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ABSTRACT

Aims. We present the first release of Turin-SyCAT, a multifrequency catalog of Seyfert galaxies.

Methods. We selected Seyfert galaxies considering criteria based on radio, infrared, and optical properties and starting from sources
belonging to hard X-ray catalogs and surveys. We visually inspected optical spectra available for all selected sources. We adopted
homogeneous and stringent criteria in the source selection aiming at reducing the possible contamination from other source classes.
Results. Our final catalog includes 351 Seyfert galaxies distinguished in 233 type 1 and 118 type 2. Type 1 Seyfert galaxies appear to
have mid-IR colors similar to blazars, but are distinguished from them by their radio-loudness. Additionally, Seyfert 2 galaxies have
mid-IR colors more similar to quasars than BL Lac objects. As expected from their spectral properties, type 1 and 2 Seyfert galaxies
show a clear distinction when using the u — r color. Finally, we found a tight correlation between the mid-IR fluxes at both 12 and
22 um (i.e., Fj; and Fy,, respectively) and hard X-ray fluxes between 15 and 150 keV. Both Seyfert types appear to follow the same
trend and share similar values of the ratios of F'|; and F,; to Fyyx in agreement with expectations of the AGN unification scenario.
Conclusions. As future perspectives, the Turin-SyCAT will then be used to search for heavily obscured Seyfert galaxies among
unidentified hard X-ray sources, given the correlation between mid-IR and hard X-rays, and to investigate their large-scale

environments.
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1. A brief historical introduction

The story of Seyfert galaxies began in 1908 when Edward A.
Fath discovered peculiar emission lines in the nuclear spectrum
of the spiral nebula NGC 1068 (Fath 1909) at the Lick Observa-
tory, later confirmed by Vesto M. Slipher in 1917 (Slipher 1917).
At that epoch, the largest fraction of known extragalactic sources
showed an optical spectrum dominated by absorption features
due to stars, while NGC 1068 presented several relatively bright
emission lines.

About two decades later, Hubble (1926), Humason (1932),
and Mayall (1934) discovered similar optical emission lines in
other nebulae, then identifying them as extragalactic sources.
However, we had to wait until 1943 when Carl Keenan Seyfert,
reporting on his study of five more galaxies similar to NGC 1068
(namely NGC 1275, 3516, 4051, 4151, and 7469), established
the first class of active galactic nuclei (AGNs), showing emis-
sion dominated by their nuclear regions. At the end of the 1950s,
the “Seyfert galaxies” were mainly characterized by extremely
compact nuclei (i.e., <100pc) with masses on the order of
103-10° My coupled with emission lines indicating velocities

* Full Tables A.1-A.5 are only available at the CDS via anony-
mous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http:
//cdsarc.u-strashg. fr/viz-bin/cat/J/A+A/659/A32
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of few thousand kilometers per second in their optical spectra
(Burbidge et al. 1959; Woltjer 1959).

In the early 1960s, after the discovery of quasars as cos-
mological sources (Schmidt 1963), it became clear that Seyfert
galaxies shared several properties with them, certainly their cos-
mological distances (i.e., redshift z), but were less luminous.
As more Seyfert galaxies and quasars were discovered, their
separation in luminosity narrowed down and almost overlapped
(see also Green 1976; Burbidge et al. 1963; Osterbrock & Parker
1965; Pacholczyk & Weymann 1968; Burbidge & Hoyle 1968;
Weedman 1976; Schmidt & Green 1983). At that time the com-
munity also started noticing that Seyfert galaxies were pref-
erentially hosted in spiral galaxies (Markarian 1967; Sargent
1970; Green 1976; Adams 1977; Heckman 1978; Simkin et al.
1980; Yee 1983; MacKenty 1990; Kotilainen & Ward 1994;
Xanthopoulos 1996).

A major step forward for understanding this new class of
extragalactic sources was carried out in 1974, when Khachikian
and Weedman identified two types of Seyfert galaxies. Opti-
cal spectra of Seyfert galaxies are mainly characterized by the
presence of permitted emission lines, such as Balmer lines,
He 1114686 and He 145876, Fe II, and forbidden emission
lines: [O 11]43727, [O 111]144959, 5007, [S 11]146717, 6731, and
[N 111116548, 6584. Balmer lines can have broad (FWHM >
103kms™") and narrow components in their profiles. Thus,
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Seyfert galaxies were classified initially as type 1 or 2 based on
the relative width of their Balmer or forbidden emission lines
(Khachikian & Weedman 1971, 1974). Type 2 are those with a
relative width of Hg that is similar to that of the [OIII] lines
(Weedman 1977; Ho 2008).

Furthermore, Osterbrock (1981) introduced a deeper qualita-
tive classification to account for the range of relative strengths
of the Ha and HB broad components compared with the narrow
lines. Intermediate types of Seyfert galaxies were defined using
the broad component of these emission lines, being weaker as indi-
cated by their classification numbers: 1.2, 1.5, 1.8, and 1.9. In the
last case the broad component is detectable in He but not in HS.

Seyfert galaxies can be distinguished from other types of
emission-line galaxies, for example starburst and star-forming
galaxies or low-ionization nuclear emission-line regions (LIN-
ERs) by using diagnostic diagrams based on the line inten-
sity ratios (Veilleux & Osterbrock 1987; Kewley et al. 2006;
Stasiiiska et al. 2006). One of the most used diagnostic tools
is the Baldwin-Phillips-Terlevich (BPT) diagram (Baldwin et al.
1981) based on the comparison between the intensity ratios of
the [O III] 25007 to HB emission lines and of the [N II] 16584
to Ha emission lines, where AGNs are well separated from star-
forming galaxies (see also Hoetal. 1997; Kewley et al. 2001,
2006; Kauffmann et al. 2003). It is worth noting that in the BPT
diagram Seyfert galaxies and LINERs tend to lie in the same
region, both having relative intense low-ionization lines (e.g.,
[OI]13727, [O11]16300) (Heckman 1980), and thus they could be
eventually distinguished according to some empirical criteria, as
outlined by Schawinski et al. (2007).

At other wavelengths Seyfert galaxies are commonly known
as radio-quiet sources, with radio power typically less than
~10% erg s7' (Hoetal. 1995; Ho & Ulvestad 2001). Radio
emission in Seyfert galaxies (see, e.g., Panessaetal. 2019;
Chiaraluce et al. 2019, for recent reviews) shows compact mor-
phology and flat spectrum, and extended parsec-scale emission
with brightness temperature >107 K resembling jet emission, as
shown by large baseline interferometry (see also Bontempi et al.
2012; Sebastian et al. 2020).

Seyfert galaxy emission at infrared (IR) frequencies
accounts for a significant percentage of their bolometric lumi-
nosity. Their IR light consists of several components, including
continuum emission dominated by the re-processed radiation
arising from the dusty torus, heated by the central AGN
(Efstathiou & Rowan-Robinson 1995; Tristram etal. 2007,
Nenkova et al. 2008; Mor etal. 2009; Alonso-Herrero et al.
2011; Siebenmorgen et al. 2015; Gonzdlez-Martin et al. 2019).
In addition, their IR emission also show (i) a contribution
due to star formation (Cid Fernandes et al. 2001; Davies et al.
2007; LaMassaetal. 2012; Diamond-Stanic & Rieke 2012;
Garcia-Bernete et al. 2016;  Ruschel-Dutra et al. 2017,
Esparza-Arredondo et al.  2018); (ii) polycyclic aromatic
hydrocarbons, again related with star formation (Peeters et al.
2004; Sanietal. 2010; Gallimore et al. 2010; Calzetti 2011,
Jensen et al. 2017); (iii) emission lines from fine structure
ionic species (e.g., [Ne II] 12.8um, [Ne III] 15.5um, [Ne
V] 14.5pum, [S IV] 10.5 um) (Ruschel-Dutra et al. 2014), and
silicate emissions or other molecular emission (Sturm et al.
2005; Hao et al. 2007; Roche et al. 2007; Mason et al. 2009;
Gallimore et al. 2010; Xie etal. 2017; Menezes et al. 2018),
often associated with outflows (see, e.g., Garcia-Burillo et al.
2014; Morgantietal. 2015; Alonso-Herreroetal. 2019;
Feruglio et al. 2020).

