples are drawn from the same distribution at
a 99.99 per cent significance (p — value &~ 0.001). We also com-

R =log

“)
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Figure 10. Radio-loudness properties. Left: AGN rest-frame 6 pum luminosity (L) versus the 1.4 GHz luminosity (L;.4GH,). Black squares are obscured IR
quasars, and magenta circles are unobscured IR quasars. The red line indicates a radio-loudness of R = —4.2 (see equation 4), our adopted radio-loud/radio-quiet
threshold. Right: Distribution of the radio-loudness parameter (R) of unobscured (magenta) and obscured (black) sources. The dotted red line marks R = —4.2,
the radio-loud/radio-quiet threshold. The filled histograms are the RL distributions for radio-detected quasars, and the dashed empty histograms are the 30 RL
upper limits for radio-undetected quasars. The plot was made after matching the unobscured and obscured samples to remove any dependency with the redshift
and AGN 6 um luminosity. The values reported in the figure are calculated after matching the samples 100 times and are the mean values for the p-value of the
RL distributions of obscured and unobscured IR quasars, and the mean RL of obscured and unobscured IR quasars.

pute the radio detection fraction for the 100 matched samples,
finding that the average radio detection fractions of unobscured
and obscured quasars are fypa = 68 £ 0.02 per cent and fyra =
77 £ 0.02 per cent, respectively. Both of these results indicate that
obscured quasars have stronger radio emission than unobscured
quasars.

We then investigate whether the excess in the radio emission of
the obscured quasars comes from AGNs or SF activity using the
gTir parameter (e.g. Bell 2003; Magnelli et al. 2015; Delhaize et al.
2017), which quantifies the relative strength of the SF luminosity in
the FIR band and the 1.4 GHz luminosity and is defined as

Lsr1r )
3.75 x 10'2 L1.4GHZ ’

grmr = log (

where Lggr is in units of W and Lj4gu, in W Hz™'. As a first
approach, we adopt grir gen = 2.64 (Bell 2003) and we consider that
the radio emission is SF-dominated when log(1/3 x 109TRBell) <
grr < log(3 x 109mRBe) following Fawcett et al. (2020). The left-
hand panel of Fig. 11 shows Lgsgr against L 4 gu, and the dashed red
lines indicate the region of the plane where we predict SF to dominate
the radio emission. In the case of sources with an unconstrained
Lggir, we use the 99th percentile of the Lgg, ;g posterior distribution
to decide if the radio emission is dominated by SF processes. We
found that for 57 per cent (239/420) of the radio detected IR quasars,
the radio emission is dominated by AGN processes. We also explore
the origin of the radio emission in our sample using other relations
for gir reported in the literature. The right-hand panel of Fig. 11
shows grr against redshift for our sample, together with the relations
of Bell (2003), Magnelli et al. (2015), and Delhaize et al. (2017). The
relationship we previously adopted (grey-shaded area) is consistent
with the other two relations over the explored redshift range. We note
that we use Lgg |r to calculate grr, while Magnelli et al. (2015) and
Delhaize et al. (2017) use the total 8—1000 pm luminosity; however,
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they carefully removed all the X-ray, IR, and radio AGNs from
their samples, studying only the star-forming galaxies, where the
total 8—1000 wm luminosity is equivalent to Lgg r in our work. We
stress that the calculated fractions of AGN-dominated radio quasars
are lower limits since most quasars have an unconstrained Lgg, g,
and in those cases, we use the 99th percentile of the Lgg g to
Compute 4qTIR -

We also compare the RL values of AGN- and SF-dominated radio
sources initially assuming grr gen = 2.64. For AGN-dominated
radio sources, we find that the mean RL of obscured and un-
obscured quasars are RagN.obs = —4.56 £ 0.03 and RGN unobs =
—4.65 + 0.02, respectively, and a comparison between the RL
distributions gives an average p-value =~ 0.03. For SF-dominated
radio sources, the mean RL of obscured and unobscured quasars are
Rsk.obs = —4.86 £ 0.02 and Rsg ynobs = —5.10 £ 0.01, with a mean
p-value =~ 0.01. These results suggest that the radio enhancement
observed in obscured quasars likely comes from a mixture of SF and
AGN processes and that the exact contribution from each process
depends on the assumed relationship radio-SF luminosity.

Table 3 summarizes our results. Overall, we find strong evidence
for obscured quasars having stronger radio emission than unobscured
quasars, and we conclude that this radio enhancement comes from
both SF and AGN processes. Interestingly, the enhancement of radio
emission in SF-dominated radio sources provides some additional
support for the result in Section 4.4 that obscured quasars have
stronger SF luminosity (in FIR and radio) than the unobscured
quasars.

