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ABSTRACT

We present a study of an X-ray-selected sample of active galactic nuclei (AGN) in pairs at projected spatial separations 1 < rp/kpc <
100 at z < 0.1, using XMM-Newton and Chandra data. We derived the pair sample from an initial pool of approximately 2000
X-ray-selected AGN, and is composed of both AGN-AGN pairs (so-called dual AGN) and AGN-galaxy pairs. From this selection,
we find that approximately 10% of AGN reside in pairs, and about 4% are paired with another AGN. We performed a detailed X-
ray and SDSS optical spectral analysis for AGN in dual systems and X-ray analysis for AGN in AGN-galaxy pairs, to characterise
their absorption properties and investigate the possible triggering mechanisms. We then investigated how obscuration, luminosity, and
Eddington ratio depend on projected separation rp. Amongst all AGN in pair, we find that ∼55% are obscured (with hydrogen column
density NH > 1022 cm−2), amongst which ∼6% are Compton-thick (NH > 1024 cm−2). The fraction of absorbed AGN is significantly
higher in late-stage mergers (rp < 30 kpc) compared to early-stage mergers (rp > 60 kpc). Amongst the AGN pairs, we also observe
an average excess relative to a control sample of inactive galaxies in pairs, and this excess significantly increases with decreasing
rp, but only for obscured AGN. Finally, in dual-AGN systems, both the bolometric luminosity and the Eddington ratio of the less
massive black hole in the pair increase as the separation decreases. These findings suggest that mergers may play an important role in
triggering AGN accretion and activity.
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1. Introduction

The search for and study of dual active galactic nuclei
(dual AGN, with projected spatial separation between nuclei
rp ∼ 100 pc−100 kpc) is a topic of great interest in mod-
ern astrophysics. Dual AGN are key to understanding the
co-evolution between galaxies and their central supermas-
sive black holes (SMBHs), with black hole (BH) masses
6 < log10(MBH/M�) < 9 (see e.g. Di Matteo et al. 2005;
Treister et al. 2012). Dual AGN represent direct precursors of
gravitationally bound binary SMBHs at parsec-scale separa-
tions (Volonteri et al. 2022). These systems may eventually
coalesce and produce gravitational-wave emission that can be
detected with pulsar timing arrays (PTAs; e.g. Agazie et al.
2023; EPTA Collaboration et al. 2023) and, at higher frequen-

? Corresponding author: lorenzo.battistini@inaf.it

cies, with the forthcoming Laser Interferometer Space Antenna
(LISA; Amaro-Seoane et al. 2023; Colpi et al. 2024) and the
Lunar Gravitational Wave Antenna (LGWA; Ajith et al. 2025).
One of the most important open questions concerns how
AGN are triggered within their host galaxies. Galaxy merg-
ers are thought to drive the fuelling of gas onto the two
nuclei, enhancing accretion onto the SMBHs, which become
active (Di Matteo et al. 2005; Treister et al. 2012) and increase
their average intrinsic luminosity as the separation between
the nuclei decreases (Silverman et al. 2011; Kocevski et al.
2012; Koss et al. 2012; Satyapal et al. 2014; Hou et al. 2020;
De Rosa et al. 2023). When merging galaxies are very mas-
sive, the inflows can even lead to the formation of a direct-
collapse SMBH (Begelman et al. 2006; Mayer et al. 2010,
2024). Although dual AGN are a fundamental ingredient in
understanding the physics behind the co-evolution between
galaxies and their central SMBHs, detecting them remains
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highly challenging due to the spatial resolution of current instru-
ments, which does not allow us to resolve closer systems as
redshift increases. A further limitation lies in the proper iden-
tification of active nuclei, which can often be obscured by a
significant amount of cold gas (see De Rosa et al. 2019 for a
review of theory and observations of dual AGN). In particular,
in a merger-driven AGN triggering scenario, the fuelling of gas
that occurs during the merger could strongly obscure the nuclei,
especially in the final stages of the merger (Hopkins et al. 2006),
thus decreasing the probability of detecting such systems when
using ultraviolet (UV) and optical selections. Indeed, samples
of dual AGN have been found to suffer from higher obscuration
than isolated AGN (De Rosa et al. 2015; Kocevski et al. 2015;
Satyapal et al. 2017; Ricci et al. 2017a; De Rosa et al. 2018;
Pfeifle et al. 2019; Ricci et al. 2021; Guainazzi et al. 2021;
De Rosa et al. 2023). This is also expected from simulations
(Blecha et al. 2018), although it is not yet clear how the column
density evolves across merger phases. This leads to an incom-
plete census of dual-AGN systems, highlighting the need for
complementary identification techniques across different wave-
bands (Comerford et al. 2012; Fu et al. 2015; Foord et al. 2021;
Mannucci et al. 2022). These include imaging (for spatially
resolved systems), spectroscopic diagnostics such as double-
peaked [OIII] emission lines (for spatially unresolved systems;
Wang et al. 2009; Smith et al. 2010; Ge et al. 2012; Kim et al.
2020), and/or combined methods such as integral field spec-
troscopy (e.g. Lena 2015; Mannucci et al. 2022; Scialpi et al.
2024), which combine spectroscopy with high-resolution imag-
ing to confirm dual nuclei (see De Rosa et al. 2019, for a detailed
description of dual-AGN identification techniques). Given these
reasons, it remains difficult to perform statistically significant
studies of these sources (especially at lower separations, i.e.
rp < 30 kpc), which are needed to compare observed dual-AGN
properties with simulations. So far, dual-AGN candidates have
been identified primarily via optical observations (most of them
through optical spectroscopy), but only hundreds of pairs have
been confirmed to be real dual AGN through multi-wavelength
studies, while the majority (some thousands) are still only candi-
date dual systems (Pfeifle et al. 2024). X-rays are one of the most
efficient ways to detect AGN and hence dual AGN (Padovani
2016), since they allow us to probe the most internal regions of
the nucleus, where the primary AGN emission arises. Moreover,
although high absorption can affect the 2−10 keV X-ray emis-
sion, both intrinsic luminosity and NH can be robustly recovered
up to obscuring column densities NH < 1024 cm−2.

To investigate the properties of a homogeneous sample of
AGN in pairs and the role of galaxy mergers in triggering AGN
activity, we present a study of an X-ray-selected sample of AGN
in pairs up to redshift z ∼ 0.1 (with projected spatial separa-
tion rp ∼ 1−100 kpc). Our work is organised as follows: in
Section 2, we describe the sample selection; in Section 3, we
present the X-ray data reduction and X-ray and optical spec-
tral analysis of the AGN in our samples; we report our results
in Section 4; finally, in Section 5, we discuss our findings and
summarise our main results. We adopt a concordance cosmol-
ogy with H0 = 70 km s−1 Mpc−1, ΩΛ = 0.7, and ΩM = 0.3. The
errors and upper and lower limits correspond to the 90% confi-
dence level, unless otherwise noted.