At high energies Seyfert galaxies are also detected in the X-
ray band with luminosities L,_jorey ~ 103%™ erg s7! (see, e.g.,
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Panessa et al. 2006, for recent work on XMM-Newton and Chan-
dra satellites, and references therein). Their soft X-ray spec-
tra are dominated by a power-law continuum, coupled with a
high-energy cutoff, both due to inverse Compton of low-energy
photons, from the accretion disk, on relativistic electrons of a
hot corona (see, e.g., Mushotzky et al. 1980; Haardt & Maraschi
1991; Singh et al. 2011; Bianchi et al. 2009a). In addition to
this X-ray continuum, below a few keV there is a feature-
less soft excess mainly due to unresolved X-ray emission lines
(Fabian et al. 1986; Walter & Fink 1993; Mehdipour et al. 2011;
Gliozzi & Williams 2020; Massaro et al. 2006; Bianchi et al.
2006, 2009b), while above ~6 keV the presence of the Fe Ko flu-
orescent emission line is often evident, mainly arising from the
reflection of the coronal X-ray emission on the accretion disk
and the dusty torus (George & Fabian 1991; Nandra & Pounds
1994; Mattetal. 1996; Bianchi et al. 2004; Markowitz et al.
2008; Patrick et al. 2012; Mantovani et al. 2016).

In X-rays, type 1 and 2 Seyfert galaxies are often distin-
guished on the basis of their intrinsic absorbing column den-
sity, with type 2 having Ny, > 10%2cm™2. However, there
are heavily absorbed Seyfert 1 galaxies mismatching their opti-
cal classifications (Panessa & Bassani 2002; Tueller et al. 2008;
Beckmann et al. 2009; Corral et al. 2011; Merloni et al. 2014;
Ordovas-Pascual et al. 2017). Considering Seyfert 1.8-1.9 to
be optically unobscured, Burtscher et al. (2016) suggest that
Nyint > 10223 cm™2 matches the X-ray versus optical classifica-
tion. Moreover, local Seyfert 2 galaxies, selected by [O III] flux,
show intrinsic column densities Ny > 10?* cm™2 (Maiolino et al.
1998; Risaliti et al. 1999; Ricci et al. 2015), thus are classi-
fied as Compton-thick (Matt 1997). In the literature there are
reported cases of Compton-thick Seyfert galaxies that changed
to Compton-thin according to their X-ray spectral evolution (see,
e.g., Matt et al. 2003). Then, at higher energies Seyfert galax-
ies in the local Universe are also detected in 7y rays, possi-
bly coupled with the starburst activity (Hayashida et al. 2013;
Ackermann et al. 2012; Wojaczyrski et al. 2015).

At zero order, according to the unification model of AGNs
(Antonucci 1993), Seyfert galaxies of type 1 and 2 are intrinsi-
cally the same but viewed at different angles with respect to the
line of sight. In particular, Seyfert 2 galaxies are those observed
at larger viewing angles, thus having the central engine obscured
by the presence of a dusty torus (see also Pogge 1988). Evidence
regarding the role of orientation was found early on by Keel
(1980), showing that Seyfert 2 galaxies have random orienta-
tion, while Seyfert 1 galaxies are predominantly orientated face-
on. This was later confirmed when Antonucci & Miller (1985)
found a hidden Seyfert 1-like spectrum in the polarized light of
classical Seyfert 2 NGC 1068.

However, today the whole picture appears more compli-
cated since several discoveries are challenging the unification
scenario. Observational evidence provided by (i) changing look
Seyfert galaxies (e.g., Collin-Souflrin et al. 1973; Aretxaga et al.
1999; LaMassa et al. 2015; Denney et al. 2014; Shappee et al.
2014; Raimundo et al. 2019), (ii) Seyfert 2 galaxies without
absorption in X-rays (Pappa et al. 2001), (iii) rare Seyfert galax-
ies lacking the broad-line region (Panessa & Bassani 2002;
Shi et al. 2010), and (iv) the role of the environment trig-
gering the AGN activity (see, e.g., De Robertis et al. 1998;
Koulouridis et al. 2006; Villarroel & Korn 2014) are not per-
fectly in agreement with the previous statements. Then addi-
tional analyses of the large-scale environments of Seyfert
galaxies discovered a significant excess in the number of
companions compared with non-active galaxies (Petrosian
1982; Dahari 1984; MacKenty 1989; Laurikainen & Salo 1995;
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Rafanelli et al. 1995; Salvato & Rafanelli 1997), and other
investigations also found a difference between the ambient rich-
ness of the Seyfert 1 and 2 classes, the latter found in environ-
ments with higher galaxy density (Dultzin-Hacyan et al. 1999;
Koulouridis et al. 2006; Jiang et al. 2016; Villarroel & Korn
2014; Gordon et al. 2017).

In the literature several catalogs or samples of Seyfert
galaxies already exist. One of the most statistically robust
samples, selected on the basis of homogeneous criteria, is
certainly the one based on the Palomar spectroscopic sur-
vey of nearby galaxies (Hoetal. 1997, 2003), but unfortu-
nately it lists only 52 Seyfert galaxies. Other Seyfert galaxy
catalogs or samples present in the literature are those of
Lipovetsky et al. (1987) and Lipovetsky et al. (1988), composed
of 959 sources, most of the Seyfert galaxies known at that
time, selected via the UV excess method drawn by the First
Byurakan Survey (Markarian et al. 1989); the 49 Seyfert galax-
ies selected from the Harvard Center for Astrophysics (CfA)
spectroscopic survey (Huchra & Burg 1992); 80 type 1 and
141 type 2 Seyfert galaxies with observed spectra selected
using far-IR colors (de Grijp et al. 1992); 91 Seyfert galaxies
listed in the Maiolino & Rieke (1995) sample based on the
Revised Shapley-Ames catalog (Sandage & Tammann 1987);
539 Seyfert galaxies present in the BASS survey (Koss et al.
2017); more than 16000 Seyfert galaxies listed in the catalog
of quasars and active nuclei of Veron-Cetty & Veron (1989),
and Véron-Cetty & Véron (2006, 2010) compiled including
those AGN lists collected from an extensive literature search
based on such surveys as 2dF/2QZ (Croom et al. 2004), SDSS
DR-3 (Fukugita et al. 1996; Abazajian et al. 2005), as well as
compact radio sources in the ICRF2 (Fey et al. 2015), VLBA
(Beasley et al. 2002; Fomalont et al. 2003), the large quasar
astrometric catalog (Souchay et al. 2009), and X-ray discovered
AGNss (Treister et al. 2005). However, all these catalogs or sam-
ples are characterized either by having a relatively small number
of sources (i.e., fewer than 100 objects) or being highly con-
taminated by different AGN classes, such as radio galaxies or
quasars. In many cases sources listed in these samples lack opti-
cal spectroscopic redshifts, and Seyfert classification is not based
on multifrequency criteria.

