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ABSTRACT

We present a study of optically selected dual Active Galactic Nuclei (AGN) with projected separations of 3-97 kpc. Using
multiwavelength (MWL) information (optical, X-ray, mid-IR), we characterized the intrinsic nuclear properties of this sample
and compared them with those of isolated systems. Among the 124 X-ray-detected AGN candidates, 52 appear in pairs and 72
as single X-ray sources. Through MWL analysis, we confirmed the presence of the AGN in >80 per cent of the detected targets
in pairs (42 out of 52). X-ray spectral analysis confirms the trend of increasing AGN luminosity with decreasing separation,
suggesting that mergers may have contributed to triggering more luminous AGN. Through X-ray/mid-IR ratio versus X-ray
colours, we estimated a fraction of Compton-thin AGN (with 102 cm™2 < Ny < 10* cm™2) of about 80 per cent, while about
16 per cent are Compton-thick sources (with Ny > 10?4 cm™2). These fractions of obscured sources are larger than those found in
samples of isolated AGN, confirming that pairs of AGN show higher obscuration. This trend is further confirmed by comparing
the de-reddened [O 111] emission with the observed X-ray luminosity. However, the derived fraction of Compton-thick sources
in this sample at the early stages of merging is lower than that reported for late-merging dual-AGN samples. Comparing Ny
from X-rays with that derived from E(B — V) from narrow-line regions, we found that the absorbing material is likely to be
associated with the torus or broad-line regions. We also explored the X-ray detection efficiency of dual-AGN candidates, finding
that, when observed properly (at on-axis positions and with long exposures), X-ray data represent a powerful way to confirm
and investigate dual-AGN systems.

Key words: galaxies: active — galaxies: Seyfert—galaxies: interactions — X-rays: general —infrared: galaxies.

1 INTRODUCTION

Dual Active Galactic Nuclei (AGN), with separations of 100 pc—
100 kpc, have been subject of interest owing to their connection
with Massive Black Holes (MBHs) triggering through mergers (Di
Matteo, Springel & Hernquist 2005; Treister et al. 2012) and as a

* E-mail: alessandra.derosa@inaf.it (ADR); cristian.vignali @unibo.it (CV);
paola.severgnini @inaf.it (PS)

© 2022 The Author(s)

Published by Oxford University Press on behalf of Royal Astronomical Society

precursor of MBHs coalescence (Amaro-Seoane et al. 2022 and
references therein). Dual AGN are hard to detect (see De Rosa
et al. 2019 for a review on observational and theoretical issues).
Different techniques are used to select AGN pair candidates in
different wavebands (Burke-Spolaor 2011; Comerford et al. 2012;
Fu et al. 2015; Foord et al. 2020; Mannucci et al. 2022). Most
published samples are sparse and not homogeneous and need to be
confirmed through further multiwavelength (MWL) observational
programs. Dual AGN at the early stage of galaxy mergers (1-
10 kpc scale) have been identified mostly serendipitously (Komossa

20z aunp Lz uo 1senb Aq G/ZZ169/611G/v/615/00IME/SEIULY/WOO N0 dlWapede//:SdNy WOy papeojumoq


http://orcid.org/0000-0001-5668-6863
http://orcid.org/0000-0002-8853-9611
http://orcid.org/0000-0001-5619-5896
http://orcid.org/0000-0002-4622-4240
http://orcid.org/0000-0002-5195-335X
mailto:alessandra.derosa@inaf.it
mailto:cristian.vignali@unibo.it
mailto:paola.severgnini@inaf.it

5150  A. De Rosa et al.

et al. 2003; Ballo et al. 2004; Bianchi et al. 2008; Guainazzi et al.
2005; Piconcelli et al. 2010). Several studies have been performed
at low redshift, mainly through large surveys in the optical, X-ray,
and IR (Koss et al. 2010; Comerford et al. 2012; Liu et al. 2011;
Ricci et al. 2017). It has also been shown that higher-luminosity
AGN are found in interacting systems and that average luminosity
increases with decreasing separation (Hou, Li & Liu 2020; Satyapal
et al. 2014; Koss et al. 2012; Kocevski et al. 2012; Silverman
et al. 2011), suggesting that mergers may trigger MBH activity
(Di Matteo et al. 2005; Treister et al. 2012). In this scenario of
merger-triggered accretion, it is expected that MBHs are completely
obscured by gas and dust during the final stage of merging (Hopkins
et al. 2006).

Both cosmological and numerical simulations have investigated
the dynamics and physics of merging MBHs, identifying several
parameters that contribute in the activation of both MBHs at
the same time (galaxy mass ratio, MBH orbital parameters) and
the properties of the environment during the merger (Volonteri
et al. 2022; Blecha et al. 2018; Capelo et al. 2017). Although
observations have shown that AGN in mergers are characterized
by higher obscuration compared with isolated AGN (Ricci et al.
2021; Guainazzi et al. 2021; Pfeifle et al. 2019; De Rosa et al.
2018; Satyapal et al. 2017; Ricci et al. 2017; De Rosa et al.
2015; Kocevski et al. 2015), as expected from simulations, it still
remains unclear how this obscuration evolves along the merger
phase.

It is therefore essential to identify from theory and simulations the
observational signatures to be compared with real observations and to
track the evolution of MBH along the different coalescence phases.
To take a step forward with this research, we need a statistically
significant sample of dual AGN covering a wide dynamical range
in spatial separations (1-100 kpc scale). Sloan Digital Sky Survey
(SDSS) offers a huge pool of optical data to extract good dual-
AGN candidates through imaging (for spatially resolved systems)
and spectroscopy (for spatially unresolved systems), the so-called
double-peaked AGN (Wang et al. 2009; Ge et al. 2012; Smith
et al. 2010; Kim et al. 2020). The double-peaked technique assumes
that each AGN in the system carries its own narrow-line region
(NLR) tracing the systemic velocity of the AGN as they move in
their common gravitational potential. However, when the nature of
the candidates are verified through MWL observations, only a tiny
fraction, about 2 per cent, can be confirmed as dual AGN. This is
due to the fact that the signature (i.e. the presence of a doubled-
peaked profile) is not unique, indicating other possible effects
originating near a single AGN (e.g. matter outflows); furthermore, the
classification of a galaxy as an AGN is not easy owing to extinction
(Severgnini, Caccianiga & Della Ceca 2012) and/or the presence of
emission from star-forming (SF) regions.