2. Sample selection

De Rosa et al. (2023) studied dual AGN in X-rays, analysing
a sample of optically selected narrow-line and broad-
line AGN candidates in pairs up to z ∼ 0.1 from

Liu et al. (2011), using XMM-Newton (Schartel et al. 2022) and
Chandra (Weisskopf 2012) data. The AGN from Liu et al. (2011)
were selected using the Sloan Digital Sky Survey (SDSS;
York et al. 2000). To confirm the AGN nature, De Rosa et al.
(2023) combined multi-wavelength diagnostics using informa-
tion from optical Baldwin, Phillips & Terlevich (BPT) dia-
grams (Kauffmann et al. 2003), X-ray 2−10 keV luminosity
(González-Martín et al. 2009), and mid-infrared (mid-IR) diag-
nostics based on the ratio between X-ray and mid-IR fluxes ver-
sus hardness ratio (HR; Severgnini et al. 2012). We aimed to
enlarge this sample (composed of 34 AGN, 17 pairs) by search-
ing for new AGN pairs using an X-ray-based selection, where
the pair can be composed either of two AGN or of one AGN
with a non-AGN galaxy companion. We selected our AGN sam-
ple by cross-correlating the 4XMM-Newton catalogue (DR14;
Webb et al. 2020) and the Chandra Source Catalogue 2 (CSC2;
Evans et al. 2010, 2020) with the Millions of Optical Radio/X-
Ray Association (MORX, v2) catalogue (Flesch 2024). The
latter is an extensive catalogue of 3 115 575 optical sources asso-
ciated with X-ray and radio sources (including AGN, type-I
and II Seyferts, quasars, BL Lac objects, cataclysmic variable
stars, galaxies, lensed quasars, and stars) detected with XMM-
Newton, Chandra, Swift, ROSAT, VLASS, LoTSS, RACS,
FIRST, NVSS, and SUMSS (Truemper 1982; Becker et al. 1995;
Mauch et al. 2003; Woniak et al. 2004; Burrows et al. 2005;
Shimwell et al. 2017; McConnell et al. 2020; Lacy et al. 2020).
An optical reference catalogue such as MORX is necessary to
obtain the redshift, which in MORX is provided either as a spec-
troscopic or a photometric measurement from the literature. For
all sources selected in our sample, the redshift is provided by
spectroscopic measurements. In this work, to obtain sufficiently
high signal-to-noise X-ray data for AGN pairs, we limited our
selection to z < 0.1 (for a total of 12 391 AGN candidates and
95 032 galaxies, as classified in MORX from the literature).

2.1. AGN selection

For the sources classified as AGN, Seyferts, and quasars in
MORX, we cross-matched this catalogue with the XMM-
Newton and Chandra source catalogues using a 5′′ radius for
the match position. We adopted this radius to account for
the nominal astrometric uncertainties of both observatories for
weak off-axis detections. Thus, by construction, all AGN in
our sample are X-ray sources. From now on, we refer to this
sample as the sample selected with XMM-Newton+Chandra.
For our selection, we imposed thresholds on the X-ray fluxes
of F(2−12 keV) > 10−15 erg s−1 cm−2 and F(0.5−7 keV) >
10−16 erg s−1 cm−2 for XMM-Newton and Chandra, respectively,
given their sensitivity curves (Watson et al. 2001; Evans et al.
2010, 2020). We additionally imposed a 2−10 keV luminos-
ity threshold of L(2−10 keV) > 1040 erg s−1. We chose this
threshold to avoid possible contamination from X-ray bina-
ries in the host galaxy, which are typically observed to have
2−10 keV luminosities up to ∼1038−1039 erg s−1 (Grimm et al.
2002). Moreover, previous studies showed that AGN usually
have a higher 2−10 keV luminosity with respect to non-AGN
sources (González-Martín et al. 2009). This resulted in 1737 X-
ray-selected AGN candidates. In Figure 2, we report all steps
performed to select our final samples. For the sources classi-
fied as narrow-line AGN in MORX and with an optical spec-
trum available from the SDSS DR16 (Ahumada et al. 2020, 428
sources), we also verified whether they are classified as AGN
in the BPT diagnostic diagram (Kauffmann et al. 2003). Four
sources fall within the star-forming region, so we excluded them
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from the AGN sample. After this step, the effective number of
AGN selected through optical and X-ray criteria is 1733. To
recover possible ‘hidden’ AGN amongst the objects classified
as galaxy in MORX, we cross-matched the galaxy-classified
sample with the XMM-Newton and Chandra catalogues (again,
using a 5′′ radius for the cross-match and only considering the
sources fulfilling our X-ray criteria on flux and luminosity for
AGN). This yields 2875 X-ray galaxies that satisfy these require-
ments. We further applied two additional AGN selection criteria,
requiring each source to satisfy at least one of them:
1. X-ray criterion: L(2−10 keV) > 1042 erg s−1. This is an addi-

tional requirement on the luminosity and selects the brightest
sources, which are therefore likely AGN (as also previously
mentioned; see González-Martín et al. 2009). We stress that
these sources are not optically classified as AGN in MORX.
Consequently, when relying solely on X-ray luminosity
for AGN identification, a more conservative threshold is
required.

2. Mid-IR criterion: Mid-IR colours can identify luminous
AGN that are hidden in the optical band (Stern et al. 2012;
Mateos et al. 2015; Secrest et al. 2015; Andonie et al. 2025).
The main difficulty arises when the host-galaxy emission
is comparable to AGN emission (as for bright starburst
galaxies). Previous studies using Wide-field Infrared Sur-
vey Explorer (WISE; Wright et al. 2010) colours revealed
that a mid-IR diagnostic based on the WISE W1−W2 colour
(where W1 and W2 are the 3.4 µm and 4.6 µm magnitudes,
respectively) can be used to identify AGN emission. For
example, Stern et al. (2012) identified a threshold based on
W1−W2 > 0.8, which selects the most luminous AGN,
whereas Satyapal et al. (2014b) used W1−W2 > 0.52 (which
is more inclusive, but more contaminated by strong star-
burst galaxies). To exclude contamination from strong star-
burst galaxies in the mid-IR band, Satyapal et al. (2018) per-
formed simulations combining two different WISE colours
(W1−W2 versus W2−W3, where W3 is the WISE 11.6 µm
magnitude), finding that, unlike starburst galaxies, AGN tend
to occupy a precise region in the W1−W2 versus W2−W3
colour diagram (see Figure 1). We then chose the latter cri-
terion to select AGN amongst the X-ray-detected galaxies.