Here we present the first release of the Turin-SyCAT, a
multifrequency selected catalog of Seyfert galaxies. Datasets,
observations, and information regarding all sources listed therein
are mainly gathered from radio, optical, infrared, and X-ray
surveys and will permit searches for trends or correlations
between different observed quantities (see, e.g., Stern et al.
2012; Gandhi et al. 2009; Ichikawa et al. 2019) and, as a future
perspective, studies of the large-scale environment of Seyfert
galaxies (see, e.g., Koulouridis et al. 2006; Jiang et al. 2016).

It is important to note that to build the Turin-SyCAT we
adopted homogeneous and stringent selection criteria based on
multifrequency observations, thus focusing on a source selec-
tion that minimizes the possible contamination of other source
classes. We anticipate that this choice prevents us from claiming
that the catalog is complete at any level.

An example of a catalog that inspired our choice is the
Roma-BZCAT (Massaro et al. 2009, 2015a), which lists extra-
galactic sources known as blazars. The Roma-BZCAT was com-
piled using different surveys, catalogs, and lists of sources clas-
sified as blazars found in the literature. The Roma-BZCAT is
undoubtedly incomplete and includes many different biases due
to the selection criteria of the catalogs used to create it. How-
ever, the underlying, precise inspection of multifrequency obser-
vations available for all sources listed there combined with

stringent classification criteria lead to an extremely low contam-
ination from sources belonging to other classes.

Thanks to the homogenous and stringent criteria adopted for
source selection of the Roma-BZCAT it was possible to dis-
cover the WISE y-rays strip (Massaro et al. 2011), leading to
new methods for searching for potential counterparts of Fermi-
LAT unidentified or unassociated sources (e.g., Abdollahi et al.
2020); to study the luminosity function of blazars (e.g.,
Ajello et al. 2014); to select potential targets for the Cherenkov
Telescope Array (CTA) (Arsioli et al. 2015); to search for coun-
terparts of new flaring y-ray sources (e.g., Bernieri et al. 2013);
and to obtain limits on the dark matter annihilation in sub-halos
(e.g., Zechlin & Horns 2012; Berlin & Hooper 2014). Thus,
motivated by the experience collected thanks to the use of the
Roma-BZCAT, we decided to build the Turin-SyCAT favoring
a source selection with low contamination from other classes
rather than its completeness.

This paper is organized as follows. In Sect. 2 we list all the
catalogs and surveys used to carry out our initial Seyfert galaxy
selection. Section 3 is devoted to the outline of all selection crite-
ria and thresholds adopted. Section 4 is dedicated to the catalog
description and cross-matches with multifrequency databases.
Results of the characterization of the Seyfert galaxy population
achieved thanks to this first release of the Turin-SyCAT is pre-
sented in Sect. 5. Section 6 presents our summary, conclusions,
and future perspectives. All tables can be found in Appendix A.
Finally, Appendix B is dedicated to checking redshift depen-
dences in the WISE color-color space.

We use cgs units unless stated otherwise. WISE magnitudes
are in the Vega system and are not corrected for the Galactic
extinction. As shown in our previous analyses (D’ Abrusco et al.
2014, 2019; Massaro & D’ Abrusco 2016), this correction affects
mainly the magnitude at 3.4 um for sources lying at low Galac-
tic latitudes (i.e., |b| < 20°), and it ranges between 2% and 5%
of their magnitude values, thus do not significantly affect our
results. We indicate the WISE magnitudes at 3.4, 4.6, 12, and
22 um as W1, W2, W3, and W4, respectively. For all WISE
magnitudes of sources flagged as extended in the AIIWISE cat-
alog (i.e., extended flag “ext_flg” greater than 0) we used val-
ues measured in the elliptical aperture'. Sloan Digital Sky Sur-
vey (SDSS) and Panoramic Survey Telescope & Rapid Response
System (Pan-STARRS) magnitudes are in the AB system. We
adopted ACDM cosmology with ,, = 0.286, and Hubble con-
stant Hy = 69.6kms~'Mpc™' (Bennett et al. 2014) to compute
cosmological corrections. Finally, given the large number of
acronyms used here, mostly due to the different classifications
and telescopes used, we summarize them in Table 1.

2. Surveys and catalogs

We selected Seyfert galaxies for this first release of the Turin-
SyCAT from the following two main hard X-ray surveys.

— The third release of the Palermo BAT source catalog (here-
after 3PBC)?, including all hard X-ray sources detected by
the BAT instrument on board the Neil Gehrels Swift Obser-
vatory within the first 66 months of mission (see, e.g.,
Segreto et al. 2010; Cusumano et al. 2010).

The 3PBC includes 1586 sources, 1387 with an assigned
low-energy counterpart, all detected above a level of con-
fidence of 4.80- Gaussian equivalent. The survey has a

! https://wise2.ipac.caltech.edu/docs/release/allwise/
expsup/sec2_la.html
2 bat.ifc.inaf.it/bat_catalog_web/66m_bat_catalog.html
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Table 1. Acronyms used in the text.

Acronym Description

AGN Active galactic nuclei

LINER Low-ionization nuclear emission-line
region

BAT Burst alert telescope

INTEGRAL  International gamma-ray astrophysics lab-
oratory

IRAS Infrared astronomical satellite

Pan-STARRS  Panoramic survey telescope and rapid
response system

ROSAT Roentgen satellite

SWIFT Neil Gehrels Swift Observatory

WISE Wide-field infrared survey explorer

3C Third cambridge catalog

4C Fourth cambridge catalog

3PBC Third Palermo BAT catalog

BAT105 Swift-BAT 105 month catalog

IBISCAT4 4th IBIS/ISGRI soft gamma-ray survey
catalog

RBSC ROSAT bright source catalog

FRSC ROSAT faint source catalog

UHX Unidentified hard X-ray sources

2MASS Two micron all-sky survey

6dFG Six-degree field galaxy survey

BASS BAT AGN spectroscopic survey

NVSS NRAO very large array sky survey

SDSS Sloan digital sky survey

SUMSS Sydney university Molonglo sky survey

KDE Kernel density estimation

EW Equivalent width

FWHM Full width at half maximum

S/N Signal-to-noise ratio

flux limit of 9.2 x 1072 erg s™! cm™2 at Galactic latitudes
|b| > 10°. For the construction of 3PBC Cusumano et al.
(2010) used a dedicated procedure presented with details in
Segreto et al. (2010). This procedure optimizes the signal-
to-noise ratio in energy and time; it performs screening,
mosaicking, and source detection on masked data in sev-
eral energy bands, namely 15-30keV, 15-70keV and 15—
150 keV. Then 3PBC counterparts were associated by cross-
correlating with source databases and analyzing imaging
data from soft X-ray datasets, such as those collected from
Swift-XRT.

— The BAT 105-month survey (hereafter BAT105)? carried out
again using the data collected by the BAT instrument, but
reduced with a different procedure with respect to that of the
3PBC and by a different group (Oh et al. 2018). The BAT105
hard X-ray catalog is based on a 105-month Swift-BAT all-
sky hard X-ray survey listing 1632 sources, of which 129
unidentified sources in 14—195 keV energy band again above
4.80 Gaussian equivalent detection significance. The sur-
vey has a flux limit of 8.4 x 1072 erg s~! cm™2 over 90%
of the sky. To build the BAT105, Oh et al. (2018) extracted
data from single snapshot images in the energy bands 14—
20keV, 20-24keV, 24-35keV, 35-50keV, 50-75keV, 75—
100keV, 100-150keV, and 150-195 keV, and then built all-
sky mosaics and band-integrated images. BAT105 coun-

3 swift.gsfc.nasa.gov/results/bs105mon
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Fig. 1. Identification fraction of sources listed in the 3PBC computed as
the ratio of the number of unidentified sources (Ny,;q) to the total num-
ber of sources (Ny.) with flux in the hard X-ray band 15-150keV, above
a certain threshold. The blue and red lines indicate the hard X-ray flux
for which the 3PBC has 90 and 95% identification, respectively. About
85% of the sources in the 3PBC appear to have an optical spectroscopic
classification.

terparts were associated by cross-matching their positions
within 15’ of the soft X-ray sources listed in several
catalogs.