X-rays represent an efficient technique to detect and confirm
accretion-dominated sources such as AGN, even in the case of moder-
ate absorption (i.e. Compton-thin; column density Ny < 10%* cm™2).
When used together with other diagnostics, for example mid-IR
emission, even heavily obscured systems can be detected through
their X-ray luminosity.

With the main objective of characterizing a homogeneous sample
of dual AGN at kiloparsec separation, and of comparing their
properties with isolated AGN, in this paper we present an X-ray
study of a sample of optically selected dual AGN with separations in
the range 3-97 kpc. We analysed the X-ray archival data from XMM-
Newton and Chandra, making use of target selection in 4XMM (the
XMM-Newton serendipitous source catalogue, Webb et al. 2020) and
CSC2 (The Chandra Source Catalog, Evans et al. 2020, 2010). The
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paper is structured as follows. In Section 2 we present the sample and
its selection, while the MWL data analysis is presented in Section 3.
The diagnostic tools used to identify AGN are described in Section 4.
We discuss our main results in Section 5 and provide a summary in
Section 6. Throughout the paper we adopt a concordance cosmology
with Hy = 70 kms~! Mpc™!, Q5= 0.7, Qu = 0.3. Errors and upper
limits quoted in the paper correspond to the 90 per cent confidence
level, unless noted otherwise.

2 SAMPLE SELECTION

We considered the optically selected (SDSS) dual AGN from Liu
et al. (2011), containing 2488 AGN in pairs (1244 systems at Z
~ 0.1 with line-of-sight velocity offsets Av < 600 km s~! and
projected separations < 100 h7_0l kpc). Among these targets, 302
fall in the sky regions covered by Chandra and/or XMM-Newton
(considering off-axis positions lower than 10 and 15 arcmin for
Chandra and XMM-Newton, respectively, and exposure longer than
10 ks); the X-ray detection efficiency will be thoroughly investigated
in Section 5.2. The optical catalogue was cross-correlated with
4XMM-DR10 (Webb et al. 2020), considering a match position in
a circle with a 5-arcsec radius (which considers the XMM-Newton
telescope position accuracy), resulting in 73 sources. Among these 73
sources, 37 appear as single AGN (7 from 37 with angular separation
below 15 arcsec) and 36 appear in pairs (hence, 18 dual-AGN
systems). The main properties of the 18 AGN pairs are reported
in the first block of Table 1. Owing to the XMM-Newton spatial
resolution and the redshift of the optical sample, the minimum
projected separation we are able to explore is 7 kpc. In order to
populate the sample with systems at closer separations, we performed
the same selection using Chandra observations. We used the CSC2
catalogue (Evans et al. 2020, 2010), obtaining 51 additional targets
with projected separation in the range 3-71 kpc. A total of 16 CSC2
targets are in eight pairs (see the second block of Table 1), while 35
sources appear as single AGN. The spectral analysis of CSC2 targets
has been reported in the literature only for a few sources. However,
for the sake of uniformity in the analysis, we re-analysed all of the
sources.

The final cross-match between optical and X-ray catalogues
returns 124 targets (73 in 4XMM and 51 in CSC2): 52 of them appear
in 26 dual systems with separations of 3.4-97.2 kpc (see Table 1).
We note that the mean value and distribution of projected separations
between the X-ray-detected targets and the parent population from
Liuetal. (2011) are in a good agreement (51 versus 58 kpc), although
with a large dispersion (standard deviation of 30 versus 29 kpc).

For all detected targets, we also searched for mid-IR information.
In this regard, the Wide-field Infrared Survey Explorer catalogue
(AIIWISE, Wright et al. 2010) provides the magnitudes in the Vega
photometric system acquired in the four observational bands of WISE
(Wl =34 um, W2 = 4.6 um, W3 = 12 um, W4 = 22 um).
To obtain flux densities, we used the conversion as in Jarrett et al.
(2011), namely F,[Jy] = F,, x 10~ mveea/2-5) where F,, is the zero-
magnitude flux density corresponding to the constant that gives the
same response as that of Vega.