5 DISCUSSION

We have studied a complete sample of 578 IR quasars in the
COSMOS field, with Lagn R > 10% erg s~'and z < 3. Our sample
was carefully selected using detailed SED template fitting of the
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Figure 11. Origin of the radio emission. Left: 8~1000 pm SF luminosity (LsF, [r) versus L 4 gHz. The right x-axis shows the SFRs associated with Lgr r. Black
squares and magenta circles are obscured and unobscured IR quasars, respectively. In the case of sources with unconstrained Lgr, 1r, we plot the 99th percentile
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plane where all the observed L; 4GH; is expected to come from star formation processes, assuming gtir = 2.64 (Bell 2003), and the dashed red lines illustrate
a factor of three deviation from this line. Right: grir versus z for the radio detected quasar sample, together with the relations of Magnelli et al. (2015) (green
shaded region), Delhaize et al. (2017) (blue line), and Bell (2003) (grey shaded area).

rest-frame 0.1-500 pm photometry. We guided the SED-fitting
process by applying priors to the stellar mass using the observed
relation of Mgy—M, (Merloni et al. 2010) for sources with an Mgy
measurement (otherwise, we use the mean M, of the obscured IR
quasars), and applying a prior to the AD luminosity, using the
observed relation of Lys00—L; ey (Lusso & Risaliti 2016). Our SED
fitting results provide properties such as the AD reddening, the AD
luminosity, the stellar masses of the host galaxies, IR luminosity
from the AGN torus, and IR luminosity from the SF. We complement
this information with the X-ray properties reported in the Chandra
COSMOS-Legacy Survey, and the 1.4 and 3 GHz fluxes from Smol¢i¢
et al. (2017) and Jin et al. (2018), to investigate the strength of the
radio emission from our IR quasars. We performed an extensive
analysis of the AGNs and host galaxy properties of our sample and
compared the properties of the obscured and unobscured IR quasars,
after matching both samples in redshift and rest-frame 6 pum AGN
luminosity.

Overall, we found that more than 60 percent of our IR quasar
sample is obscured. For the X-ray bright sources, we distinguished
between obscured and unobscured quasars by using the results from
X-ray spectral fitting assuming an unobscured:obscured column
density threshold of Ny = 10”2 cm™2. For the X-ray faint and
undetected quasars, we used a combination of X-ray stacking and
Ly 1okev—Le um analyses to demonstrate that the majority are heavily
obscured, showing the power of our UV-to-FIR SED fitting to identify
obscured quasars that are missed in the X-ray band.

On the basis of our detailed multiwavelength and SED analyses,
we found differences between the obscured and unobscured quasars
which are not driven by luminosity and redshift. In Fig. 5, we showed
that the median optical/UV-to-FIR SEDs of obscured and unobscured
IR quasars are different — the obscured quasars had a cooler AGN
and stronger SF components than the unobscured quasars. These
differences are driven by obscured quasars having a higher SF
luminosity and Herschel detection fraction than unobscured quasars
(see Table 3). Additionally, we found that the unobscured quasars
have comparable stellar masses to the obscured quasars, implying

that the stellar masses of the hosts are not responsible for the observed
differences in the SF luminosity.

We also found robust evidence for excess radio emission from
obscured quasars when compared to unobscured quasars (see Sec-
tion 4.6). On the basis of comparisons between the radio and the IR
emission from the AGNs and the SF components, the radio emission
appears to be dominated by AGN processes in at least 57 per cent
of the radio-detected systems. The excess radio emission from the
obscured quasars appears to be due to both SF and AGN processes,
although the AGN contribution to the radio excess depends on the
assumed relation for grr.

In the following sections, we compare our results to previous
studies and consider their implications. In Section 5.1, we explore
the origin of the differences in the AGN SED shape between the
obscured and unobscured quasars. In Section 5.2, we investigate the
origin of the enhanced SF and radio emission from the obscured
quasars. Finally, in Section 5.3, we discuss our results within the
context of the AGN orientation and evolutionary models.

5.1 Differences in the AGN SED shape between obscured and
unobscured IR quasars

Fig. 5 shows that the median AGN SED shape of obscured quasars
is cooler than that of unobscured quasars, with stronger emission
at FIR wavelengths and weaker emission in the MIR band. These
results are qualitatively consistent with previous studies that have
demonstrated that Type-I AGNs have a hotter IR SED than Type-II
AGN:Ss (e.g. Lyu & Rieke 2018; Bernhard et al. 2021).