We augmented both hard X-ray surveys (i.e., 3PBC and
BAT105) by including hard X-ray unidentified sources classified
as Seyfert galaxies during the optical spectroscopic campaign
targeting low-energy counterparts of both Swift-BAT and INTE-
GRAL unidentified sources (see, e.g., Masetti et al. 2004, 2006,
2010, 2012, 2013). Thanks to this campaign, we were able to find
44 additional Seyfert galaxies. This sample is less homogeneous
than the previous ones, but follow-up spectroscopic observations
complement the selection based on the 3PBC and the BAT105,
thus motivating our choice of including them.

It is worth noting that 90% and 95 % of the 3PBC sources
have been classified and spectroscopically identified above 4.9
and 13x 107! erg s~! cm™? flux levels, respectively. In Fig. 1 we
report the fraction of unidentified hard X-ray sources over the
total number of 3PBC sources above a certain hard X-ray flux
threshold. The entire 3PBC appears to be classified at the level
of ~85%, even if not all sources are spectroscopically identified
and no multifrequency criteria were adopted.

3. Selection criteria

Given our primary goal of creating a catalog of Seyfert galaxies,
with homogeneous selection criteria based on multifrequency
observations, to investigate their properties having a negligible
fraction of contaminants, we adopted the following minimum
requirements for a source to be included in the Turin-SyCAT.

3.1. Step-by-step procedure

We inspected all sources belonging to surveys and catalogs pre-
viously listed (see Sect. 2), and we included only those selected
according to the following criteria. Each step of the selection
process is also summarized in the flow chart available in Fig. 2.

1. A published optical spectrum. This is to guarantee its clas-
sification, at least distinguishing between type 1 and type
2 Seyfert galaxies, and a definite redshift estimate. The
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Table 2. Number of sources in the starting catalogs or samples for the
initial Seyfert galaxy selection.

Catalog Total  Seyfert Targets
sources galaxies identified

3PBC 1593 520 265 300

BAT105 1632 827 289 331

reference for the spectrum inspected to check both redshift
and classification is reported in Appendix A.

2. Radio luminosity lower than 10*' erg s™! whenever there is
a radio counterpart belonging to one of the major radio sur-
veys, namely NVSS and SUMSS. We adopted this conserva-
tive criterion to exclude jetted AGNs (i.e., radio galaxies and
blazars Capetti et al. 2017a,b; Heckman & Best 2014).

3. A mid-IR counterpart listed in the AIIWISE Source catalog.
This allows us to have a uniform set of coordinates, flux, and
magnitude measurements.

4. A Lyaym < 3 x 10" Lg, as an arbitrary limit to dif-
ferentiate Seyfert galaxies from quasars. This threshold is
of the same order of magnitude as used in optical bands
(Boroson & Green 1992). Below this threshold there is an
overlap in the luminosity distribution between quasars and
Seyfert galaxies, although the former can reach luminosi-
ties above 10'! Ly; thus, cutting our sample just using the
infrared L3 4,n value guarantees avoiding bright quasars as
contaminants of our selection*. We performed K-correction
to the luminosity by assuming a spectral shape of a power
law with spectral index calculated using magnitudes in the
W1 and W2 WISE bands’.

The angular separation adopted to search for a radio counterpart
in the major surveys are 11” and 8" for the NVSS and SUMSS,
respectively. Previous analyses indicate that the probability of
spurious associations at these angular separations is almost neg-
ligible (see, e.g., D’ Abrusco et al. 2012, 2019). The lack of a
radio counterpart in one of these surveys automatically implies
that the source has a radio luminosity below our threshold of
10% erg s~! at redshifts lower than ~0.4, the same redshift range
as the Turin-SyCAT.

Then, we cross-matched between WISE coordinates and
the position in the original catalog or survey. We chose an
angular separation of 3”3, statistically derived and successfully
adopted in our previous analyses (Massaro et al. 2012a, 2015b;
D’ Abrusco et al. 2013); this corresponds to a chance of spurious
associations lower than 1% (Massaro et al. 2011, 2013a). These
cross-matches allowed us to assign all Seyfert galaxies the coor-
dinates of their mid-IR counterparts so that their positions can
be uniformly estimated. Hereafter we use WISE coordinates for
all other cross-matches.

All numbers related to the initial sample of Seyfert galaxies
extracted from each starting survey or catalog are summarized
in Table 2 and are described as follows. Here we report the total
number of sources in each catalog together with those classified
as Seyfert galaxies, those selected as investigated, and the final
number of sources identified and listed in the Turin-SyCAT.

* Tt is worth noting that, for sources with both WISE and SDSS coun-
terparts, the selection based on mid-IR and optical luminosities yields
the same results.

5 https://ned.ipac.caltech.edu/level5/Sept02/Hogg/
frames.html

Catalogs and Surveys

3PBC, BAT105, Unidentified Hard X-
ray sources

1144

Published optical spectrum
Lradio<1040 erg s-1

418

Unique WISE counterpart
Lr<3x10'! Lo

Optical analysis

351

Fig. 2. Flow chart highlighting all steps and thresholds applied to select
the final sample of Seyfert galaxies belonging to the first release of the
Turin-SyCAT. We selected sources with radio luminosity lower than
10* erg ™! to avoid jetted AGNs and Ls 4,m < 10" Ly to avoid quasars.

— The 3PBC catalog lists a total of 1593 hard X-ray sources
with 534 unidentified sources, 356 of which are associated
with a low-energy counterpart classified as Seyfert 1 and 164
as Seyfert 2.When inspecting this catalog we only extracted
a total of 265 Seyfert galaxies that met our criteria. An addi-
tional 35 sources were also identified thanks to the optical
spectroscopic observations carried out for the unidentified
hard X-ray sources (see, e.g., Masetti et al. 2013, and ref-
erences therein).

— The BAT105 catalog lists 827 sources classified as Seyfert
galaxies. Here we selected a total of 289 Seyfert galax-
ies plus an additional 42 classified as Seyfert galaxies from
those observed during the optical spectroscopic campaign of
unidentified hard X-ray sources. In particular, 280 Seyfert
galaxies belong to both the 3PBC and the BAT105 catalog.

The total number of Seyfert galaxies selected from the previous
surveys and catalog was 351.

We note that for each sample listed above the number of
selected Seyfert galaxies is significantly lower than the original
one. The main reasons underlying this discrepancy are mainly
due to the fact that we classify as Seyfert galaxies only those
sources with radio power lower than 10* erg s™! and that we
found a significant number of sources lacking an optical spec-
trum such that we could not verify the z estimate and its proper
classification.

We note that the Seyfert classification adopted, for example,
in the Swift-BAT catalogs 3PBC and BAT105, is often misleading
since it is based only on the optical properties of the hard X-ray
counterparts; there are many radio galaxies belonging to the Third
Cambridge Catalog (3C; Edge et al. 1959) or the Fourth Cam-
bridge catalog (4C; Gower et al. 1967; Pilkington & Scott 1965)
erroneously classified as Seyfert galaxies but whose whole mul-
tifrequency behavior is certainly more similar to radio galaxies.
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Fig. 3. Example of optical spectra of type 1 and type 2 Seyfert galaxies. Left panel: optical spectrum of a classical type 1 Seyfert galaxy: SY1
J0935+2617 (also known as SDSS J093527.09+261709.6) listed in the Turin-SyCAT where broad emission lines are clearly seen in the range
4000-9000 A as indicated. Right panel: same as left panel, but for a typical type 2 Seyfert galaxy: SY2 J1135+5657 (SDSS J113549.08+565708.2),
lacking broad emission lines. The main spectral emission and/or absorption features are labeled in both figures, thus providing clear examples of

those spectra searched for in the literature to prepare the Turin-SyCAT.