To summarise, we considered an X-ray-detected galaxy to
be an AGN when: (a) it had an observed X-ray luminos-
ity above 1042 erg s−1 or (b) it had an observed X-ray lumi-
nosity above 1040 erg s−1 and satisfied the mid-IR criterion of
Satyapal et al. (2018). In this way, we found that 300 galax-
ies satisfied the above criteria (see Figure 1), and we classi-
fied them as AGN (whose number thus increases from 1733
to 2033, see Figure 2). Through this selection, we recov-
ered all AGN from De Rosa et al. (2023), except four. These
four AGN were not selected using our criteria for two pos-
sible reasons: (1) the source is not included in the MORX
catalogue (J094554.4+423818 and J103855.9+392157), or (2)
it shows an X-ray luminosity below our imposed threshold
(J015235.2−083233 and J163103.4+395015). However, since
all four previous sources are classified as AGN in De Rosa et al.
(2023) based on their multi-wavelength diagnostics, we included
them in our sample. After all these steps, we obtain a total of
2037 X-ray AGN and 94 732 inactive galaxies.

2.2. Pair selection

We selected dual AGN and AGN-galaxy pair samples by com-
puting the angular separation between the nuclei, converting
it into a projected spatial separation using the redshift, and

Fig. 1. WISE W1−W2 versus W2−W3 colour diagram used to select
AGN amongst galaxies in MORX. The region identified by the black
solid lines is the AGN region according to Satyapal et al. (2018).
Squares and faded circles represent the galaxies that passed or did not
pass the AGN test described in Section 2.1, respectively. Cyan, red, and
yellow squares represent sources with log10(L(2−10 keV)/erg s−1) =
40−42, 42−43, and 43−45, respectively.

imposing a maximum rp of 100 kpc and a velocity offset ∆v <

300 km s−1 (∆z < 10−3). This criterion yields a total of 80 X-ray
AGN in pairs (40 pairs), and 46 of them (23 pairs) appeared to
be newly identified (Hou et al. 2020; De Rosa et al. 2023). The
number of AGN-galaxy pairs is 122. We also identified a control
sample of inactive galaxy pairs to compare the statistical proper-
ties of AGN and non-AGN pairs. Using the same thresholds for
rp and ∆z, we find 2930 inactive galaxies in pairs.

2.3. Final samples

We summarise the selection of AGN-AGN, AGN-galaxy,
galaxy-galaxy, and isolated AGN samples as follows (see
Figure 2):

– AGN-AGN sample (AA): 80 AGN (40 pairs).
– AGN-galaxy sample (AG): 122 AGN (122 pairs).
– Total AGN pairs sample (TS): 202 AGN (162 pairs). We used

this sample when referring to the total number of AGN in
pairs (AA+AG).

– Galaxy-galaxy sample (GG): 2930 galaxies (1465 pairs).
This is the control sample of non-AGN galaxy-galaxy pairs.

– Parent sample (PS): this is the sample of isolated AGN,
obtained as the difference between the total number of X-
ray AGN in MORX and the number of AGN found in pairs,
for a total of 1835 isolated AGN.

Figure 3 shows the resulting numbers of AGN in the AA, AG,
and PS samples. On average, we find that the fraction of AGN
with a companion (either another AGN or a galaxy) is ∼10%: the
fraction of AGN in AGN-galaxy pairs and in AGN-AGN pairs
is ∼6% and ∼4%, respectively (see the table in Figure 3). We
defined three different merger stages depending on the separa-
tion between the nuclei: late (rp < 30 kpc), middle (30 kpc <

rp < 60 kpc), and early (rp > 60 kpc) stage of merger1. We

1 This is a simplified distinction, since we do not consider the complete
merger history of the two galaxies.
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Fig. 2. Sample selection steps and final numbers of AGN and galaxies
in pairs.

chose the merger stages based on previous observational stud-
ies (e.g. Koss et al. 2012; De Rosa et al. 2023) and simulations
(e.g. Capelo et al. 2015) on dual AGN, which found that galaxy
merger becomes relevant for AGN properties when rp . 30 kpc.
Amongst the pairs in the TS, 94 (∼47%) appear to be in a
late stage of merger, and most (∼70%) are pairs selected with
Chandra, as expected from its better angular resolution. The
average redshift value for AGN in the AA, AG, and PS sam-
ples are ∼0.04, ∼0.03, and ∼0.05, respectively (Figure 4 shows
the redshift distributions as blue, red, and grey histograms for
the AA, AG, and PS samples, respectively).

3. Data reduction and spectral analysis

Our study includes a combined X-ray and optical spectral anal-
ysis of the AA pairs, complemented by an X-ray analysis of the
AG pairs. For the AGN in the PS, we also derived the relevant
X-ray properties using HR estimates. The results of the X-ray
and optical spectral analysis are shown in Table A.1 and A.2,
respectively.

3.1. X-ray

For AGN in the AA sample, we extracted XMM-Newton (Chan-
dra) X-ray spectra for AGN in pairs with at least ∼50 (∼10)
counts in the 0.2−12 keV (2−8 keV) EPIC PN (ACIS-S) band.
For AGN in the AG sample, given the larger number of sources,
we used the spectra available from the XMM-Newton and Chan-
dra archives. We obtain a total of 52 of 80 available X-ray spectra
of dual AGN (XMM-Newton+Chandra) and 71 of 122 (XMM-
Newton+Chandra) X-ray spectra of AGN in the AG. Amongst
dual AGN, 44 (22 pairs) are AGN for which we extracted the
spectrum for both nuclei of the pair. For the AGN studied in
De Rosa et al. (2023), we used the results derived from their
spectral analysis. We used the Science Analysis System (SAS)
software V17 (SAS Development Team 2014) for the XMM-
Newton data reduction and the Chandra Interactive Analysis of
Observations (CIAO) software V4.16 (Fruscione et al. 2006) for
the Chandra data reduction. We applied cuts above 10 keV to

Fig. 3. Sample selection results. The table shows the fractions of AGN
in pairs (relative to the total number of AGN), considering all AGN with
a galaxy companion and all AGN with an AGN companion. The plot
shows the number of isolated AGN (PS), AGN with a galaxy companion
(AG), and AGN with an AGN companion (AA) in grey, red, and blue,
respectively.