Recently, Bernhard et al. (2021) studied the IR SED of 100 local
AGNSs from the Swift-BAT X-ray survey and showed that two differ-
ent sets of AGN continuum templates are required to reproduce the
diversity in AGN SEDs. They demonstrated that nuclear obscuration
and an extended dusty structure in the polar direction are the main
factors responsible for the observed SED differences. An extended
dusty component in the polar direction has been found in a number
of local (and mostly Type-II) AGN (e.g. Honig et al. 2012; Tristram
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Figure 12. Left: Comparison between the AGN model adopted in this work (DECOMPIR; Mullaney et al. 2011), and the models constructed by Bernhard
et al. (2021) and Lyu & Rieke (2018). The grey shaded area represents the variety of shapes of DECOMPIR. The blue and yellow curves are the two AGN
templates reported by Bernhard et al. (2021) and the blue and yellow shaded areas show the 1o uncertainties of the templates. The light red lines represent the
models for the hot dust-obscured galaxies of Lyu & Rieke (2018) and the green lines are the models for extremely red quasars, in both cases for ty = [0, 10].
Right: best-fitting AGN models for unobscured (thin magenta lines) and obscured (thin black line) IR quasars together with the full variety of shapes allowed
by DECOMPIR (grey shaded area). All the models are normalized by the flux at 10 pm.

et al. 2014; Asmus 2019), and IR interferometry has shown that
it can be extended over tens to hundreds of parsecs (e.g. Asmus,
Honig & Gandhi 2016). Lyu & Rieke (2018) studied the impact of
polar dust and nuclear obscuration on the IR SED of AGNs and
demonstrated that the nuclear obscuration depletes the emission in
the MIR band while the polar dust increases the emission in the
FIR band (A ~ 30 pm, see fig. 19 of that paper). This polar dust
emission is believed to be produced by AGN radiation pressure-
driven outflows. Similarly, Calistro Rivera et al. (2021) found excess
MIR emission for a statistical sample of red quasars (in comparison
to blue quasars), again potentially associated with dusty outflows.
Notably, the presence of energetic outflows could also help explain
the possible radio enhancement due to AGN processes observed in
obscured quasars, which we discuss in Section 5.2.

An important question to ask is whether our results would
significantly change if we used a different AGN model to fit the SEDs
of our sources? Our implementation of the DECOMPIR model of
Mullaney et al. (2011) allows for a wide variety of shapes, ranging
from hot to cold SEDs. In the left-hand panel of Fig. 12, we show that
our AGN model can broadly reproduce all the different SED shapes
of the AGN models constructed by Bernhard et al. (2021) and Lyu &
Rieke (2018), and can even replicate very cold SEDs of extremely
red quasars with a high polar dust optical depth (ry =2 7-10). We
note that the deficit of emission at shorter wavelengths compared to
Bernhard et al. (2021) is due to that model including the emission
from the AD (which is a different model component in our approach).
We also compared our implementation of DECOMPIR with the
models reported by Richards et al. (2006), Symeonidis et al. (2016),
and Xu, Sun & Xue (2020), and found that it covers the SED shapes
from all of these studies. We therefore conclude that our results
would not significantly change if we adopted a different model to
fit the AGN IR component of our sample. The right-hand panel of
Fig. 12 depicts the best-fitting AGN SED models of our obscured
and unobscured IR quasars together with the full possible range of
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SEDs of DECOMPIR. It can be seen that even though DECOMPIR
can reproduce very cold AGN SEDs, such extreme shapes were not
required to fit the SEDs of our IR quasar sample.

5.2 Origin of the SFR and radio enhancement of obscured
quasars

In Section 4.4, we showed that obscured IR quasars have, on average,
higher Herschel detection fractions and ~3 times higher average
SFRs than unobscured quasars. Similar results were reported by Chen
et al. (2015), who found a significantly higher fraction of obscured
quasars detected by Herschel at 250 pm and, correspondingly, an
~2 times higher Lgppr than unobscured quasars. Their analyses
were based on shallower Herschel data in the Bootes field, using
predominantly photometric redshifts for the obscured quasars, but
the overall agreement is striking.

Evidence for an enhancement of the SF activity in obscured
quasars has also been reported by Page et al. (2004) and Stevens et al.
(2005), who found differences in the submillimetre emission between
X-ray obscured quasars and X-ray unobscured quasars, which imply
that the SFRs of obscured systems are, on average, about an order of
magnitude higher than those of unobscured systems. However, we
note that all of those systems had broad optical emission lines and
so were less obscured than our obscured quasars. A number of other
studies have also explored the incidence of the AGN obscuration
on the SF properties of the host galaxies, and although some have
found tentative evidence for higher SFRs in obscured quasars, none
have identified clear trends. Furthermore, many of these studies were
based on small samples (<3040 sources, e.g. Georgantopoulos et al.
2013; Lanzuisi et al. 2015; Del Moro et al. 2016), or used sample
selection and obscuration criteria that were significantly different
to that adopted in our study (e.g. Merloni et al. 2014). The main
difference between our study and those mentioned above is the

2202 1800190 9Z U0 Jasn weyin( Jo Ausienun Aq LSL2129/2162/2/ 21 S/a e /seiuw/woo dno olwapeose//:sdiy Woll papeojumoc]


art/stac2800_f12.eps

detailed UV/optical-to-FIR SED fitting performed on a substantial
number of sources.