We reclassified the sources classified as quasars according to our
multifrequency criteria. The proportion of quasars found in the
input catalogs was less than 1%, given the luminosity cut adopted
at 3.4 microns. Based on the multifrequency information we dis-
carded those radio galaxies and quasars.

3.2. Optical spectroscopic classification

Our optical spectroscopic classification, type 1 or 2, is based on
the criteria outlined by Khachikian & Weedman (1974). In Fig. 3
we show two typical examples to highlight the main optical emis-
sion lines present. For the Turin-SyCAT we selected only those
sources for which at least three co-authors agree on the same
Seyfert galaxy classification inspecting their optical spectra.

Both classes of Seyfert galaxies show the presence of narrow
emission lines (widths of ~10>kms™!) in their optical spectra
interpreted as being due to low-density (n. ~ 10° — 10°cm™3)
gas clouds photoionized by the central source (Koski 1978;
Ferland & Netzer 1983; Stasinska 1984). Broad emission lines
(widths up to 10*kms™"), due to permitted transition, are visi-
ble only in type 1 Seyfert galaxies where the absence of broad
forbidden emission lines indicates relatively high-density (i.e.,
ne > 10° cm™3) gas clouds.

In addition weak absorption features due to late-type giant
stars in the host galaxy are also observed in both type 1 and
type 2 Seyfert spectra; absorption lines are relatively weak
because the starlight is diluted by the non-stellar featureless
continuum. The AGN continuum is usually so weak in Seyfert
2 galaxies that it is quite difficult to isolate it from the stel-
lar continuum unambiguously (Storchi-Bergmann et al. 1998;
Contini & Viegas 2000).

The final number of Seyfert galaxies listed in this first release
of the Turin-SyCAT is 351: 233 type 1 and 118 type 2. In the
current release, we only distinguished between type 1 and type 2
Seyfert galaxies. Intermediate types (i.e., as subclasses of Seyfert
1.2, 1.5, 1.8, and 1.9 ) for which there is a detection of a broad
component were all classified as type 1. We do not provide the
intermediate classification in the current release since we do not
have homogeneous spectral data for all to refine our classifica-
tion. However, we will present a refinement of the spectral clas-
sification at least for those Seyfert galaxies lying in the SDSS
footprint in future releases of the Turin-SyCAT.

It is also worth noting that narrow-line spectra are clearly dis-
tinguishable from the HII-region spectra seen in normal galaxies.
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Seyfert galaxies show a wide range in ionization level, which
is typical of a gas ionized by a source where the input con-
tinuum spectrum falls off slowly (relative to a Wien law) at
ionizing wavelengths. On the other hand, on the basis of the
data collected to date, it was not possible to distinguish Seyfert
galaxies from low-luminosity active galaxies classified as LIN-
ERs (Baldwin et al. 1981; Kauffmann et al. 2003; Kewley et al.
20006).

4. The Turin-SyCAT

We labeled all sources listed in the first release of the Turin-
SyCAT with a prefix Syl or Sy2 following by coordinates in
the format JOO00+0000 to have a unique identifying name. For
only 10 sources out of 351, our optical classification was dif-
ferent from the one reported in the literature; in any case, both
classifications are reported in the final catalog table available in
Appendix A. We also note that narrow-line Seyfert 1 galaxies
(Osterbrock & Pogge 1985) are labeled in our catalog as Syl1.

In Fig. 4 the lack of type 2 Seyfert galaxies above z = 0.1
is quite evident, and that at z > 0.04 the fraction of type 2 to
type 1 Seyfert drastically drops, suggesting that the samples and
catalogs used to create the Turin-SyCAT could be incomplete.

The sky distribution, computed using the Aitoff projection,
of all 351 Turin-SyCAT sources is then reported in Fig. 5 where
a larger fraction of sources (203) have declinations § > 0°,
where it is to easier to get access to optical telescopes to
perform source identifications (Green et al. 1986; Colless et al.
2001; Jones et al. 2004; Aguado et al. 2019).

All Seyfert galaxies are detected in all four WISE bands. In
the near-IR (i.e., 2MASS, automatically associated in the All-
WISE catalog), we have 350 sources detected in J band and H
band, and 347 in Ks band out of a total of 351, with only 1 source
(SY2 J0952—-6232) lacking a 2MASS counterpart.

The number of Seyfert galaxies within the SDSS footprint is
193 out of 351; all of them having a unique cross-match within
1”. Three associations at larger angular separations are SY2
J1001+5540, SY1 J1136+2135, and SY2 J1225+1239, having
the SDSS counterpart at 4’7241, 2788, and 1’/51 from their WISE
positions, respectively. In the SDSS footprint are 78 out of 193
Seyfert galaxies with redshift estimates. For all of them we com-
pared SDSS redshift values with those obtained in the literature
and inspected by us during the selection process. The redshift
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Fig. 5. Sky distribution of all 351 Seyfert galaxies listed in the Turin-
SyCAT, in the Aitoff projection. Seyfert 1 are represented as black stars
and Seyfert 2 as yellow circles.

differences between those reported in the SDSS and those we
collected are all less than 1073,

Once we obtain uniform coordinates for all sources in Turin-
SyCAT, thanks to their WISE counterparts, we cross-matched
our catalog with the Fourth IBIS/ISGRI Soft Gamma-Ray Sur-
vey Catalog6 (IBISCAT4; Bird et al. 2007), and with the ROSAT
Bright and Faint Source catalogs (RBSC and FRSC, respec-
tively; Voges et al. 1999, 2000). To carry out all these cross-
matches, we adopted a conservative positional uncertainty for
WISE coordinates of 1”, much larger than that reported in the
AINIWISE catalog (Wright et al. 2010), but our results are not
affected significantly by this choice. All matches are also unique,
as expected by the low sky density of the hard X-ray sources.

In the hard X-ray sky, we found that 102 out of 351
Seyfert galaxies lie within the positional uncertainty of IBIS-
CAT4 sources; this result was found using the positional uncer-
tainty reported in the IBISCAT4. Finally, from the cross-match
with the RBSC and the FRSC catalogs (Voges et al. 1999, 2000)
finding that 160 Seyfert galaxies out of 351 have a soft X-ray
counterpart, a unique match, within the positional uncertainty
reported for the X-ray coordinates and 1” for AIIWISE coordi-
nates, as previously considered.

Finally, Fig. 6 shows the Venn diagram of the Seyfert galax-
ies selected for the first release of the Turin-SyCAT having a

% https://heasarc. gsfc.nasa.gov/W3Browse/integral/
ibiscat4.html

BAT 105

-

< -
Sesooo==T

Fig. 6. Venn diagram of sources selected for Turin-SyCAT and associ-
ated in both the 3PBC and the BAT105, highlighting those discovered
thanks to the optical spectroscopic campaign of unidentified hard X-ray
sources, is shown.

hard X-ray counterpart in the 3PBC and/or in the BAT105 cata-
logs or discovered thanks to the optical spectroscopic campaign
of unidentified hard X-ray sources.

5. Characterizing the Seyfert galaxy population
5.1. Infrared emission

We compared the mid-IR colors of type 1 and type 2 Seyfert
galaxies listed in this first release of the Turin-SyCAT (see
Fig. 7) since all selected sources have a WISE counterpart
detected in all four WISE bands with only one exception (see
Sect. 3 for additional details).