For 32 targets (4XMM: 17, CSC2: 15), we reached a sufficient
signal-to-noise (S/N) ratio to enable X-ray spectral analysis. This
threshold was chosen as ~ 100 cts for 4XMM-EPS in the band (0.2—
12 keV), while in the case of Chandra we used the spectra released
in CSC2 (see details in Evans et al. 2020). In the following section,
we explore different diagnostics using a MWL approach in order
to confirm the AGN nature for the 26 dual-AGN systems selected
optically. The properties of the optically dual AGN detected as single
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X-ray dual AGN 5151
Table 1. Dual-AGN candidates detected in 4XMM and CSC2. Numbering in the first column refers to the sources shown in Fig. 1.
Obs. ID Simbad name RA Dec. z MSep.  Prp IAU name )Net counts Ref.
(SDSS) ©) ©) (arcsec) (kpc) (AXMM/2CXO0) (counts)
XMM-Newton
1 0761730401 J015235.35-083236.6 28.14729  —8.5435  0.0517 58.5 58.9 J015235.2-083233 73 + 13
2 0761730401 J015235.99-083138.9 28.14996  —8.52747 0.0511 58.5 58.9 J015235.9-083139 69 + 12
3 0741580501 J082321.66+042220.9 125.84029 437247 0.0311 142.8 88.7 J082321.64+042221 8871 + 125 H20
4 0741580501 1J082329.87+042332.9 125.8745 43925  0.0308 142.8 88.7  J082329.94+042332 39 £ 10 H20
5 0740620201 J083157.644+191241.4 127.99021 19.21153 0.0372 55.8  41.2  JO83157.6+191241 149 + 21
6 0740620201 J083200.514+191205.8 128.00212 19.20164 0.0375 55.8  41.2  J083200.6+191206 86 + 13
7 0743110701 J100133.684-033731.1 150.39033 3.62533  0.0437 53.8 453 J100133.4+033731 314 £+ 48
8 0743110701 J100135.80+033647.8 150.39921 3.61328 0.0427 53.8 453 J100135.84+033648 260 + 29
9 0503600301 J100230.89+4-324252.3 150.62871 32.71456  0.049 89.3 88.1  J100230.84-324248 71 £ 15
10 0503600301 J100236.54+324224.2 150.65225 32.70675 0.0505 89.3 88.1  J100236.6+4324224 2359 + 93
11 0146990101 J102141.89+130550.3 155.42454 13.09733  0.0765 67.1 97.2  J102141.84+130551 45 + 11 H20
12 0146990101 ¥7102142.78+130656.1 155.42829 13.11558 0.0763 67.1 97.2  J102142.6+130654 179 + 17 H20
13 0692330501 ¥J112545.04+144035.6 171.43771 14.67658 0.034 73.6  49.7 J112545.14144035 622 £+ 30 H20, TA18
14 0692330501 J112549.54+144006.5 171.45646 14.6685  0.0339 73.6  49.7  J112549.5+144006 249 + 21 H20, TA18
15 0555060501 J120157.724295926.6  180.4905 29.99075 0.072 19.1 259 J120157.8+295927 62 + 11
16 0555060501 J120157.88+4295945.5 180.49117 29.996 0.0713 19.1 25.9 J120157.84-295945 40 + 10
17 0601780601 J120443.31+311038.2 181.1805 31.17728 0.025 61.5 31.0 J120443.34311037 16517 £ 137 K10
18 0601780601 J120445.19+311132.9 181.18833 31.19247 0.025 61.5 31.0 J120445.34+311130 154 + 20 K10
19 0111281601 J134130.40-002514.3  205.37671 —0.42072 0.0713 61.5 83.6  J134130.5-002512 30 £ 9
20 0111281601 J134133.37-002432.0  205.38904 —0.40892 0.0719 61.5 83.6  J134133.4-002431 42 +9
21 0783520501 J145627.39+211955.9 224.11417 21.33222  0.0443 684  59.2  J145627.44211956 602 + 25 ADRI18
22 0783520501 J145631.354-212030.0 224.13067 21.34169 0.044 684  59.2  J145631.34212030 459 + 32 ADRI18
23 0721820201 J145838.58+382727.9 224.66075 38.45775 0.1358 32.6  78.8 J145838.5+382727 124 £+ 16
24 0721820201 J145840.73+382732.7 224.66971 38.45908 0.1367 32.6  78.8 J145840.6+382730 73 + 16
25 0147210301 J160501.374+174632.4 241.25571 17.77569  0.033 117.3 78.1  J160501.3+174632 77 £ 14 H20,
26 0147210301 J160507.88+174527.6 241.28287 17.75767 0.0334  117.3 78.1  J160508.14+174528 109 + 27 H20,
27 0783520301 J162640.934142243.6 246.67054 14.37878  0.0479 54.1 51.3  J162640.94+142243 1364 + 20 ADRI18
28 0783520301 J162644.504142250.6 246.68546 14.38075 0.0484 54.1 51.3  J162644.44142253 162 + 15 ADRI18
29 0784521201 J163102.72+394733.0 247.76133 39.7925 0.0289  165.8  96.0 J163102.74+394733 345 + 28
30 0784521201 J163103.40+395018.5 247.76421 39.83847 0.0305 165.8 96.0 J163103.44+395015 85 + 17
31 0673000147 J221839.91-002402.0 334.66633  —0.40053 0.0948 30.7 542 J221839.8-002400 38 +£ 10
32 0673000147 $J221840.97-002335.5 334.67071 —0.39319 0.095 30.7 542 J221840.9-002333 20 + 8
33 0783520101 J094554.40+423839.9 146.47671 42.6444  0.0745 21.3 303 J094554.4+423839 121450 + 150 ADRI18
34 (0783520101 J094554.49+423818.7 146.47701 42.6385  0.0745 21.3 30.3  J094554.4+423839 1275 + 37 ADRI18
35 0783520201 J103853.29+4392151.1 159.72204 39.36422  0.0548 404 429 J103853.34+392151 16534 + 80 ADRI18
36 0783520201 J103855.94+392157.5 159.73312 39.36660 0.0548 404 429 J103855.9+392157 7182 + 14 ADRI18
Chandra
1 14965 J090714.444-520343.4  136.81021 52.06206 0.0596 7.6 8.9 J090714.44-520343 41.91% HI19,H20
2 14965 J090714.61+520350.6 136.81087 52.06408 0.0602 7.6 8.9 J090714.64-520350 120.91’}}:‘;’ H19,H20
3 4110,4934 J121345.92+024838.9 183.44146 2.81083 0.073 34 4.8  J121345.94-024838 11.3f§:4 H20,I11,R21
4 4110,4934 J121346.074024841.4 183.44212 2.8115  0.0731 34 4.8  J121346.04+024841 14.9f;‘:g H20,111,R21
5 2043 1J124610.10+304354.9 191.54212 30.73192  0.0219 37.2 16.4  J124610.0+304355 18.31’2:‘7‘ H20
6 2043 J124611.244-304321.8  191.54683 30.72275 0.0218 37.2 16.4  J124611.2+304321 70.6fg:8 H20
7 Iy 1J125929.96+275723.1 194.87483 27.95644  0.0227 71.3 344 J125929.94275723 154.21';}:; H20
8 Iy 1J125934.124275648.6  194.89217 27.94683 0.024 71.3 344 J125934.14275648 334.7*_';8;; H20
9 12242 1J131513.87+442426.4 198.80779 44.40736 0.0354 50.9 359 J131513.8+442426 14.5f§:g H20
10 12242 J131517.264+442425.5 198.82196 44.40711 0.0355 50.9 359 J131517.34+442425 3835.5f22:§ H20
11 2044 J133817.27+481632.1 204.57196 48.27564  0.0278 11.5 6.4  J133817.34481632 95.2f}8:2 Mal2,H20,120
12 2044 J133817.774+481640.9 204.57404 48.27808  0.0277 11.5 6.4  J133817.84481640 205.0f}§é Mal2,H20,120
13 11845 1J150457.124260058.4 226.238 26.01625 0.054 61.6 652 J150457.14260058 68.0fg:i H20
14 11845 £J150501.224+260101.5 226.25508 26.01708 0.0545 61.6 652 J150501.24+260101 lS.lfjig H20
15 14968  1J154403.45+044607.5 236.01437 476875 0.042 4.1 3.4  J154403.44-044607 S.Of%:g HI19,H20
16 14968 J154403.664+-044610.0 236.01529 4.76947 0.0416 4.1 34 J154403.64044609 59.3f§f H19,H20

Note. “)_(2)Angular and projected separation between the sources; ®)net observed count in (0.2—-12 keV) for 4XMM (EPS8) and (2-8 keV) for CSC; Preferences:
H19, Hou et al. (2019); H20, Hou et al. (2020); K10, Koss et al. (2010); ADR18, De Rosa et al. (2018); 120, Iwasawa et al. (2020); MA12, Mazzarella et al.
(2012); R21, Ricci et al. (2021); 111, Iwasawa et al. (2011); TA18, Torres-Alba et al. (2018). TFor these sources, we report here the values obtained in De Rosa
et al. (2018). & Obs. ID = 9714, 10672, 13993, 13994, 13995, 13996, 14406, 14410, 14411, 14415. Sources in titalic are not identified as AGN following our
diagnostics (see Section 4).
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X-ray sources will be investigated in a forthcoming paper (Parvatikar
et al. in preparation).