The other novel result from our research is the discovery that
obscured quasars have stronger radio emission (*1.1 times more ra-
dio detections and a RL ~ 0.2 dex higher) than unobscured quasars,
a result not driven by differences in AGN luminosity or redshift
between our samples. We obtained a qualitatively similar result when
comparing red (mildly obscured) and blue (unobscured) quasars
(Klindt et al. 2019; Fawcett et al. 2020; Rosario et al. 2020, 2021;
Fawcett et al. 2022), where red quasars were found to have a
significant enhancement in compact radio emission (< 2 kpc), likely
arising from AGN-driven jets or winds. However, this is the first
time that a radio enhancement in the most obscured AGNs has been
identified. This result is particularly intriguing because the radio
emission is optically thin; therefore, we do not expect the AGN radio
properties to change with obscuration. Given that most of our quasars
are in the radio-quiet regime, any nuclear-enhanced radio emission
from obscured quasars is likely to be produced by either small-scale
jets or shocks due to AGN-driven outflows (e.g. Zakamska & Greene
2014; Nims, Quataert & Faucher-Giguere 2015; Jarvis et al. 2021;
Petley et al. 2022). As we can not easily resolve the small-scale
structure of our sample, distinguishing between compact jets and
outflows is challenging. A possible test would be to investigate the
radio spectral curvature of the sample, as jetted sources constrained
by the ISM, are expected to show a strong correlation between their
spectral turnover frequencies and their source sizes (O’Dea & Baum
1997).

Compact jets and AGN driven-outflows are thought to be crucial
feedback mechanisms during the quasar phase (e.g. Tombesi et al.
2011; Wagner, Bicknell & Umemura 2012; Cicone et al. 2014;
Harrison 2017; Jarvis et al. 2019; Costa, Pakmor & Springel 2020).
Jets can interact with the interstellar medium, increasing the local
velocity and producing jet-driven shocks, which might prevent the
formation of stars (e.g. Mukherjee et al. 2018), but they also can
compress the gas and trigger star formation (e.g. Ishibashi & Fabian
2012; Zubovas & King 2014; Bessiere & Ramos Almeida 2022).
Similarly, AGN driven-outflows can efficiently suppress the star
formation of the galaxy by blowing out and destroying the high-
density star-forming gas (e.g. Costa et al. 2020). Energetic outflows
are clearly prevalent in AGNs, particularly within luminous systems
like quasars (e.g. Ganguly & Brotherton 2008; Harrison et al. 2014).
For example, Tombesi et al. (2011) studied a large sample of 42 local
radio-quiet AGNs and found that > 35 per cent of the sample present
ultrafast outflows (UFOs), with a mean velocity of 42000 km s~'.
Interestingly, 80 per cent of the AGNSs that are also Fe K absorbers (a
ubiquitous signature in the X-ray spectra of obscured AGN) showed
the presence of UFOs with a mean Ny; value of ~ 10> cm™~2. Further
evidence is provided by DiPompeo et al. (2018), who explored the
kinematics of ionized gas via the [O111] 25007 in a sample of MIR
selected AGNs and found evidence for stronger outflows in obscured
systems. Hence, powerful outflows might be particularly prevalent
in the obscured quasars, potentially also at mild levels of obscuration
(Calistro Rivera et al. 2021). Therefore, the nuclear processes that
could explain the radio enhancement in obscured quasars could also
explain the suppressed star formation observed in the unobscured
quasars. We can explore the prevalence of outflows in our sample
with NIR spectroscopy (i.e. VLT/XSHOOTER), which will cover
the rest-frame optical [O 111] emission line.

We note that to compare the properties of obscured and unobscured
quasars, we matched the sample in Lg ., which is an indicator of the
dusty torus luminosity. Stalevski et al. (2016) argued that due to the
anisotropic nature of the torus, the ratio between the torus luminosity
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and the AGN bolometric luminosity changes for different covering
factors, with type II AGNs having higher bolometric luminosities
than type I AGNs for the same torus luminosity. This torus anisotropy
could potentially explain the excess nuclear radio emission in the
obscured quasars if the radio AGN emission is connected to the
bolometric AGN luminosity. To test this hypothesis, we compare
again the radio properties of the obscured and unobscured quasars,
but this time focusing on the X-ray bright quasars and matching in
Ly joxev: the X-ray emission is used since it provides an isotropic
measure of the overall luminosity of the AGNs. We find the
same overall results, the X-ray obscured quasars have a ~ 0.2 dex
higher RL value and ~1.1 times more radio detections than the X-
ray unobscured quasars. Consequently, we conclude that the torus
anisotropy is not the primary reason for the excess radio emission
observed in the obscured quasars.