Fig. 4. Redshift distribution of the AGN in the AA (blue histogram), AG
(dashed red histogram), and PS (shaded grey histogram). The fraction
is computed as the number of AGN in a given redshift bin relative to the
total number of AGN in the given sample.

exclude the flaring particle background for XMM-Newton. We
extracted spectra from regions with aperture radii of at least
∼20′′ and ∼1′′ for XMM-Newton and Chandra, respectively, to
include at least 80% of the source counts at ∼1.5 keV for both
instruments, given their encircled energy fraction. We extracted
source and background regions using the same radius, with the
background region selected to avoid contamination from the
source. We analysed all spectra using the Xspec V12.14 soft-
ware (Arnaud 1996) using a χ2 statistic when spectra had at
least 100 (60) net counts in the 0.2−12 keV (0.5−8 keV) band for
XMM-Newton (Chandra), and using a Cash statistic (Cash 1979;
Wachter et al. 1979) when net counts were lower. When using
the χ2 statistic we required at least 20 (15) counts in each bin for
XMM-Newton (Chandra). We assumed the following baseline
model (BLM) for the X-ray emission of our AGN:

– a primary X-ray emission of the AGN corona in the
2−10 keV band due to the comptonisation of photons from
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the accretion disc of the SMBH (Haardt & Maraschi 1993;
Haardt et al. 1994; Ursini et al. 2023; Gianolli et al. 2023).
This component can be described by a power law;

– an absorption component from neutral gas with a column
density NH, which obscures the primary AGN emission;

– a soft X-ray emission, below ∼2 keV, approximated with a
power law in most spectra. For obscured AGN, this com-
ponent could be attributed to emission from the narrow-line
region (see, e.g. Bianchi et al. 2019), scattering of the pri-
mary emission of the AGN (Ueda et al. 2007), or star for-
mation in the host galaxy (Ranalli et al. 2002); for unob-
scured AGN, this component could be attributed to reflection
processes from the inner parts of the accretion disc and/or
absorption from an outflowing warm gas (Miniutti & Fabian
2004; Gierliński & Done 2004; Chen et al. 2025);

– an absorption due to the Milky Way column density along
the line of sight (HI4PI Collaboration 2016).

Therefore, our BLM in Xspec is TBabs×(zTBabs×powerlawH +
powerlawS), which has the form

f (E) = e−NGal
H σ

(
e−NHσKH E−ΓH

+ KS E−ΓS )
,

where NGal
H is the hydrogen column density of the Milky

Way, σ is the photoelectric absorption cross-section
(Balucinska-Church & McCammon 1992), NH is the hydrogen
column density obscuring the AGN, K is the normalisation
of the power law at 1 keV, and Γ is the photon index of the
power law. The superscripts H and S refer to the hard (primary,
2−10 keV) and soft (<2 keV) components, respectively. For 18
spectra, we only required one power law to model the data.
In ten sources, the spectrum showed evidence of reflection
features believed to be produced by reprocessing of the primary
AGN emission from the molecular torus (Antonucci 1993;
Jaffe et al. 2004; Meisenheimer et al. 2007; Raban et al. 2009),
the broad-line and narrow-line regions (Bianchi et al. 2008;
Ponti et al. 2013), or the accretion disc (George & Fabian 1991;
Matt et al. 1991). Such features usually appear as emission line
components, such as the Fe Kα line at 6.4 keV and a Compton
hump above ∼10 keV, peaking at ∼30 keV. In such cases,
we added the Fe Kα line as a Gaussian profile and used the
pexrav model in Xspec to reproduce only the reflection com-
ponent above ∼10 keV. The pexrav model is an exponentially
cut-off power-law spectrum reflected from a neutral material
(Magdziarz & Zdziarski 1995). When a simple power-law
model was not sufficient to reproduce the soft X-ray emission,
we used the Mekal model as an additive component. This
model is an emission spectrum of hot diffuse gas that includes
several emission lines (Mewe et al. 1985, 1986; Liedahl et al.
1995). When performing the fits, we typically allowed ΓH and
NH to vary, while the value of ΓS was usually fixed to that of
ΓH . When it was not possible to simultaneously estimate ΓH

and NH, or their associated errors, we fixed the photon-index
value to a typical value of 1.9, as observed in large populations
of local AGN (Nandra & Pounds 1994; Bianchi et al. 2009;
Akylas & Georgantopoulos 2021).

3.2. Optical

For the optical analysis, we considered dual AGN in the AA
sample for which both nuclei have an optical spectrum from
SDSS DR16: 46 AGN in 23 of the 40 pairs in the GS. This choice
was motivated by the goal of comparing the properties of the two
BHs in each pair, as described in Section 4. We analysed the opti-
cal spectra using the penalised pixel-fitting (pPXF) method by

Cappellari (2017), which allows fitting of stellar kinematics and
gas optical emission lines. For the stellar population, we used
the E-MILES templates (Vazdekis et al. 2016). When perform-
ing the fits, we chose the noise level to obtain χ2/d.o.f. ∼ 1 for
each spectrum, assuming constant noise per pixel. For the fitting
procedures, we treated the stellar models and gas emission lines
as separate components. The emission-line components include
the narrow Balmer and [OIII]5007 Å lines, which we used to
estimate the bolometric luminosities of sources without X-ray
spectral analysis, as described below. Since all sources except
one (J103853.29+392151.12) show only narrow emission lines,
we used the stellar velocity dispersion (σ∗) obtained from fitting
the stellar kinematic component to estimate the BH mass. To do
this, we used the relation from McConnell & Ma (2013):

log10

(
MBH

M�

)
= (8.32± 0.05) + (5.64± 0.32) log10

(
σ∗

200 km s−1

)
.

(1)

Using these mass estimates, we derived the corresponding
Eddington (1916) luminosity (LEdd) of each AGN in the 23 pairs
with an optical spectrum. We then estimated their bolometric
luminosity (Lbol), which is required to compute the Edding-
ton ratio (λEdd, defined as Lbol/LEdd). We adopted the bolomet-
ric correction factor from Duras et al. (2020), which uses AGN
X-ray luminosity, for the AGN which also had X-ray spec-
tral analysis. When the AGN counts were too low to allow
X-ray spectral extraction and analysis (see Section 3.1), we
used the bolometric luminosity estimate from Netzer (2009),
which requires the narrow Hβ and [OIII]5007 Å fluxes and
the extinction-corrected Hβ luminosity (described below). The
observed fluxes and luminosities cited above were measured
by fitting the gas emission lines with pPXF. Additionally, to
correct the Hβ luminosity, we estimated the dust reddening
correction E(B−V) using the extinction law of Cardelli et al.
(1989), assuming a dust screen and Case-B recombination
at a gas temperature of 104 K (Osterbrock & Ferland 2006).
For one AGN without X-ray spectral analysis (J011832.8–
000936), the SDSS spectrum shows a gap between ∼6200 Å
and ∼7000 Å, where the Hα line lies. Thus, for this source, we
corrected the Hβ luminosity considering the mean E(B−V) ∼
0.3 value in our sample. For sources with both X-ray and
optical information, the derived bolometric luminosities are
consistent.

4. Results

In this section, we present the main results of our selection and
analysis. In particular, we focus on the absorption properties of
dual AGN in the AA and AG samples (Section 4.1) and their
triggering mechanisms (e.g. luminosity and accretion properties;
Section 4.2). We computed all uncertainties on fractions using
binomial errors. When we computed the fractions using values
from spectral analysis (e.g. NH), we propagated the uncertainties
by considering the binomial error and the error derived from the
spectral analysis.