The distribution of the W1-W2 color appears to be more
concentrated for the Seyfert galaxies of type 1, while that of
type 2 covers a broader range. No clear differences are visi-
ble in both WISE color diagrams, with the only exception that
overall Seyfert 2 galaxies tend to be redder than Seyfert 1. More
than 90% of type 1 galaxies and ~50% of type 2 have the mid-
IR color W1-W2 > 0.5, the same criterion used to identify
and select AGNs from other sources (Ashby et al. 2009), while
adopting a more conservative threshold (low contamination from
other source classes) ~75% of Seyfert 1 galaxies and ~40% of
Seyfert 2 show W1-W2 > 0.8 (Stern et al. 2012).

To test that such differences are not related to the redshift
distributions of type 1 and type 2 Seyfert galaxies we also com-
pared their IR colors in a restricted redshift range of 0.01 bin
size, and we confirmed the previous results (see Appendix B for
more details).

Then, given the recent and extensive use of these mid-
IR color-color diagrams to select y-ray blazar-like candi-
dates that could be potential counterparts of unidentified y-ray
sources (Massaro et al. 2012a, 2013a; D’Abrusco et al. 2013;
Massaro & D’ Abrusco 2016) and targets of optical campaigns
(Paggi etal. 2014; Massaro etal. 2014, 2015c; Landoni et al.
2015; Alvarez Crespo et al. 2016; Marchesini et al. 2016, 2019a;
Paiano et al. 2017,2019; Marchesi et al. 2018; Pefia-Herazo et al.
2017, 2019), we also compared the mid-IR colors of Seyfert
galaxies with those of both BL Lac objects and flat spectrum radio
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Fig. 7. Color-color diagrams based on the WISE magnitudes comparing
Seyfert galaxies of type 1 (black) and type 2 (yellow) with generic mid-
IR sources selected in a random region of the sky (see Massaro et al.
2011, 2013a,b, 2016, for a similar analysis). Seyfert galaxies of type 2
appear to be redder than those of type 1, and are quite separated in the
W1-W2 vs. W2-W3 color-color plot in the left lower.

quasars, labeled BZBs and BZQs, respectively, listed in the latest
release of Roma-BZCAT (Massaro et al. 2009, 2015a) and associ-
ated with a Fermi source in the Fourth Fermi-LAT Source catalog
(Abdollahi et al. 2020). This comparison is shown in Fig. 8, where
it is clear that in the W1-W2 versus W2-W3 diagrams Seyfert 1
galaxies appear to lie in the middle between BZBs and BZQs, a
fraction of them with similar colors, while type 2 Seyfert galax-
ies have mid-IR colors very distinct from those of blazars. On the
other hand, in the W2-W3 versus W3-W4 plane, Seyfert galaxies
of type 1 are more similar to BZQs, and the same situation occurs
for type 2 Seyfert galaxies. It is worth noting that even if there
is a fraction of Seyfert galaxies showing mid-IR colors similar
to known y-ray blazars, as previously noted in de Menezes et al.
(2019), these sources do not contaminate the selection of y-ray
blazar candidates significantly since this is also based on the radio-
loudness parameter (see D’ Abrusco et al. 2014, for more details).

For Turin-SyCAT sources having a counterpart in 2MASS,
we also show their near-IR properties in Fig. 9. As in the previ-
ous color-color diagrams, Seyfert 2 galaxies are redder than type
1 sources, but even if they are very distinct from background
sources, they show quite similar properties.

5.2. Optical properties

Given the significant number of Seyfert galaxies lying in the
SDSS footprint selected for the first release of the Turin-SyCAT
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(see Sect. 3), we also compared their optical colors with their
mid- and near-IR colors, as shown in Fig. 10.

Seyfert galaxies are distinct in their u—r color distribution, as
expected given their spectral properties, with Seyfert 1 galaxies
being bluer than type 2 sources.

Since all sources listed in the Turin-SyCAT at declinations
above —33° also lie in the Pan-STARRS footprint, for a total
of 294 counterparts within 1”/5, we also inspected this infor-
mation, but we did not find any additional insight with respect
to those already obtainable from SDSS. However, consistently
with the mid-IR luminosities, all the R-band optical luminosi-
ties computed using the Pan-STARRS measurements lie in the
range between 108 and 10" Ly, (K corrected). It is worth noting
that for all Seyfert galaxies lying both in the Pan-STARRS and
SDSS footprints, their R-band magnitudes are consistent within
30 uncertainty. We also note that for all Seyfert galaxies with a
SDSS counterpart the optical luminosity in the R band is lower
than 10'! Ls. Thus, we can confirm that we did not include bri ght
quasars.

5.3. The IR — hard X-ray connection

Restricting the sample to those Seyfert galaxies with a hard
X-ray counterpart on the 3PBC, we also performed an analy-
sis comparing mid-IR properties with those in the 15-150keV
energy range. First, we computed the distribution of ratios
between their flux at 12 um and 22 um (i.e., F, and F»;), and
that measured in the hard X-rays (i.e., Fyx) between 15 keV and
150keV, for which we adopted the measurements reported in
the 3PBC (see Fig. 11). Our choice of using the 3PBC rather
than the BAT105 catalog was motivated by the fact that it has a
higher identification fraction given its higher flux limit.

Investigating the connection between the hard X-ray and
the mid-IR emission in Seyfert galaxies is crucial since high-
energy emission measures an intrinsic radiated luminosity above
~10keV, while WISE 12 um and 22 um is related to the repro-
cessed radiation from the dust of all energy absorbed from the
optical and UV wavelengths. We did not find any significant dif-
ference between the distributions of the infrared-to-hard X-ray
flux ratio in Seyfert 1 and Seyfert 2 galaxies according to the
Kolmogorov-Smirnov test (p-value = 0.09).

On the other hand, we found two significant trends when
comparing the mid-IR fluxes with those in the hard X-ray bands,
as shown in Fig. 12. The correlation between F, and Fpyx has
a linear correlation coeflicient of 0.57 (slope of 1.02 + 0.10) for
Seyfert 1 galaxies and 0.52 (slope of 0.93 + 0.16) for Seyfert 2.
In both cases, there is a negligible probability of being spurious.

Similar values for the correlation between F7; and Fyx being
0.59 (with a slope of 1.05 + 0.10) for type 1 Seyfert galax-
ies and 0.49 (slope of 0.95 + 0.17) for type 2 Seyfert galax-
ies, with again a probability of less than 10~°. Considering both
classes together, given their similar mid-IR to hard X-ray ratios,
we found a correlation coefficient of 0.57 and 0.55 (slopes of
0.93 + 0.08 and 0.95 + 0.08) for the hard X-ray flux Fgx cor-
relating with Fi, and Fy;, respectively. We also show, in blue,
the correlation for the 90 % complete subsample with slopes of
0.94+0.41 (linear correlation coefficient of 0.40) and 1.14+0.49
(linear correlation coefficient of 0.41) for F, and F»;, respec-
tively. When considering type 1 and 2 together, the slopes are
1.01+£0.09 (linear correlation coefficient of 0.57) and 1.04 +£0.09
(linear correlation coefficient of 0.55) for F, and F»;, respec-
tively.