We note that the dual-AGN sample contains both Seyfert galax-
ies (or quasars at higher luminosity) and low-ionization nuclear
emission-line regions (LINERs), such that pairs are of the types
Seyfert—Seyfert, Seyfert—-LINER, and LINER-LINER. LINERSs are
known to be a mixed class of objects with diverse line excitation
mechanisms discussed in the literature, such as old stars, shocks,
haloes of elliptical galaxies and even intracluster gas, as well as
forms of AGN excitation (e.g. Heckman 1980; Shields 1992; Ho,
Filippenko & Sargent 1993; Komossa, Bohringer & Huchra 1999).
Therefore, not all LINERs are expected to be bona fide AGN.
Here, we continue to treat all LINERs as candidate AGN, on a
careful object-by-object basis, including information from all optical
emission lines. For sources that lie in the composite region of
diagnostic diagrams (see Section 3.1) and in the LINER regime,
we use the X-ray information to obtain further clues on the main
power source of these systems and then re-assess their possible AGN
nature in Section 4.

Finally, we would also like to note that the majority of the pairs in
our sample are at large projected spatial separations, namely above
10 arcsec (see Table 1). Therefore, the well-known effect of light
spillover into nearby fibres owing to seeing, which can mimic AGN
pairs when in fact only one AGN is active (Husemann et al. 2020),
is minimal in our sample.

3 SPECTRAL ANALYSIS

In this section, we present the MWL spectral analysis of our final
sample comprising 26 pairs of dual-AGN candidates (see Table 1).
The main objective of this study is to confirm the nature of the
selected targets and characterize their intrinsic properties, such as X-
ray luminosity, optical over X-ray luminosity ratio, and absorption
properties (at nuclear and galactic scales). As illustrated in Section 1,
X-ray and mid-IR observations, along with optical spectroscopy,
provide fundamental diagnostics for detecting accreting MBHs, even
in heavily obscured systems, as expected for dual AGN.

3.1 Optical analysis

We retrieved the SDSS-III DR12 spectra (Alam et al. 2015) at the
location of the dual-AGN systems, as reported in Table 1, from
the survey webpage.! We analysed the full-band optical spectra
through the software package QSFIT 1.3.0 (Calderone et al. 2017).
This tool automatically takes into account the emission from both
AGN and host galaxy, along with a number of broad and narrow
emission lines. In particular, we extracted the intensities of the
primary diagnostic narrow emission lines such as HB, [O 111] 15007,
[O1] 26300, Her, [N 1] A6583 and [S11] A16717, 6731. Line fluxes
were corrected for Galactic extinction using NED (NASA/IPAC
Extragalactic Database?). The line flux ratios were then plotted
in the diagnostic diagrams (Baldwin, Phillips & Terlevich BPT
diagram; Kauffmann et al. 2003) shown in Fig. 1 (upper panels refer
to XMM-Newton sources and bottom panels to Chandra sources),
where the regions populated with Seyfert galaxies, SF galaxies, and
LINERs are identified as in Kewley et al. (2006). The numbers
in the plot refer to the sources in Table 1; symbols in the same
colour refer to members of a pair. Some of the optical spectra

'http://skyserver.sdss3.org/
Zhttps://ned.ipac.caltech.edu/Documents/References/ExtinctionCalculators
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are dominated by the galaxy contribution; however, when possible
we also evaluated the extinction E(B — V) considering the Balmer
decrement from the narrow emission lines. Sources with at least
one BPT diagram indicating an AGN or LINER are included in our
sample. There are, however, targets whose optical analysis does not
confirm their AGN nature. We kept these sources in the catalogue
and will investigate their classification using further diagnostics
such as the X-ray luminosity and mid-IR versus X-ray colours in
Section 4. We note that only two sources show clear evidence of
broad optical lines (J094554.4+423840 and J103853.24-392151;
De Rosa et al. 2018), while in the rest of the sample the galac-
tic contribution prevent us from detecting any strong broad-line
component.

3.2 X-ray analysis

We reduced XMM-Newton data using SAS software v17.0 with
standard settings and the most updated calibration files available at
the time of the data reduction. Periods of high and flaring background
were removed, applying the appropriate threshold on single events
extracted above 10 keV (about 0.4 and 0.35 counts per second in
EPIC-pn and EPIC-MOS, respectively).

Depending on the source counts and the separation of the two
sources in each system, we extracted EPIC spectra from circular
regions with radii in the range 11-25 arcsec; these regions include
~60-90 per cent of the source counts at 1.5 keV in the EPIC
cameras. Background spectra were extracted in the same CCD chip
using circular regions free from contaminating sources. Owing to
the higher net counts in the 0.3-10 keV energy band with respect to
EPIC/MOS, we reported the EPIC/pn spectra analysis and checked
a posteriori that pn+MOS data do not improve the fit or the spectral
parameter constraints. Chandra spectra and corresponding response
matrices were retrieved from CSC2. When multiple observations of
the same source were available, we verified the absence of any sign
of variability, and the spectra from the individual observations were
merged to increase the S/N ratio (the Obs. ID for each observation is
reported in Table 1).