5.3 AGN orientation versus evolutionary models

In a scenario where the only difference between obscured and
unobscured quasars is the orientation of the AGN with respect
to our line of sight, we would expect both populations to have
the same overall properties, after correcting for the impact of
obscuration on the observed properties. None the less, we have
recently found evidence against a simple AGN orientation model due
to the discovery of fundamental differences in the radio properties
between red and blue quasars, which cannot be simply explained
by the orientation of the AGN torus (Klindt et al. 2019; Fawcett
et al. 2020, 2022; Rosario et al. 2020, 2021). This basic result is in
qualitative agreement with the radio differences between obscured
and unobscured quasars found in this paper. However, interestingly,
no significant differences in the SF properties between the red and
blue quasars were found (Calistro Rivera et al. 2021), at least on
average, in contrast with our results of the SF properties between
obscured and unobscured quasars. Our results therefore extend those
of the red and blue quasars but suggest a disconnect between the SF
luminosity of red quasars and obscured quasars. We consider these
results in the context of both AGN orientation and evolutionary
scenarios below.

In the standard AGN orientation model, if the obscured IR quasar
sample is obscured by the torus, we would not expect their SFRs
to be three times higher than their unobscured counterparts (the
AGN orientation model would predict no significant host-galaxy
differences between obscured and unobscured quasars, on average).
However, this assumes that the obscuration is dominated by dust in
the nuclear region. Conversely, if a dominant fraction of the obscuring
medium is extended over host-galaxy scales then the presence or
absence of obscuration would not provide any inferences on the
orientation of the AGN — under this scenario, the identification of
larger SFRs in the obscured quasars could be largely a selection affect
(i.e. larger SFRs would give an increased chance of line-of-sight
obscuration through a dust-obscured SF region towards the quasar).
Interestingly, some studies have shown that galaxies with SFRs of
a few 100s Mg yr~! can have interstellar medium (ISM) column
densities above 10?> cm™? (e.g. Buchner, Schulze & Bauer 2017),
and could in extreme cases potentially extend to the CT regime (e.g.
Circosta et al. 2019; Gilli et al. 2022), depending on the compactness
of the star formation. For example, in the recent study of Gilli et al.
(2022), deep ALMA data was used to constrain the column density
of the ISM in AGN host galaxies and star-forming galaxies up to z
~ 6. They showed that at z < 3 the typical level of ISM obscuration
is Ny =~ 1022-10% cm2, less than the level of obscuration for the
majority of our obscured quasar sample, although up-to CT levels
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Figure 13. SFR against the stellar mass (M, ) for obscured (black squares)
and unobscured (magenta circles) IR quasars. Black and magenta stars with
blue borders are the mean values of the matched obscured and unobscured IR
quasar samples, respectively, calculated using POSTERIORSTACKER. We also
plot two relations for the main sequence of star formation from Aird et al.
(2019) (yellow shaded area) and Whitaker et al. (2012) (green shaded area),
assuming z = 2, the mean redshift of the sample. In the case of unconstrained
sources, we plot 99th percentile limits for the SFR and M, using open symbols.

of host-galaxy obscuration were inferred for some higher redshift
(z > 3) systems. These results suggest that at least a component of
the obscuration from our obscured quasar sample could be produced
over galactic scales.

We can provide a first-order test of the host-galaxy obscuration hy-
pothesis by analysing the SF properties of the obscured X-ray bright
and obscured X-ray faint/undetected IR quasars. The obscured X-ray
bright sample is dominated by sources with Ny ~ 10>~10% cm~2,
while the X-ray faint/undetected sources are expected to be heav-
ily obscured or CT. If the quasars are obscured by their ISM,
and taking a simple scenario where both samples have similarly
compact star formation and host galaxies, we would expect the
X-ray faint/undetected IR quasars to have higher SFRs than the
X-ray bright IR quasars. However, as shown in Table 3 (see also
Appendix C), we find no significant differences in the SF properties
between these obscured quasar sub-samples. This suggests that the
majority of the obscuration occurs on AGN scales rather than galactic
scales; however, we note that additional data is required to directly
constrain the ISM obscuring column density and draw more robust
conclusions.