Our results are consistent with other literature analyses that
found a correlation between the mid-IR and the hard X-ray
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Fig. 8. Comparison between the mid-IR colors of Seyfert galaxies listed in the Turin-SyCAT and the y-ray blazars of the Roma-BZCAT. Seyfert
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optical properties of normal quasars, while Seyfert 2 galaxies show mid-IR properties similar to BZQs only in the W2-W3 vs. W3-W4 diagram.
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Fig. 9. Color-color diagrams based on the 2MASS magnitudes compar-
ing contours of Seyfert galaxies of type 1 (gray-to-black) and type 2
(yellow-to-green) with generic sources selected in a random region of
the sky (see Massaro et al. 2011, for a similar analysis). While Seyfert
galaxies occupy a distinct region from that of generic infrared sources
their near-IR properties are quite similar. Isodensity contours are com-
puted using KDE (see, e.g., D’ Abrusco et al. 2019).

luminosity in AGNs (Ichikawa et al. 2017, 2019), where the
sample was selected from the Swift-BAT 70-month catalog
(Baumgartner et al. 2013). Our results are also consistent with
those of Gandhi et al. (2009) and Asmus et al. (2015); however,
literature analyses are carried out over all AGNs emitting in the
hard X-rays here, while for the first time we restricted our analy-

sis only to Seyfert galaxies, and spanning a narrow redshift range
but focusing on a precise population.

This correlation was also found for AGNs with luminosi-
ties in the hard X-ray band 14-195keV, Li4 105 < 10*ergs™!
with data collected from several X-ray observatories (ASCA,
BeppoSAX, Chandra, and XMM-Newton) and compared with
Infrared Space Observatory data (samples sizes of 57 and 71,
respectively; Lutz et al. 2004; Ramos Almeida et al. 2007) or
using Spitzer compared with INTEGRAL (sample size of 68
AGNs, Sazonov et al. 2012).

Carrying out this analysis, we also compared the hard X-ray
photon index I'yx with all mid-IR colors, but we did not find
any significant trend and the distribution of I'yx appear to be the
same when comparing type 1 and type 2 Seyfert galaxies.

On the other hand, we also found a correlation between the
mid-IR flux computed at 3.4 um and Fyx (correlation coefficient
equal to 0.67) as for other mid-IR fluxes, but only a mild trend
(correlation coefficient equal to 0.45) is present when compar-
ing near-IR fluxes computed from 2MASS magnitudes and Fyy,
both with negligible p-chance values. We note that the underly-
ing reason to choose to show only results related to the 3PBC
catalog with respect to BAT105 and IBISCAT4 samples is that
the former does not have positional uncertainty reported.

As an additional test we also cross-matched our SYCAT
sources with the Point Source catalog of the Infrared Astro-
nomical Satellite (IRAS)’ using all the elliptical positional

7 https://heasarc.gsfc.nasa.gov/W3Browse/iras/iraspsc.
html
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Fig. 11. Distributions of the ratios between the integrated flux in the
WISE band centered at the nominal wavelength of 12 um (top panel)
and 22 um (bottom panel), over the integrated flux in the hard X-ray
band Fyx between 15 and 150keV collected for all Seyfert galaxies
with a counterpart in the 3PBC and selected to belong to the Turin-
SyCAT. There is no clear difference between the distributions of type 1
and type 2 Seyfert galaxies appearing in black and yellow, respectively.

uncertainty regions listed there. We found that 72 Seyfert 1 and
77 Seyfert 2 galaxies have a unique IRAS counterpart at 60 pm
and 100 pm. Then we searched for a trend between the flux at
60 um, and 100 um (i.e., Fgo and Fjgg, respectively) and that
measured in hard X-rays from the 3PBC, only for those Seyfert
galaxies with a 3PBC counterpart, as previously performed for
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WISE. As shown in Fig. 13, no clear trend or correlation was
found. This is in agreement with our results since cold dust is
mostly related to the star formation in SYCAT sources, and it is
not expected to be linked directly with the central AGN.

6. Summary, conclusions, and future perspectives

The main goal of the study presented here is to create a cata-
log of Seyfert galaxies with homogeneous and stringent selec-
tion criteria based on multifrquency observations. This allows
us to check source identification and classification for hard X-ray
sources and to search for trends or correlations between different
observed quantities.

Our initial selection is based on the two main hard X-ray
surveys, namely the third release of the Palermo BAT source
catalog (Cusumano et al. 2010) and the BAT 105-month sur-
vey (Oh et al. 2018) carried out again using the data collected
by the Swift-BAT instrument. Both hard X-ray surveys are
also augmented by introducing additional Seyfert galaxies dis-
covered thanks to a follow-up spectroscopic campaign carried
out on the unidentified hard X-ray sources, whose aim was
to search for low-energy counterparts of unidentified sources
(Masetti et al. 2004, 2006, 2009, 2010, 2012, 2013; Parisi et al.
2012; Rojas et al. 2017; Marchesini et al. 2019b).

Applying our selection criteria (see Sect. 4 for details), we
built the first release of the Turin-SyCAT, listing 351 Seyfert
galaxies: 233 type 1 and 118 type 2. Then, thanks to all cross-
matches performed with existing databases, we also carried out
a multifrequency analysis of the Seyfert galaxy population. All
the sources listed in the Turin-SyCAT have a published spec-
trum that allowed us to firmly establish their redshifts and their
optical spectroscopic classifications, they all have an associated
mid-IR counterpart in the AIIWISE catalog, and they all have
radio luminosity values, when associated with a radio counter-
part in one of the major surveys (i.e., NVSS and SUMSS), of
less than 10* erg s~ and mid-IR luminosity values computed at
3.4 um lower than 3 x 10'! L. References for their redshifts and
for their spectra used to classify the source and for a literature
comparison are all reported in Appendix A.

Results of the multifrequency characterization for all Seyfert
galaxies listed in the Turin-SyCAT can be summarized as
follows:

— We selected 351 Seyfert galaxies with homogeneous prop-
erties at radio, infrared, and optical energies. All Seyfert
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(marked in black and yellow, respectively, as shown in previous figures). No clear trend or correlation is evident. Right panel: same as left plot,

but computed using the far-IR flux at 100 um (i.e., Fo)-

galaxies are classified as type 1 and type 2, and all their red-

shifts were verified.

— Type 1 Seyfert galaxies could have mid-IR colors similar to
blazars, but being radio quiet they are barely selected in cata-
logs of y-ray blazar candidates. Seyfert 2 galaxies have mid-
IR colors more similar to quasars than to BL Lac objects.

— For those Turin-SyCAT sources with a counterpart in the
SDSS footprint, we also highlight that, in agreement with
their spectral properties, type 1 and 2 Seyfert galaxies have a
neat distinction when using the u — r color.

We also tested that differences in the color-color diagrams are
not due to differences in the redshift distribution between type 1
and type 2 Seyfert galaxies.

Comparing the mid-IR properties of those Seyfert galaxies
having a 3PBC counterpart only, we found a tight correlation
between the mid-IR flux (in the W3 and W4 bands) and that in
the 15-150keV energy range for both classes of Seyfert galax-
ies. The ratio of these two integrated fluxes is also remarkably
similar for both Seyfert types. The correlation is also present
when considering the mid-IR flux at 3.4 um but has less sig-
nificance when using the near IR fluxes collected thanks to the
2MASS cross-matches. All these correlations are in agreement
with expectations of the unification scenario of type 1 and type

2 Seyfert galaxies, where the fraction of luminosity absorbed by
dusty components should be the same for both Seyfert types and
the differences mainly related to the viewing direction.

In addition, we did not find any trend between far-IR fluxes
and hard X-ray ones for all SyCAT sources with a counterpart in
the IRAS Point Source Catalog (193 out of 517). In agreement
with the fact that relatively cold dust emits at longer wavelengths
than those observed by WISE, it is not directly related to the cen-
tral AGN and the dusty torus obscuring it. We plan to carry out a
further investigation of the mid-IR versus hard X-ray connection
using the Combined Atlas of Sources with Spitzer IRS Spec-
tra (CASSIS®, Lebouteiller et al. 2011, 2015) since a significant
fraction of SyCAT sources ( 122 out of 351, i.e., ~35%) have
mid-IR spectra already available.