Among the 52 sources, we were able to extract spectral information
for 32 targets (4XMM: 17, CSC2: 15). For these sources, EPIC-pn
and ACIS background-subtracted spectra were fitted with the soft-
ware XSPEC v12.10 (Arnaud 1996) using Cash statistics (Cash 1979;
Wachter, Leach & Kellogg 1979). We applied a phenomenological
model composed of: (1) an absorbed power law — this is the nuclear
emission due to the Comptonization of electrons in a hot corona
by seed photons, probably originating in the accretion disc (e.g.
Haardt & Maraschi 1993; Haardt, Maraschi & Ghisellini 1994);
and (2) a soft, unabsorbed power-law component reproducing the
extended soft X-ray emission below ~2 keV, likely associated with
the NLR (Bianchi et al. 2019 and references therein), the scattering
of the primary emission (Ueda et al. 2007), or star-formation activity
(Ranalli, Comastri & Setti 2003). The baseline model can be written
as e Ni'o (e=Mo K, E~"n + K,E~"), where T'j, and I’y are the
photon indices of the nuclear primary component and soft X-ray
component, respectively; N is the Galactic column density; Ny
is the cold absorption column density at the redshift of the source;
and o is the photo-absorption cross-section from Balucinska-Church
& McCammon (1992). This simple model is sufficient to obtain
constraints on the main spectral parameters of interest, such as Ny,
I", and the unabsorbed luminosity.

If the count statistic does not enable us to constrain I';, and [’
simultaneously, we put I, = I';, as expected in a scattering model
for the soft excess discussed above. We also fixed I', to a typical value
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Figure 1. Optical emission-line ratios as classical diagnostic plots for the identification of dual-AGN candidates detected in 4XMM (upper panels) and CSC2
(lower panels). Symbols in the same colour refer to members of a pair. The number of each source is as in Table 1. AGN, LINER and SF regions in the plots are

separated according to Kewley et al. (20006).

of 1.9 (Ricci et al. 2017) when the count statistics do not enable us to
fit the parameter. The results of the spectral analysis and modelling
performed on the sample are reported in Table 2.

4 AGN IDENTIFICATION

We used different diagnostics in order to confirm the AGN nature
of our sample against SF galaxies that could produce the observed
X-ray luminosity.

At the end of our MWL analysis, we selected 42 confirmed AGN
from 52 candidates. For 24 of these AGN we could perform a detailed
X-ray spectral modelling, as described in Section 3.2. This ‘clean
sample’ of 24 AGN was then used to calibrate MWL relationships
in order to obtain information on the nature (AGN, non-AGN) and
absorption properties of the whole sample of 42 dual AGN. Below,
we report the details of this study.

As anticipated in the previous section, we retain in the sample
targets indicating the presence of an AGN or LINER in at least one
optical BPT diagram (see Fig. 1). The X-ray luminosity of the sources
associated with LINERs through optical analysis suggests that their

emission is powered by the AGN (see Table 2). In fact, a systematic
study of a large sample of LINERs identified as unresolved sources
at high X-ray energies (4.5-8 keV) suggested that AGN-like objects
tend to have higher 2-10 keV luminosities than non-AGN objects,
with average values of log L,/(erg s~!) ~ 41 and log L/(erg s™') ~
39, respectively (Gonzalez-Martin et al. 2009). As a further check to
firmly identify AGN, we used the X-ray/mid-IR versus X-ray colours
relationship.

In Fig. 2 (left-hand panel), we show the absorption column density
versus hardness ratio HR [HR = (H — S)/(H + S), where H and
S are the source counts in the soft and hard energy bands], for
the 24 sources with spectral information. The hardness ratio HR is
evaluated using the S = 2—4.5 keV and H = 4.5-10 keV energy
bands for XMM-Newton and the S = 0.5-2 keV and H = 2-8 keV
for Chandra. Sources with larger obscuration are characterized by a
larger HR. In particular, in our clean sample, a value of HR larger
than about —0.3 indicates a Ny 2> 10*2 cm™? (see Fig. 2, left-hand
panel).

Mid-IR emission in AGN is thought to originate within the dusty
torus through the reprocessing of optical-UV primary emission

MNRAS 519, 5149-5160 (2023)
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Figure 2. Left: Absorption column density versus hardness ratio, HR = (H — S)/(H + S), for the clean sample of 24 dual AGN with spectral information (see
Table 2). HR is evaluated considering S = 2—4.5 keV and H = 4.5-10 keV for 4XMM data, and S = 0.5-2 keV and H = 2-8 keV for CSC2 data. The dash—dotted

vertical line defines the threshold for sources with Ny> 10?2 cm—2

in our sample. Right: AGN identification and absorption diagnostic using mid-IR versus HR

for the total sample of 42 confirmed dual AGN (sse Table 1). Dash—dotted lines identify the regions in the plot where different classes of X-ray and mid-IR

emitters are located (Severgnini et al. 2012).

(Padovani et al. 2017 and references therein), and mid-IR colour—
colour diagrams offer important diagnostics for identifying AGN
candidates. Using classical colour—colour diagrams through WISE
3-bands measurements ([2.4—4.6] um versus [4.6—-12] um; Mateos
et al. 2012; Assef et al. 2013; Yan et al. 2013), our candidates lie
roughly in the AGN region ([4.6—12] um above 2) and tend towards
red colours ([2.4-4.6] um above 0.3), as suggested for AGN in
mergers (Satyapal et al. 2014; Weston et al. 2017). Nevertheless,
AGN are not the largest population in mid-IR surveys, which are
dominated by strong IR emission from SF and normal galaxies. This
is the reason why combined mid-IR and X-ray analysis provides
further information to confirm AGN candidates (Severgnini et al.
2012; Terashima et al. 2015).

Severgnini et al. (2012) proposed an effective technique to classify
AGN and SF galaxies by comparing mid-IR (12-25 pm) and X-
ray fluxes. In their diagnostic plot, the X-ray/mid-IR flux ratio is
compared with X-ray hardness ratio values, with different regions
in the plot hosting different populations (SF galaxies, unobscured
AGN, Compton-thin AGN, and Compton-thick AGN). Then we use
the ratio F(X-rays)/F(22 pum) versus HR relationship reported in the
right-hand panel of Fig. 2 to exclude X-ray-detected targets that are
not associated with AGN and evaluate (in Section 5.1) the level of
absorption for the sources in the total sample without X-ray spectral
information (see Table 1 and Fig. 2, right-hand panel). Using the
results of spectral analysis for the sources with high enough counts
(our ‘clean’ sample), we calibrated the X-ray/mid-IR versus HR plot
that allowed us also to identify the regions where different types
of emitters are expected (details will be presented in Section 5.1):
we chose the limit HR > —0.3 (as obtained for obscured sources
with Ny 2> 10%? cm™2) and, as the X-ray/mid-IR ratio, we adopted
a threshold of 0.01 (blue dash—dotted lines in Fig. 2). We note
that, given the intrinsic dispersion of the X-ray/mid-IR versus HR
relationship, these values are not different from those adopted by
Severgnini et al. (2012).