2 Our mass measurement for this source is consistent, within the uncer-
tainties, with that obtained in De Rosa et al. (2018) using single-epoch
mass estimates.
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Fig. 5. Fraction of absorbed (NH ≥ 1022 cm−2) AGN in the AA sample
(blue data) and AG sample (red data) in bins of 0−30 kpc (late stage
of merger), 30−60 kpc (middle stage of merger), and 60−100 kpc (early
stage of merger). Fractions are computed as Nabs

bin /N
tot
bin, where Nabs

bin and
N tot

bin are the numbers of AGN with NH ≥ 1022 cm−2 in the given bin
and the total number of AGN in that bin, respectively. For AGN in the
AA and AG samples, the fractions are computed using NH from spectral
analysis, while for AGN in the PS (dashed, horizontal line) the fraction
is estimated as a lower limit through XMM-Newton HR3 and HR4.

4.1. Absorption properties

4.1.1. Absorption properties from spectral analysis

One of the main goals of our work was to study the absorp-
tion properties of AGN in pairs in the AA and AG samples,
and to compare them with those of isolated AGN in the PS.
Using spectral analysis, we measured the column density of 52
and 71 AGN in the AA and AG, respectively. We find frac-
tions of absorbed AGN (NH ≥ 1022 cm−2) of 61 ± 7% in the
AA sample and 51 ± 8% in the AG sample, while the frac-
tion of Compton-thick (CT; NH > 1024 cm−2) AGN is 8 ± 4%
(4 ± 2%). Our classification of obscured and unobscured AGN
is robust against the presence of NH upper and lower limits
derived from spectral analysis. Specifically, all lower limits are
associated with obscured sources, while all upper limits corre-
spond to unobscured sources, ensuring that the relative fractions
remain unchanged. The fractions found for dual AGN agree well
with previous studies on dual AGN (Koss et al. 2011; Ricci et al.
2017a, 2021; De Rosa et al. 2023) and are generally higher than
the fractions of Compton-thin AGN found in samples of isolated
AGN using other surveys (e.g. ∼45% using BAT, Krimm et al.
2013; Ricci et al. 2015). The fraction of CT AGN in pairs found
in our study (and similarly the ∼16% reported by De Rosa et al.
2023) is lower than that reported in some studies of isolated
AGN. For example, Boorman et al. (2025) studied a homoge-
neous sample of isolated AGN (z < 0.044) using the NuS-
TAR (Harrison et al. 2013) local AGN NH distribution survey
(NULANDS), finding a fraction of ∼35% of CT AGN. It is
worth noting that estimating such obscuration regimes is highly
challenging when using instruments such as XMM-Newton and
Chandra. In fact, when NH & 1024 cm−2, the primary compo-
nent of the AGN is suppressed up to 10 keV, which is the energy
limit accessible with XMM-Newton and Chandra at z < 0.1.
Thus, the fraction of CT AGN in pairs we found in this anal-

ysis should be regarded as a lower limit. To investigate a pos-
sible evolution of the obscuration with merger stages in AGN
pairs, we estimated the fractions of obscured AGN (consider-
ing only those with a measured NH) in bins of projected spa-
tial separations rp (see Figure 5). We computed the fractions as
Nabs

bin /N
tot
bin, where Nabs

bin and N tot
bin are the number of absorbed AGN

and the total number of AGN in the given bin, respectively. We
chose bins of <30 kpc (late stage of merger), 30−60 kpc (mid-
dle stage of merger) and 60−100 kpc (early stage of merger).
For AGN in the AA sample (blue data points in Figure 5), we
find that the fraction of absorbed AGN is higher at the smallest
separations (0−30 kpc and 30−60 kpc), where it reaches ∼70%
for AA AGN in the late stage of merger. Conversely, in the
early stage of merger, the fraction of absorbed AGN is sig-
nificantly lower, at ∼30%. Moreover, the fraction of obscured
AGN in the late stage of merger is significantly higher than the
fraction of obscured isolated AGN in the PS estimated through
the HR (although we stress that the latter fraction remains a
lower limit; see Section 4.1.2). For the AG sample, the error
bars prevent us from identifying a clear trend in the obscured
fraction with separation (red data points in Figure 5). How-
ever, there is marginal evidence for an increase in the obscured
AGN fraction across the merger stages, although it is slightly
lower than that observed for the dual-AGN sample. A similar
result for AGN paired with galaxies has also been identified in
previous studies using X-ray data (e.g. Guainazzi et al. 2021,
where NH increases as rp decreases). These findings suggest that
mergers affect AGN obscuration, likely through increased gas
fuelling within the two galaxies, as expected from simulations
(Hopkins et al. 2006; Capelo & Dotti 2017; Blecha et al. 2018;
Volonteri et al. 2022; for a recent review, see Capelo et al. 2023)
and as found in previous studies on dual AGN (De Rosa et al.
2015; Kocevski et al. 2015; Ricci et al. 2017b; Satyapal et al.
2017; De Rosa et al. 2018; Pfeifle et al. 2019; Guainazzi et al.
2021; Ricci et al. 2021).

4.1.2. Absorption properties from the HR

To estimate the fraction of Compton-thin AGN in the PS and
to compare it with the fractions derived from the spectral anal-
ysis of the AA and AG samples, we carried out XMM-Newton
simulations in Xspec. These simulations quantify the correlation
between HR3 (energy bands 1−2 keV and 2−4.5 keV) and HR4
(energy bands 2−4.5 keV and 4.5−10 keV) and the column den-
sity NH. We describe the simulations in detail in Appendix B.
We used HR3 values to distinguish between unobscured and
obscured AGN, while we used HR4 to identify highly obscured
AGN (NH = 1023−1024 cm−2) that could be missed using only
‘soft’ HR3. From the simulations (described in Appendix B; see
Figure B.1), we consider sources having HR3> 0 and HR4> 0.2
as absorbed with NH > 1022 cm−2 and highly absorbed with
1023 ≤ NH/cm−2 ≤ 1024, respectively. In the PS, 949 AGN are
detected with XMM-Newton and have HR3 and HR4 available
from the catalogue. Using the HR3 and HR4 thresholds above,
we find that &44% of AGN in the PS sample are absorbed.
This fraction (although a lower limit) is consistent, within the
error bars, with the fraction of obscured AGN in the early stage
of merger found in the AA and AG samples through spec-
tral analysis. Moreover, this result is also consistent with the
fraction (∼45%) of Compton-thin isolated AGN found in BAT
(Krimm et al. 2013; Ricci et al. 2015), as previously mentioned.
We stress that even combining HR3 and HR4 values does not
allow reliable identification of CT AGN. Thus, these fractions
should be considered as lower limits. However, the same bias
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in identifying CT AGN also arises in the spectral analysis when
using XMM-Newton and Chandra, as already discussed. This
yields broadly comparable results between spectral analysis and
HR-based estimates.