If the obscuration of the obscured IR quasar sample occurs
over AGN scales, our results would strongly disfavour the AGN
orientation model, implying a more complex connection between
obscured and unobscured quasars such as the quasar evolutionary
model. Under this assumption we can use our results to test and
characterize the evolutionary phases of obscured and unobscured
IR quasars; for example, by comparing their SFRs with the main-
sequence (MS) of star-forming galaxies, SFR-M, (e.g. Brinchmann
et al. 2004; Whitaker et al. 2012; Aird, Coil & Georgakakis 2019;
Carraro et al. 2020). Fig. 13 plots the SFR versus stellar mass of
our quasar sample, together with two relations for the MS of star
formation from Whitaker et al. (2012) and Aird et al. (2019). We
also show the mean SFR and stellar masses of the obscured and
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unobscured quasar sample calculated using POSTERIORSTACKER (i.e.
including upper limits). The mean SFR and M, of our sample indicate
that obscured quasars have SFRs consistent with that of the MS, while
unobscured quasars have more suppressed star formation (i.e. below
the star-forming MS). This suggests that obscured quasars reside in
galaxies growing more rapidly than those of unobscured quasars.
These results are consistent with a scenario where obscured quasars
are a young phase in the evolution of galaxies and quasars, where
both the black hole and the galaxy are undergoing a period of rapid
growth due to large reservoirs of dense gas and dust (e.g. Sanders
etal. 1988; Hopkins et al. 2008; Alexander & Hickox 2012; Lapi et al.
2014), and are potentially hosting powerful winds (e.g. Georgakakis
et al. 2012). Consequently, unobscured quasars would correspond
to a later phase in galaxy evolution where the star formation is
decreasing or is suppressed; for example, due to the ongoing impact
of small-scale jets or AGN-driven outflows that either heat or drive
out the high-density gas.

To put our results into context, recent simulations by Costa et al.
(2020) showed that small-scale AGN-driven outflows could suppress
the SF by a factor of ~2-3 over several tens of mega years (Myrs)
time-scale for AGN with Ly, &~ 10%°-10% erg s~! (equivalent
luminosity range to our IR quasars) via the impact of energetic
outflows with velocities of v ~ 30000 km s~!. These suppression
time-scales are reasonable for our sample, given that the typical
AGN lifetime for sources with log Lagn, 1k & 45.5 (mean luminosity
of our sample) is estimated to be of order ~ 10-100 Myr (Hopkins
et al. 2006). Consequently, the obscured quasars in our sample can
plausibly represent an early evolutionary phase.

Although this is the first time that clear empirical differences
in the SFR and radio emission between obscured and unobscured
quasars has been identified, tentative evidence that obscured quasars
are younger systems than unobscured quasars have been previously
reported. Several studies have shown that obscured quasars or AGNs
are clustered more strongly than their unobscured counterparts (e.g.
Hickox et al. 2011; DiPompeo et al. 2014; Donoso et al. 2014;
Powell et al. 2018; Petter et al., in preparation), where the SMBH is
under massive relative to its host halo (Alexander & Hickox 2012).
Again, these results would argue against an AGN orientation model
and favour an evolutionary scenario where obscured quasars are a
younger phase in the evolution of galaxies and quasars.

The prior red and blue quasar research from our group supported
a scenario where red quasars are a younger phase in the evolution of
galaxies and quasars than blue quasars (Klindt et al. 2019; Fawcett
etal. 2020, 2022; Rosario et al. 2020, 2021). To more directly connect
our results to the red and blue quasars research, we analysed the
SF properties and radio-detection fraction of the IR quasars in our
sample fitted with an AD component (80 per cent of the unobscured
quasars; see Section 3.1 for details) to provide dust-reddening con-
straints towards the accretion disc. The top panel of Fig. 14 shows the
radio detection fraction versus obscuration. Following Fawcett et al.
(2022), we adopt E(B — V),p = 0.05 (mag) to distinguish between
blue and red quasars. We can see that blue quasars (mean fypa, blue =
0.61 £ 0.04) have consistently lower radio detection fractions than
red quasars (mean fypa r.a = 0.78 £ 0.03). Interestingly, the radio
detection fraction of the red quasars is practically the same as the
obscured quasars, indicating that the observed differences between
the radio detection fractions of unobscured and obscured quasars are
predominantly due to the lower radio detection fractions of the blue
quasars. The bottom panel of Fig. 14 shows that the SF properties do
not change with AD reddening and that blue and red quasars have
consistent SF luminosities (log Ls, g, blue/ €18 s7! = 44.89 + 0.11
and log LsE, IR, red/ €1 s7! =44.97 £0.11, respectively), qualitatively
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Figure 14. Dependence of radio detection fraction and star formation
luminosity with obscuration. Top panel: Radio detection fraction (fyr.a)
versus the accretion disc reddening (E(B — V)ap) for sources fitted with an
accretion disk component (grey diamonds, see Section 3.1 for details). The
dotted red line indicates a reddening E(B — V)5p = 0.05 (mag), the blue/red
quasars threshold. We also plot the mean fyy A of blue quasars (E(B — V)Ap <
0.05 (mag), blue star), red quasars (E(B — V)ap > 0.05 (mag), red star). The
right-hand panel shows the values of unobscured quasars (magenta circle)
and obscured quasars (black square), indicated as ‘“Type’. The error bars
in the y-axes are binomial errors, and the x-axes are the size of the bins.
Bottom panel: logarithmic 8-1000 um SF luminosity (Lsf,r) versus the
accretion disc reddening (E(B — V)ap) for sources fitted with an accretion
disc component (grey diamonds, see Section 3.1 for details). The right-hand
panel shows the mean Lgg, 1r for unobscured and obscured quasars. The error
bars in the y-axes are 1o uncertainties, and the x-axes are the size of the bin.
See the top-panel descriptions for the colour and symbol definitions.