Using optical classification (see Fig. 1) and the X-ray/mid-IR ratio
(see Fig. 2, right-hand panel), we identified and confirmed 42 AGN
(4XMM: 33 targets, and CSC2: 9 targets), which is 80 per cent of
the detected targets in pairs (52). The last two columns in Table 2
report the classification of each source as obtained with the optical
and X-ray/mid-IR ratio. The sources that did not pass at least one
of the two checks are indicated in italic in Tables 1 and 2; however,

when available, we report the results of their X-ray spectral fit for
completeness. A peculiar but illustrative case is J133817.34-481632
(aka Arp 266), which is a known Compton-thick AGN hosted in a
dual system (Iwasawa et al. 2020; Mazzarella et al. 2012). It appears
as a SF galaxy in our X-ray/mid-IR diagnostic plot and BPT (see
src # 11 in Fig. 1, lower panel), suggesting that the number of heavily
absorbed AGN in our final sample should be considered a lower limit
(see further discussion in Section 5.2). A similar case of such a highly
obscured system is NGC 6240 (Komossa et al. 2003).

We also note that, for pair candidates detected by Chandra (see
Table 1), four are at an angular separation below 12 arcsec, which
corresponds to the WISE 22-um resolution (Wright et al. 2010).
One of these four systems is the well-known AGN pair Arp 266
that we have just discussed. However, considering the X-ray/mid-IR
versus HR diagnostic plot, the decrease of the IR flux (due to blended
emission between the two sources) will move the sources in the AGN
region, resulting, once again, in a lower limit in our estimated AGN
fraction in the final sample.

5 DISCUSSION

5.1 Absorption properties

‘We were able to extract X-ray spectra and perform a detailed analysis
for 32 sources among the 52 AGN candidates in 4XMM and CSC2.
The optical and X-ray/mid-IR ratio presented in Section 4 points
towards an AGN classification for 24 out of 32 targets. We present
the spectral analysis for all 32 sources with best-fitting values in
Table 2; however, we excluded from our final considerations on
dual-AGN properties all sources (8) that are not confirmed as AGN
(reported in italic in Table 2).

In the left-hand panel of Fig. 3, we plot the intrinsic unobscured
X-ray luminosity of our dual-AGN sample with spectral information
in bins of projected separation rp. A trend of increasing luminosity
with decreasing rp is suggested, although it should be noted that the
bin rp > 60 kpc is poorly populated (3 AGN) in this analysis, while
smaller-separation bins are populated with 10 (0-30 kpc) and 11
(30-60 kpc) targets.

Among the 24 targets with measured Ny, a fraction of 70—
74 per cent exhibit an absorption column density higher than 10

MNRAS 519, 5149-5160 (2023)
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Figure 3. Broad-band intrinsic X-ray luminosity (left-hand panel) and absorbing column density Ny (right-hand panel) versus projected separation rp for a
clean sample of X-ray dual AGN detected in 4XMM and CSC2 and with spectral information (see Table 2). Lynaps errors are dominated by dispersion in each

single bin.

cm™2 at 3-100 kpc separation (see the right-hand panel in Fig. 3).
We measure an upper limit Ny < 3 x 20 cm™2 for the two
AGN showing broad optical emission lines (J094554.44-423840 and
J103853.2+392151; De Rosa et al. 2018, see Section 3.1). Although
we do not see a clear trend of absorption with rp (but see further
discussion below, based on the absorption on the whole sample), we
note that there are no absorbed AGN (Ny > 10?2 cm™2) in systems
with a projected separation above 60 kpc. The fraction of absorbed
AGN in dual systems is larger than that measured in samples of
isolated AGN (e.g. 45 per cent in Swift/BAT; Ricci et al. 2015), which
is in agreement with previous studies on X-ray dual AGN (Koss et al.
2011; De Rosa et al. 2018; Ricci et al. 2017, 2021). However, we
note here that our sample is neither complete nor unbiased in any
sense. In order to evaluate the amount of absorption in the 42 X-
ray dual AGN, we use indirect measurements. Below, we describe
two main proxies for absorption: [O111]/X ratio, X-ray/mid-IR ratio
versus hardness ratio.

5.1.1 Ly versus Loy

Once the extinction within the NLR is properly considered, the
luminosity of the emission line from [OTI]A5007 can be used
as a good indicator of the intrinsic luminosity of the source. In
our analysis of optical spectra (Section 3.1), we correct the [O 111]
emission for the extinction through the Balmer decrement (Ha/HB
ratio). To derive the Ljgy, corrected for extinction, we used the
relationship from Bassani et al. (1999), which assumes the Cardelli,
Clayton & Mathis (1989) extinction law and an intrinsic Balmer
decrement equal to 3; this value represents the case for the NLR
(Osterbrock & Ferland 2006). The values of Ligy, for the sources
with X-ray spectral information are reported in Table 2. The ratio

between the observed X-ray luminosity and L{g7,, has therefore been

used as an indirect measurement of Ny. The Ly/Ligy, relationship
has been deeply analysed for large samples of type 1 and type 2
AGN (Heckman et al. 2005; Mulchaey et al. 1994; Bassani et al.
1999; Lamastra et al. 2009; Vignali et al. 2010), and empirical trends
have been found by several authors.

In Fig. 4, we report the observed X-ray luminosity versus the [O 111]
luminosity corrected for extinction, Ligy,. For the sources without
a measure of HB emission, we considered the observed value of [O
11], which should then be regarded as a lower limit to L{g7,- As a
comparison, we also plot the relationship found by Lamastra et al.
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Figure 4. X-ray observed luminosity versus de-reddened [O I11I] luminosity
for the whole sample of confirmed AGN. 4XMM, black squares; CSC2, red
circles. Lower limits to L{gf, refer to the sources without a measure of Hf
emission; for those, we use the observed value of [O 111]. The blue dot—dashed
line represents the relationship found in Lamastra et al. (2009) for a sample of
Compton-thick AGN. All sources in pairs lie below the expected relationship,
suggesting a larger absorption with respect to isolated AGN. The two type 1
AGN in the 4XMM sample are the only measured data points above the
relationship.