4.2. AGN triggering

4.2.1. Fraction of AGN in pairs

To investigate the triggering mechanisms of AGN in pairs, we
first examine the AGN fractions derived from our sample selec-
tion. As mentioned in Section 2, we find a fraction (NAGN

pair /N
AGN
tot )

of AGN in pairs (including both dual AGN and AGN-galaxy
pairs) of ∼10% of all X-ray-selected AGN below 100 kpc (4%
for late-stage mergers, i.e. for separations below 30 kpc). Within
this fraction, ∼4% (∼2% for late-stage mergers) are dual AGN
(see Figure 3). These fractions are in agreement with previous
studies of dual AGN in the X-ray band at low redshift (e.g.
He et al. 2023). To investigate the connection between AGN
activity and galaxy mergers, we quantified the excess of AGN
pairs in the TS relative to the incidence of galaxy pairs in the
GG sample. We computed the excess in bins of projected sepa-
ration with a width of 20 kpc. For each bin in rp, we defined the
excess as fAGN/ fgal, where fAGN and fgal represent the fractions
of AGN and galaxies in pair in that separation bin, respectively.
We calculated these fractions as

fAGN =
NAGN,TS

bin

NAGN
tot

, fgal =
Ngal,GG

bin

Ngal
tot

,

with NAGN,TS
bin and Ngal,GG

bin being the number of AGN and galax-
ies in pairs within the corresponding rp bin. We evaluated the
excess considering, for both NAGN,TS

bin and NAGN
tot : the total num-

ber of AGN, the number of obscured AGN, and the number of
unobscured AGN. For the latter two, we considered the obscu-
ration found through X-ray spectral analysis for AGN pairs, and
HR-based estimations for isolated AGN, see Section 4.1. The
total number for galaxies is Ngal

tot = 94 732, so that fgal is con-
stant (in the corresponding bin) for all three groups of AGN
(total, obscured, and unobscured). Instead, NAGN

tot depends on
the AGN classification used to evaluate the excess and corre-
sponds to 2037 for all AGN, 874 for obscured AGN, and 1083
for unobscured AGN. All total numbers include both paired
and isolated AGN (or galaxies). Figure 6 shows the AGN-pair
excesses. We find an average excess of ∼3 for all AGN (obscured
and unobscured) with respect to galaxies in pairs. That sug-
gests that AGN are, on average, more common than inactive
galaxies when in pairs. However, the excess for the total AGN
sample in TS does not show a significant trend with separa-
tion (Spearman ρ ∼ −0.4, p-value ∼0.5; see the purple line in
Figure 6). If we separate the excess for obscured and unobscured
AGN (red and blue lines in Figure 6, respectively), a significant
increase in the excess with decreasing rp is found for obscured
AGN (with Spearman ρ ∼ −0.9, p-value ∼0.04). The same
trend is not observed for unobscured AGN. This suggests that
obscured AGN are more common in pairs with respect to galax-
ies, especially at the smallest separations, as expected from sim-
ulations (Capelo et al. 2017). These results are consistent with
the higher fraction of obscured AGN at the smallest separations
found from X-ray spectral analysis (see Figure 5), and suggest
that galaxy mergers may play an important role in triggering
AGN activity and enhancing nuclear obscuration. Similar results
have been reported in other studies on AGN in pairs (Gao et al.
2020; Ellison et al. 2025), which find an increase in narrow-line

Fig. 6. Excess of AGN pairs in TS with respect to galaxy pairs (GG) as
a function of the projected spatial separation. The excess is defined as
fAGN/ fgal, where fAGN is the fraction of AGN in pairs in a given bin rela-
tive to the total number of AGN (pairs plus isolated), and fgal is defined
analogously for galaxy pairs. The purple line represents the excess for
all AGN in TS, whereas the red and blue lines show the AGN excess for
obscured and unobscured AGN, respectively, based on the results from
the X-ray spectral analysis. The horizontal black dashed line represents
the no-excess case.

and mid-IR-selected AGN excess with decreasing rp that peaks
shortly after the coalescence phase).

4.2.2. AGN luminosity and accretion

Obscured AGN in pairs tend to lie at the smallest separations
(see Section 4.2.1 and Figure 5). This suggests that, at close sep-
arations, galaxy nuclei may experience enhanced gas inflows,
increasing the amount of material available to fuel SMBH accre-
tion. In this scenario, AGN activity may be more efficiently
triggered when the nuclei are closer together, leading to higher
intrinsic luminosities. To investigate this behaviour, we tested
whether dependencies exist between the AGN bolometric lumi-
nosity (Lbol), BH mass (MBH), and Eddington ratio (λEdd) as a
function of rp. For each quantity X (with X = Lbol,1, Lbol,2, MBH,1,
MBH,2, λEdd,1, or λEdd,2, where 1 and 2 refer to the more massive
(primary) and less massive (secondary) BH of each pair, respec-
tively), when a correlation with projected separation was identi-
fied using a Spearman test, we searched for a linear correlation
using the following:

log10 (X) = α ·

(
rp

100 kpc

)
+ β, (2)

where α and β (and their associated errors) were estimated
from the fit. Table 1 summarises the best-fit parameters. In
our sample, the source J085125.8+393541 is an intermediate-
mass BH (IMBH) in an early stage of merger (diamond data
point in the left-hand panels of Figures 7 and 8), with a BH
mass log10(MBH/M�) = 4.6 ± 0.6. This source has been stud-
ied in previous works and was found to be hosted in a dwarf
galaxy of stellar mass log10(M∗/M�) = 9.41 and to host a BH
mass with mass log10(MBH/M�) = 5.4 (Reines et al. 2013), esti-
mated using the full width at half maximum (FWHM) of the Hα
line and its luminosity following the approach of Greene & Ho
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Fig. 7. Bolometric luminosity and Eddington ratio as a function of projected spatial separation. Top left: Bolometric luminosity of BH2 as a
function of projected spatial separation. The dashed red line and shaded yellow band represent the best-fit relation and its uncertainty region at
±3σ. Top right: Bolometric luminosity of BH1 as a function of projected spatial separation. Bottom left: Eddington ratio of BH2 as a function of the
projected spatial separation. The dashed red (dotted black) line and the shaded yellow (grey) area represent the best-fit relation and its uncertainty
region at ±3σ, including (excluding) the IMBH J085125.8+393541. Bottom right: Eddington ratio of BH1 as a function of the projected spatial
separation.

(2005) and Bentz et al. (2013). Moreover, this source was also
classified as an AGN using a luminosity-based X-ray method
Wasleske & Baldassare (2024). Given the peculiar nature of this
AGN, we treated it as an outlier in our correlation tests.