consistent with the results of Calistro Rivera et al. (2021); the red
and blue quasars also have a mean SF luminosity consistent with
unobscured quasars. These results provide further evidence that the
radio excess of red quasars is due to AGN processes, as the SF
luminosity remains constant, and that the radio excess does not
keep increasing towards higher levels of obscuration. On the other
hand, the consistency of the SF luminosity between red and blue
quasars and the dramatic increase in SF luminosity towards more
obscured systems suggests that red quasars may be an intermediate
phase between blue quasars and obscured quasars where the SF
has declined, but there is still sufficient opacity to cause enhanced
radio emission from jets or winds shocking with the dense ISM
or circumnuclear regions. Therefore, overall results are strongly
consistent with the basic evolutionary sequence of obscured quasar—

Obscured IR quasars in the COSMOS field 2593

red quasar—blue quasar, characterized by a decrease in SF and opacity,
likely driven by winds, outflows, shocks, and/or jets.

6 SUMMARY AND CONCLUSIONS

We used the extensive multiwavelength data in the COSMOS field
to perform a detailed UV/optical-to-FIR SED fitting analysis of 578
IR quasars (LN R > 10 erg s~1) at redshift z < 3. We carefully
guided the SED fitting process by using priors based on observed
relations to constrain the stellar mass and AD luminosity. We carried
out an exhaustive analysis of the AGNs and host galaxy properties
of X-ray obscured and unobscured IR quasars using our SED fitting
results together with the X-ray properties of our sample taken from
the Chandra COSMOS-Legacy survey, and the radio properties from
Smolci¢ et al. (2017) and Jin et al. (2018). Our results can be
summarized as follows:

(1) Overall, 322 IR quasars (56 per cent of the sample) are bright
enough (>30 net counts) in the 0.5-7 keV band to have direct X-ray
spectral fitting results and 99 are obscured by column densities Ny >
10?2 cm~2. The remaining 256 IR quasars are faint (<30 net counts
in the 0.5-7 keV) or undetected in Chandra. Using a combination of
X-ray stacking, HR-z, and L, jgxev—Lg m analyses, we demonstrate
that the X-ray faint and undetected sources are heavily obscured by
at least Ny > 10*3 cm~2 on average, and likely comprise the most
obscured subset of the IR quasar population in the COSMOS field.
This result illustrates the power of IR SED fitting to find obscured
AGN that would have been missed by even the deepest X-ray surveys
(see Section 4.3): based on our sample & 61 per cent of the IR quasars
are obscured (Ny > 10?> cm™?).

(ii) The median AGN SED shapes of obscured (Ny > 10??> cm™2)
and unobscured (Ny < 10%> cm™2) quasars are different. Obscured
quasars are cooler than unobscured quasars, having less emission
at MIR wavelengths and stronger emission in the FIR waveband
(A 2 30 um), potentially due to the presence of a extended polar
component, beyond the torus (see Sections 4.2 and 5.1 for a detailed
analysis).

(iii) We find an enhancement in the SFRs of obscured quasars
when compared to unobscured quasars. Obscured quasars are
~1.4(1.5) times more likely to have at least 1(2) Herschel detections,
and their SFRs are =3 times higher than those of unobscured
quasars (see Section 4.4 for details). We also find that the SF prop-
erties of blue (E(B — V)ap < 0.05 (mag)) and red (E(B — V),p >
0.05 (mag) quasars are consistent, in qualitative agreement with our
previous published research (see Section 5.3).