(2009) for a sample of Compton-thin AGN. Almost 80 per cent of our
sample lies below the threshold as defined in Lamastra et al. (2009),
clearly showing that our sources exhibit an excess of absorption
with respect to what is expected in isolated Compton-thin AGN.
In the X-ray—[O 1] plane, the two type 1 AGN in our sample
(094554.44-423840 and J103853.24-392151) are located above the
relationship defined for obscured sources, as expected.

With the caveat that for some sources of the sample only a lower
limit to the HB emission has been obtained, we can compare the
column density derived from E(B — V) — as evaluated from the NLR
(see Table 2, Dominguez et al. 2013) and using, for the conversion,
the Galactic Ny/E(B — V) ratio (Draine 2011) — with the Ny measured
from the X-ray analysis (excluding type 1 AGN). The extinction in
the NLR is lower than the obscuration derived from X-rays, and
there is no evidence for a trend of increasing E(B — V) as a function
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Table 3. X-ray detection efficiency for optically selected dual AGN. This is the ratio between the
detected optically selected AGN and the observed ones in the field of XMM-Newton and Chandra
observations.

MxMM
det./obs. (per cent)

O Chandra
det./obs. (per cent)

Catalogue X-ray tot. (per cent)

det./obs. (per cent)

T>10 ks and Roffset <15 arcmin (XMM)—10 arcmin (Chandra)

Liu et al. (2011) 51/137 (37) 73/165 (44) 124/302 (41)
Mezcua et al. (2014) 5/16 (31) 7/8 (88) 12/24 (50)
Ge et al. (2012) 11/18 (61) 15/17 (88) 26/35 (74)
Wang et al. (2009) 8/10 (80) 2/5 (40) 10/15 (67)
Smith et al. (2010) 14/17 (82) 6/11 (55) 20/28 (71)
Kim et al. (2020) 11/11 (100) 5/6 (83) 16/17 (94)

ATot. 100/209/0.8 (60) 108/212/0.8 (64) 208/421/0.8 (62)
T>15 ks and Ryffse <15 arcmin (XMM)—10 arcmin (Chandra)
@Tot. 100/154/0.8 (81) 108/152/0.8 (89) 208/306/0.8 (85)

Note. DFraction of AGN detected in 4XMM/CSC2 catalogues over those observed for more than 10
ks (upper rows) and 15 ks (last row) considering an off-axis position <10 arcmin for Chandra and
<15 arcmin for XMM—Newton. Exposure time refers to elapsed time. P The total has been evaluated
considering that the number of confirmed AGN is 80 per cent of the observed targets (see details in
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Section 5.2).

of the separation rp as observed for the X-ray-derived Ny in Fig. 3
(right-hand panel). This result suggests that the gas responsible for
the X-ray obscuration is probably associated with the torus and/or
the BLR (e.g. Padovani et al. 2017).

5.1.2 Fx/Fyg; versus X-ray hardness ratio

As anticipated in Section 4, we used the mid-IR/X-ray flux ratio to
identify the AGN among the X-ray-detected targets (see Table 1).
This ratio, when compared with X-ray colours, provides a powerful
diagnostic for obscuration (Severgnini et al. 2012), and also when
Ny is not available from X-ray fitting procedures. We then use the
clean sample with spectral information (24 AGN, see Table 2) to
calibrate the Ny versus HR relationship to be used in the total
sample, as discussed in Section 4 and shown in the left-hand panel
of Fig. 2.

The plot X-ray/mid-IR versus HR in the right-hand panel of
Fig. 2 allows us to identify four regions for unabsorbed, SF
galaxies, Compton-thin and Compton-thick sources. The sources
in the bottom-left block are identified as SF galaxies also from
optical analysis (see Section 3.1 and Fig. 1). We checked that,
within the diagnostic plot, all sources analysed through X-rays
and optical analysis are correctly located: in Table 2 we report the
identification obtained with all diagnostics, X-rays, optical and X-
ray/mid-IR versus HR. We note, however, that J133817.3+481632
(aka Arp 266 SW) and J103855.9+392157, which are Compton-
thick, fall in the SF region, with their spectra being dominated by the
soft X-ray component with the nuclear emission completely obscured
(Iwasawa et al. 2020; De Rosa et al. 2018). This is also in agreement,
as anticipated in Section 4, with the optical classification of these
targets, but demonstrating that we can miss a number of Compton-
thick sources in our final sample of confirmed AGN.

If we consider all 42 confirmed AGN detected in 4XMM (33)
and CSC (9) in Fig. 2 (right-hand panel), the mid-IR and X-ray
diagnostics suggest that our sample is composed of 80 per cent
Compton-thin AGN, 16 per cent Compton-thick, and 4 per cent
unobscured sources. As mentioned above, the number of Compton-
thick sources can be regarded as a lower limit. If we compare these

fractions with isolated AGN, we confirm the trend of more obscured
AGN being hosted in pairs. As pointed out above, we do not see a
clear trend of increasing Ny with decreasing rp (see Fig. 3, left-hand
panel). However, the fraction of absorbed AGN in these dual-AGN
systems that are in the early stages of merging (projected separation
up to 100 kpc) is lower with respect to the fraction of heavily obscured
AGN found in systems in the late stages of merging (e.g. Ricci et al.
2021), suggesting the presence of larger reservoir of nuclear gas or
with a different distribution in AGN at closer separations.

We note that, as described in the previous section, the bulk of
absorption we measure is probably associated with the nuclear
scale (BLR/torus). This indicates that the observed systems are in
environments where gas is transported closer to the AGN and/or
disturbed in dual AGN separated by <60kpc. Based on the data
discussed in this work, we find no strong evidence that AGN pairs
with projected separations in the ~1-100 kpc range prefer gas-rich
galaxies (i.e. with a larger fraction of gas mass than other galaxies;
Kewley et al. 2006). If confirmed in subsequent observations, this
would imply that interactions with gas (via tides, spiral arms,
dynamical friction, etc.) are not a necessary mechanism for the orbital
evolution of AGN pairs from 100-kpc scales. Samples like the one
analysed in this paper could therefore be used to place some initial
observational constraints on theoretical models describing the orbital
evolution of MBH pairs.