When considering the more massive BH (BH1) and the less
massive one (BH2) separately, we find a clear anti-correlation
between the bolometric luminosity of BH2 and rp (see the top
left-hand panel of Figure 7), with a Spearman coefficient ρ ∼
−0.77 and a p-value of ∼2 × 10−5. Conversely, the bolometric
luminosity of BH1 (Lbol,1) remains approximately flat during the
merger phases (see the top right-hand panel of Figure 7), with
ρ ∼ −0.23 and a p-value of ∼0.29, indicating no correlation3.
Given the significance of the correlation for Lbol,2 with rp, we
then searched for a linear relation using Equation (2). The linear
fit between log10 (Lbol,2) and rp yields

log10

(
Lbol,2

erg s−1

)
= (−2.2 ± 0.4) ·

(
rp

100 kpc

)
+ (44.60 ± 0.24), (3)

3 For Lbol,2 we omit the results obtained when excluding the outlier, as
the correlation significance shows no appreciable changes.

with a standard deviation of σres = 0.56 dex. This shows that
in the late merger stages, AGN could reach luminosities more
than three orders of magnitude higher than those in early stages.
Moreover, there is no evidence for increasing BH mass with
decreasing rp for either BH1 and BH2 (Spearman coefficients
ρ ∼ −0.01 and ρ ∼ −0.11, respectively), as shown in the
left-hand panel of Figure 8. This suggests that the increase in
bolometric luminosity of BH2 is not driven by a systemati-
cally higher-mass BH population at the smallest separations,
but instead may reflect enhanced accretion triggered by nuclear
interaction, in agreement with De Rosa et al. (2023). This result
shows that galaxy mergers in our sample play a role in trigger-
ing AGN activity in the most luminous AGN. The top left-hand
panel of Figure 7 shows the best-fit for Lbol,2 and its uncertainty
region at ±3σ as a dashed red line and a shaded yellow band,
respectively.

To exclude possible biases in relation (3) due to selection
effects at the smallest separations, we performed simulations
to quantify the number of potentially missing low-luminosity
AGN in our sample. This is particularly relevant for the late-
stage merger regime, where a higher fraction of obscured AGN
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Fig. 8. Left-hand panel: mass of BH1 (blue squared data-points) and BH2 (black circled data-points) for AGN in the AA as a function of the
projected spatial separation. Right-hand panel: Eddington ratio of the more massive BH of the pair versus the Eddington ratio of the less massive
BH, computed through the spectral analysis. The red dashed line is the 1:1 relation. The blue and green histograms show the distribution (in terms
of number of sources N) of log10 (λEdd,1) and log10 (λEdd,2), respectively. For both panels, the diamond data point is the IMBH J085125.8+393541.

is expected, as described in Sections 4.1 and 4.2.1. This could
lead to a lack of low-luminosity AGN that are not detected
with XMM-Newton and Chandra, because their X-ray fluxes
are below the sensitivity limit of the available observations (see
Section 2.1). Our simulations (described in detail in Appendix C)
revealed that the potential lack of low-luminosity AGN (relative
to all detected AGN in the same bin of rp) corresponds to less
than ∼8% in the late and middle merger stages and less than
∼5% in the early stage. This is visible in Figure C.1, where the
increase in bolometric luminosity in the first rp bin after impos-
ing flux cuts to match our observed sample is marginal and not
significant (less than 0.1 dex). This further test suggests that the
anti-correlation between log10 (Lbol,2) and rp is due to physical
mechanisms occurring during the merger and not to a selection
effect.

To investigate the way through which two galaxies in a
pair co-evolve, we examined the Eddington ratios of our dual
AGN, a parameter which is crucial to study the accretion
properties of the SMBH (Salpeter 1964; Lynden-Bell 1969;
Shakura & Sunyaev 1973; Soltan 1982; Rees 1984) and its
growth (Heckman et al. 2004; Aird et al. 2012). First, we com-
pared the Eddington ratios between the more massive SMBH
(λEdd,1) and the less massive SMBH (λEdd,2) within each pair. As
was also found in previous studies (e.g. Bernhard et al. 2018;
Aggarwal 2024), the less massive BH of each pair shows, in
the vast majority of cases, the highest λEdd, which is indicative
of a higher accretion occurring in the less massive SMBH (see
Figure 8). In fact, what arises when comparing sources 1 and 2 is
the different peak of the respective Eddington ratio distributions
(see the blue and green histograms in Figure 8). The mean values
for 〈log10 (λEdd,1)〉 and 〈log10 (λEdd,2)〉 are ∼−3.1 and ∼−1.8, with
standard deviation σstd = 1.07 and σstd = 1.05, respectively.

To investigate whether mergers impact accretion onto
SMBHs in pairs, we searched for a dependence of the Edding-
ton ratios on the projected spatial separation between the two
nuclei of each pair. As a result, in Figure 7, the Eddington ratios

of sources two and one (bottom left-hand and bottom right-hand
panels, respectively) are shown as a function of the projected
spatial separation of the pair. Figure 7 shows an increase in λEdd,2
as the separation between the two nuclei decreases. In contrast,
the Eddington ratios of source one do not show this trend occur-
ring during the merger phases. This agrees with the increase
in bolometric luminosity of source two with decreasing rp, and
with the flat log10(Lbol,1)−rp relation shown in the top panels of
Figure 7. Considering that most mergers in our dual-AGN sam-
ple are minor mergers (i.e. MBH,2/MBH,1 ≤ 0.25), this result
agrees with the hydrodynamical simulations by Capelo et al.
(2015). In those simulations, a clear dependence of bolometric
luminosity and Eddington ratio on separation is observed, espe-
cially for minor mergers, albeit at different length scales, with
the decrease confined to .10-kpc scales. Not accounting for
several other possible differences between observed and simu-
lated galaxies (e.g. morphology, environment, and orbital param-
eters), we note that the mass of the simulated BHs was in the
range 0.4−4 × 106 M�, whereas the observed BHs mostly lie in
the range ∼107−109 M� (see the left-hand panel of Figure 8),
approximately two orders of magnitude more massive. Assum-
ing that the galactic mass also increases by a similar factor (e.g.
Reines & Volonteri 2015) and adopting a simple mass-radius
quadratic relation (e.g. Schulz 2017), we infer galactic sizes
larger by a factor of ∼10. Assuming that a galaxy is significantly
perturbed only when the separation R between the two galax-
ies (of masses m and M, with m < M) is on the order of the
tidal radius (rtidal ' R(m/3M)1/3, for m � M), and adopting the
same galaxy mass ratio as in Capelo et al. (2015), we surmise
that simulations of these larger systems would show interac-
tions between the two galaxies starting (and progressing; includ-
ing the hydrodynamical torque effects caused by the expanded
ram-pressure shock region, see Capelo & Dotti 2017) at larger
distances, by a factor of ∼10. This would stretch the simulated
luminosity-distance relation by the same factor and thus resem-
ble the observed relation.
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Table 1. Best-fit results correlating Lbol, MBH, and λEdd with rp for BH2 and BH1 (using Equation 2). For λEdd,2, results include and exclude the
outlier (out.) IMBH J085125.8+393541.