(iv) The mean stellar masses of unobscured quasars are broadly
consistent with those of the obscured quasars (M, o = 10.71 £ 0.02
and M, nobs = 10.86 £ 0.02). Consequently, the factor ~3 difference
in SFR between the obscured and unobscured quasars cannot be
driven by host-galaxy mass differences (see Section 4.5).

(v) We find 420 quasars (73 percent of the sample) detected at
VLA 1.4 or 3 GHz. Obscured quasars have higher radio detection
fractions and radio loudness (fyLa = 77 & 0.02 per cent and R =
—4.66 £ 0.02) than unobscured quasars ( fypa = 68 £ 0.02 per cent
and R = —4.85£0.01), an enhancement which appears to have
contributions from both AGN and SF processes (see Section 4.6 for
details). We also find no significant difference in the mean radio
detection fraction between red and obscured quasars, indicating that
the strength of the radio emission does not significantly increase to
higher levels of obscuration (see Section 5.3).

In this work, we find strong evidence that obscured quasars have
higher SFRs and excess radio emission in comparison to unobscured
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quasars. Our results disfavour a simple AGN orientation model
but are in agreement with either extreme host galaxy obscuration
in the obscured quasars or an evolutionary model where obscured
quasars reside in an early phase of quasar evolution. Our analyses
suggest that it is unlikely that host-galaxy obscuration can explain the
extreme obscuration found for the majority of our obscured quasar
sample, particularly for the X-ray faint and undetected systems.
Consequently, we argue that obscured quasars are more likely to
be an early phase of quasar evolution, characterized by higher SFRs
and greater opacity, while red quasars are likely an intermediate
phase between obscured and blue quasars, with suppressed SFRs but
still a high opacity in the circumnuclear and/or interstellar medium.
However, further observations are required to better constrain the
relationship between obscured and unobscured quasars and to de-
termine the origin and nature of the obscuration; for example, sub-
millimetre observations to quantify the host galaxy obscuration and
cold gas/dust content, UV=NIR spectroscopy to better disentangle
the AGNs from the SF emission and to search for the evidence
of energetic outflows, and multifrequency and high-resolution radio
observations to identify the origin of the radio emission.
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Figure B1. X-ray stacked images in the 0.5-2 keV range (left plots) and 2-8 keV range (right plots) of X-ray undetected sources (upper plots), X-ray faint
sources (<30 net counts, middle plots), and X-ray faint/undetected sources with an SFR > 100 Mg, yr~! calculated from the SED fits.

APPENDIX C: X-RAY DETECTED AND X-RAY
UNDETECTED OBSCURED QUASARS

The majority of the obscured IR quasars are X-ray undetected or
faint, and they lack individual absorbing column densities con-
straints. In order to provide additional evidence that shows that
they are real AGN, in this section, we perform further analysis

to that reported in Section 4.3 (i.e. X-ray stacking and L, jpkey
— L¢um analyses) to demonstrate that, on average, the X-ray
faint and undetected quasars are heavily obscured and likely
CT.

In Section 4.4, we find that obscured quasars have SFRs three times
higher than unobscured quasars, and that the majority (72 per cent)
of the obscured sample is comprised of X-ray faint or undetected
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sources. To confirm that those sources with high SFR are real AGN
and not just star-forming galaxies with red colours, we perform a
similar analysis as that outlined in Section 4.3 and stack the 62
positions of the X-ray undetected sources with a well-measured Lgpr
and SFR > 100 Mg yr~!. The results are reported in Table 2. The
bottom panels of Fig. B1 in the Appendix show the stacked images
in the 0.5-2 and 2-8-keV bands. We obtain a hard X-ray signal,
confirming that the sources are not intrinsically X-ray faint, but
their X-ray emission is absorbed because they are heavily obscured.
Following the same procedure of Section 4.3, we also estimate the
obscuration of the sources through the HR and the Ly joxev—Leum
relation. The right-hand panel of Fig. 6 shows the position of the
sources in the HR—z plane, indicating that the X-ray undetected
sources with high SFR are heavily obscured. This result is confirmed
by Fig. 7, which shows the average positions of the sources in the

MNRAS 517, 2577-2598 (2022)

L joxev—L6 um Plane, suggesting that the sources are affected by a
Compton-thick column density.

We then compare the AGNs and host galaxy properties of X-
ray detected and X-ray undetected/faint obscured IR quasars. If both
samples are obscured AGNs, we would expect them to have the same
properties. The last two rows of Table 3 show the mean properties
of both samples after matching the obscured X-ray bright and X-
ray faint/undetected quasars in redshift and L¢,,m. All the properties
are broadly consistent within uncertainties, indicating that the only
difference between them is that for X-ray faint and undetected
quasars, most or all of the X-ray emission is absorbed by heavily
obscured column densities.

This paper has been typeset from a TEX/IATEX file prepared by the author.
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