5.2 X-ray detection efficiency for dual-AGN candidates

In this section we evaluate the efficiency of X-ray observations for
detecting optically selected dual-AGN candidates. With this aim, we
considered the optically selected sample of AGN pairs and measured
the ratio between the number of detected optical AGN and the number
of observed optical AGN along the XMM-Newton and Chandra
pointings, Xeff=DET/OBS. To increase the available statistics, in
addition to the sample of AGN pairs from Liu et al. (2011), we
considered further samples of dual AGN identified from both optical
image (Mezcua et al. 2014) and double-peaked emission-line (Ge
et al. 2012; Wang et al. 2009; Smith et al. 2010; Kim et al. 2020)
techniques. The list of the selected samples is reported in Table 3. We
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note that almost 90 per cent of X-ray-detected targets in all samples
have been observed for more than 10 ks of elapsed time.

Moreover, most of the detected sources have been observed
serendipitously, with an off-axis position up to 12—15 arcmin. In
order to select the number of observed AGN candidates, we consider
here two thresholds: exposure and off-axis position. To take into
account the fastest drops of Chandra sensitivity at increasing off-axis
angles with respect to XMM-Newton, we selected all targets in the
XMM-Newton and Chandra field of view with an off-axis position
lower than 15 and 10 arcmin, respectively, and with exposure longer
than 10 ks. Of course, the number of observed AGN might depend
of the threshold we assumed; however, we verified that the numbers
reported below are stable against other choices of off-axis position
and exposures close to the selected ones.

In Table 3 we report the ratio Xeff of all the optically selected
dual AGN detected in 4XMM and CSC2, a row for each optical
sample we checked. We stress that these detection fractions should
be considered as lower limits for two main reasons. Regarding the
numerator of the ratio Xeff (the X-ray-detected optically selected
AGN), we note that the upper limit for the undetected sources is
in the range 0.004-0.04 cts/s (30 c.l.) in the 4XMM 2-12 keV
band, suggesting that we may fail to detect heavily obscured sources
with X-ray luminosity lower than 10*? erg s~!, considering an
average redshift for our sample of z = 0.03 and a standard spectral
slope of I' = 2. Regarding the denominator, the X-ray-observed
optically selected AGN, another important point to consider is the
possibility that the optical classification as AGN in the samples under
investigation could instead be due to SF emission in the galaxy. In
fact, as we showed through our MWL analysis (see Section 4), about
80 per cent of the optically selected targets are confirmed as AGN. If
we consider this fraction, the X-ray detection efficiency considering
all optically selected dual AGN in 4XMM and CSC2 (last column
in Table 3) is about 60 per cent. Increasing the exposure cut to 15
ks, the detection efficiency increases slightly, from 62 to 85 per cent.
This suggests that, when observed properly, X-ray data represent a
powerful technique to confirm and investigate dual-AGN systems. In
this regard, we note that in the sample with a higher X-ray detection
fraction (Kim et al. 2020, Mezcua et al. 2014 and Ge et al. 2012
for 4XMM; Wang et al. 2009, Smith et al. 2010 and Kim et al.
2020 for Chandra), the average value of the off-axis position of the
observed targets is lower than in the sample with low X-ray detection
efficiency.

6 CONCLUSIONS

We have investigated the properties in the X-ray domain of a sample
of optically selected dual AGN with projected separation between 3
and 97 kpc. Using optical, mid-IR and X-ray diagnostic tools, we
were able to characterize the intrinsic properties of this sample and
compare them with those of isolated AGN.

(i) Among 124 X-ray-detected dual-AGN candidates, 52 appear
in pairs and 72 as single X-ray AGN. We focused our study on
AGN detected in pairs, while AGN detected in single sources will be
analysed in a forthcoming paper (Parvatikar et al., in preparation ).

(ii) Using optical spectroscopy (BPT diagrams in Fig. 1) and X-
ray/mid-IR versus X-ray HR (Fig. 2), we confirmed as X-ray dual
AGN 42 (80 per cent) sources (either LINER or AGN). The X-
ray luminosity of LINER sources strongly favours a scenario in
which the source emission is accretion-driven. Owing to the possible
identification of heavily obscured AGN as SF galaxies (see e.g.
the cases of J133817.34-481632 and J103855.9+392157) and the
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blended IR emission of unresolved pairs in the W4 band, this fraction
should be considered as a lower limit.

(iii) We confirmed the trend of increasing AGN luminosity with
decreasing separation (see the left-hand panel of Fig. 3), suggesting
that mergers may trigger more luminous AGN.

(iv) When comparing optical (de-reddened [O111]) and observed
X-ray luminosities (i.e. not corrected for the obscuration; see Fig. 4),
our sample shows, on average, a larger obscuration with respect to the
relationship found for obscured Seyfert galaxies in isolated systems.
Moreover, systems at closer separation show a higher obscuration
with respect to dual AGN with separation rp above 50-60 kpc.

(v) The Ny measured from X-ray spectral analysis is always higher
than the absorbing column density derived form the extinction E(B
— V) evaluated for a NLR, suggesting that the gas responsible from
the obscuration should lie in nuclear regions (probably the torus or
BLR).

(vi) Using X-ray/mid-IR ratio versus HR (see Fig. 2), we estimate
that a fraction of 80 per cent of the confirmed AGN are Compton-thin
(with Ny higher than 10*2 cm~2) and 16 per cent are Compton-thick
(Ny higher than 10%* cm™2). These fractions are higher if compared
with samples of isolated systems, but lower with respect to the
fraction of heavily obscured AGN found in systems in the late stage
of the merging process (projected separation below 10-20 kpc). This
evidence suggests that pairs of AGN are more heavily obscured with
respect to isolated AGN.

(vii) These findings indicate that dual AGN occur in environments
where gas is transported closer to the AGN and/or disturbed for
dual AGN separated by <60kpc. If the host galaxies of the dual
AGN in this sample are further shown to contain amounts of gas
similar to those in galaxies with single AGN, this would suggest that
interactions with gas are not a necessary mechanism for the orbital
evolution of AGN pairs from 100-kpc scales.

(viii) When different samples of dual AGN are considered, we
found that the X-ray detection efficiency (defined as the ratio between
the X-ray-detected and observed optical AGN in dual systems) lies in
the range of 6285 per cent, depending on the exposure we considered
(10-15 ks, see Table 3). This fraction should be considered as a
lower limit because, owing to the limited exposures of X-ray dual
systems (mainly observed serendipitously) in the 4XMM and CSC2
catalogues, we miss in our analysis all the heavily obscured AGN
with 2-10 keV luminosity lower than 10*? erg s~' at z = 0.03.
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