It is worth mentioning that similar tests of the unification
scenario were performed in the past by Mulchaey et al. (1994)
for a sample of 116 Seyfert galaxies. They found that distribu-
tions of [O III] 45007, infrared, and hard X-ray continuum are
similar for Seyfert type 1 and 2. They also discovered a correla-
tion between the ultraviolet continuum and emission-line fluxes
in type 1 Seyfert galaxies, but not for type 2, consistent with the

8 https://cassis.sirtf.com
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idea that the central engine is responsible for powering the line
emission, all properties are consistent with those expected in the
dusty torus model.

As future perspectives, correlations between the mid-IR
and the hard X-ray fluxes could be used to search for heav-
ily obscured Seyfert galaxies, among unidentified hard X-ray
sources seen by Swift-BAT and INTEGRAL. Having strong dust
absorption, unknown Seyfert galaxies could not emit signifi-
cantly in the optical energy range, but could show mid-IR to
hard X-ray flux ratios similar to those listed in our Turin-SyCAT.
We also expect to investigate the large-scale environments of
Seyfert galaxies (Dultzin-Hacyan et al. 1999; Koulouridis et al.
2006; Villarroel & Korn 2014; Jiang et al. 2016) using sources
listed in Turin-SyCAT adopting the same statistical procedures
described in Massaro et al. (2019, 2020) as an additional test for
the unification scenario.

Finally, it is worth noting that we are already working on the
second release of the Turin-SyCAT, planned for the end of 2021,
to increase the number of Seyfert galaxies listed there to 1000
sources. The next release will be carried out including sources
from SDSS and ROSAT surveys, thus not based on hard X-ray
catalogs.
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Appendix A: SyCAT tables

Here we report the first five rows for each table of the Turin-
SyCAT as described in the following.

In Table A.1 there are all 351 Turin-SyCAT sources with
(i) their unique catalog identification number (ID); (ii) their
SyCAT name; (iii,iv,v) radio names from the SUMSS and NVSS
catalogs if a counterpart is present; (vi) name of the unique
WISE counterpart as well as (vii) that in the optical from the
Pan-STARRS if in the footprint above a declination of ~33 °;
and (viii,ix,x,xi) X-ray names from ROSAT, 3PBC, BAT105,
and IBIS4CAT, respectively. This table is extremely important
to carry out cross-matches easily with other catalogs, surveys,
and/or samples.

Table A.2 reports the main properties of the catalog as (i)
unique catalog ID; (ii) SyCAT name; (iii) name of the mid-IR
WISE counterpart; (iv,v) WISE coordinates; (vi,vii) redshift and
luminosity distance computed according to the chosen cosmol-
ogy, respectively; (viii) the type 1 or type 2 classification provided
by our analysis; (ix) the reference for the redshift; and (x,xi) the
class indicated in the literature and the reference for it.

In Table A.3 we provide all the information regarding the
mid-IR properties, such as all WISE and 2MASS magnitudes,

including their uncertainties, and the Ly, luminosity used to
avoid quasar selection compared to the 10'' L, threshold.

The main optical information (i.e., magnitudes and spec-
tral classification, if any) concerning the cross-matches obtained
with the SDSS, and the Pan-STARRS databases are reported in
Table A.4, together with their (1) unique ID; (2) SyCAT name;
(3) name in Pan-STARRS survey. Columns(4), (5), (6), (7), and
(8) are the PSF magnitudes from Pan-STARRS in g, 7 i, z
and y bands and their uncertainties in parentheses. The follow-
ing columns contain SDSS information: (9) flag of presence in
SDSS; (10) magnitude from SDSS in u band and its 1o~ uncer-
tainty in parentheses; (11) spectroscopic redshift; (12) automatic
classification; and (13) automatic subclassification. This infor-
mation is provided only for Seyfert galaxies lying in the Pan-
STARRS footprint.

Finally, in Table A.5, we report all the parameters related
to the X-ray counterparts of the Turin-SyCAT sources collected
from the ROSAT, 3PBC, BAT105, and IBSI4CAT catalogs. This
information is shown in the table only for those sources hav-
ing at least one X-ray counterpart in one of the surveys previ-
ously indicated and again the (i) unique ID; (ii) SyCAT name;
(iii) name of the mid-IR WISE counterpart are in the first three
columns.

Table A.1. All Turin-SyCAT sources with names of their counterparts in the catalogs/surveys explored (first five rows, full table available at the

CDS)
ID SyCAT SUMSS NVSS WISE Pan-STARRS ROSAT 3PBC BAT105 IBIS4CAT
name name name name PSO name name name Swift name IGR name

a @ 3 “ ) ©) (@) ®) © 10
1 SY11J0002+0322 J000226.41+032107.0  PSO J000226.415+032106.991  J000226.6+032105 3PBC J0002.5+0322 SWIFT J0002.5+0323
2 SY2J0004+7020 J000401.97+701918.2  PSO J000401.990+701918.250 3PBC J0004.0+7018 SWIFT J0005.0+7021 IGR J00040+7020
3 SY110006+2013 NVSSJ000619+201210  J000619.53+201210.6  PSO J000619.529+201210.662 3PBC J0006.3+2012  SWIFT J0006.2+2012
4 SY21J0025+6821 J002532.37+682144.9  PSO J002532.313+682145.249 3PBC J0025.5+6822 SWIFT J0025.8+6818 IGR J00256+6821
5

SY1J0025-1859 J002542.34-190010.1

PSO J002542.349-190010.366

J002542.6-190009  3PBC J0025.6-1859

Column description: (1) Unique catalog identified (ID); (2) SyCAT name; (3) name in SUMSS; (4) name in NVSS; (5) name in WISE; (6) name
in Pan-STARRS; (7) name in ROSAT; (8) name in 3PBC; (9) name in BAT105; (10) name in IBIS4CAT.
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Appendix B: Color dependence on redshift

A&A 659, A32 (2022)

In this appendix we compare the dependence on redshift in the
WISE color-color space for both Seyfert types. We present in
Figures B.1 to B.6 the WISE colors wl-w2 versus w2-w3, and
w3-w4 versus w2w3, as in Figure 7, but for different redshifts
bins to show that the behavior of the two populations does not
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change with redshift. Up to redshift 0.1, where we have type 2,
both populations are clearly separated in the wl-w2 versus w2-

w3 color-color plot.

In Figure B.7 we explore the WISE color-color space for the
subsample of Seyfert galaxies above the 90% identification frac-
tion included in 3PBC.
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Fig. B.1. Color-color diagrams based on the WISE magnitudes comparing Seyfert galaxies of type 1 (black) and type 2 (yellow) with generic
mid-IR sources selected in a random region of the sky (see Massaro et al. 2011, 2013a,b, 2016, for a similar analysis). Seyfert galaxies of type 2
appear to be redder than those of type 1, and are separated in the w1-w2 vs. w2-w3 color-color plot in the lower left corner.
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Fig. B.2. Same as
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Figure B.1, but for sources in the redshift range of 0.02 to 0.04.
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Fig. B.3. Same as Figure B.1, but for sources in the redshift range of 0.04 to 0.06.
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Fig. B.6. Same as Figure B.1, but for sources in the redshift range of 0.1 to 0.3.
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Fig. B.7. Subsample with 90 % of Seyfert galaxies above 90 % identification fraction in the 3PBC catalog. The color-coding is the same as in

Figure B.1.
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