X (a)α (b)β (c)σres
(d)ρ (e) p-value (f)Mean

(dex)

Lbol,2 −2.2 ± 0.4 44.60 ± 0.24 0.560 −0.77 2 × 10−5 2 × 1044 erg s−1

∗Lbol,1 – – – −0.22 0.11 4 × 1043 erg s−1

∗MBH,2 – – – −0.15 0.49 7.8 × 107 M�
∗MBH,1 – – – −0.02 0.94 3.4 × 108 M�
λEdd,2 (out.) −1.8 ± 0.6 −0.92 ± 0.38 0.897 −0.52 0.01 −1.8
λEdd,2 (no out.) −2.3 ± 0.6 −0.78 ± 0.33 0.765 −0.67 7 × 10−4 −1.9
∗λEdd,1 – – – −0.16 0.46 −3.1

Notes. (a, b) Slope and intercept of the best-fit relation; (c) Standard deviation; (d) Spearman or Pearson coefficient. For parameters for which a
linear best-fit was found, ρ corresponds to the Pearson coefficient, while for parameters with no correlation with rp it corresponds to the Spearman
coefficient (these parameters are marked with ∗); (e) p-value; (f) Mean value of the quantity.

The Spearman test between λEdd,1, λEdd,2, and rp indicates
a moderate anti-correlation between λEdd,2 and rp (both includ-
ing and excluding the outlier), which is not found for λEdd,1 and
rp (see Table 1). By fitting the λEdd,2−rp relation using Equa-
tion (2), we find a linear anti-correlation when including the
outlier IMBH J085125.8+393541, with a Pearson coefficient of
ρ ∼ −0.52 and a standard deviation σres = 0.897 dex, with a p-
value of ∼0.01. If the outlier is excluded, we obtain ρ ∼ −0.67,
σres ∼ 0.765, and a p-value of ∼7 × 10−4 (see Table 1). In the
following, we show only the best-fit relation for log10 (λEdd,2)
versus rp obtained by excluding the outlier point, since it is con-
sistent with the result including the outlier and provides higher
statistical significance:

log10 (λEdd,2) = (−2.3 ± 0.6) ·
(

rp

100 kpc

)
+ (−0.78 ± 0.33). (4)

The bottom left-hand panel of Figure 7 shows the best fit for
λEdd,2 and its uncertainty region at ±3σ as a dashed red line and
a shaded yellow band, respectively, if we consider the outlier.
We also show the best fit and uncertainty region for λEdd,2 as a
dotted black line and shaded grey band in the bottom left-hand
panel of Figure 7, if we exclude the outlier. This result suggests
that accretion processes for the less massive SMBH may become
stronger as it approaches its more massive companion. Such
accretion processes may be triggered by gas inflow onto the less
massive SMBH induced by gravitational and hydrodynamical
torques from the more massive companion. This scenario agrees
with the higher obscuration found in late-stage mergers from the
X-ray spectral analysis (see Section 4.2.1), assuming that part of
the gas that is obscuring the nucleus also fuels SMBH accretion.
These findings agree with hydrodynamical simulations of galaxy
mergers, which show that AGN activity and obscuration increase
during the merger stages (Capelo et al. 2015, 2017; Blecha et al.
2018).

5. Summary and conclusions

We investigated the properties of nearby (z < 0.1) X-ray-
selected dual AGN and AGN-galaxy pairs using XMM-Newton
and Chandra (rp = 1−100 kpc, ∆z < 10−3). We performed
spectral extraction and analysis in the X-ray band for 52 AGN
in the AGN-AGN sample and X-ray spectral analysis for 71
AGN in the AGN-galaxy sample, as well as optical spectroscopic
analysis for 46 AGN in the AGN-AGN sample. From multi-
wavelength spectral analysis, we derive key physical quantities

that characterise AGN in pairs, such as the line-of-sight obscu-
ration, bolometric luminosity, and Eddington ratio. We addition-
ally performed a statistical comparison between the dual-AGN
sample and a control sample of inactive galaxies in pairs and
compared the properties of our dual-AGN sample with those of
isolated AGN.

– Amongst all X-ray-selected AGN (see Section 2), ∼10% are
found to be in pairs (with either a galaxy or an AGN as a
companion). The fraction of AGN paired with a galaxy is
∼6%, while the fraction of dual AGN is ∼4% (see Figure 3).
This fraction reduces to ∼2% in late-stage mergers (rp <
30 kpc).

– Using thresholds on XMM-Newton hardness ratios in four
energy bands (HR3> 0 and HR4> 0.2), we find that &44%
of isolated AGN are absorbed with NH > 1022 cm−2. This
fraction should be regarded as a lower limit, since our selec-
tion criteria do not allow identification of the full population
of Compton-thick sources (including those with HR3< 0 and
HR4< 0.2).

– We find that ∼55% of AGN in pairs are absorbed with
NH > 1022 cm−2, with a mean value of ∼1.8 × 1023 cm−2.
This fraction is ∼60% for AGN-AGN pairs and ∼50% for
AGN-galaxy pairs. The fraction of Compton-thick AGN in
pairs is ∼6%. Overall, our results suggest that the fraction
of obscured AGN in pairs is higher than in isolated AGN,
although the comparison remains uncertain because we only
have a lower limit for the fraction of absorbed isolated AGN,
which could therefore be higher than 44%.

– We find that the fraction of absorbed AGN in pairs (NH >
1022 cm−2) increases as galaxy interactions progress. Specif-
ically, the fractions are ∼65% (∼70% for AGN-AGN pairs
and ∼61% for AGN-galaxy pairs) in late merger stages,
∼56% (∼70% for AGN-AGN pairs and ∼45% for AGN-
galaxy pairs) in the middle merger stages, and ∼35% (∼30%
for AGN-AGN pairs and ∼39% for AGN-galaxy pairs) in
early merger stages (see Figure 5). Although we did not find
a clear correlation between NH and the projected spatial sep-
aration, these results indicate that obscuration becomes more
common as galaxy pairs evolve towards late merger stages.

– We quantified the excess of AGN pairs relative to inactive
galaxy pairs in bins of projected spatial separation. In each
bin, the excess is defined as f AGN

bin / f gal
bin , where f AGN

bin and f gal
bin

are the fractions of AGN and galaxy pairs in each bin nor-
malised by the total number of AGN or galaxies in pairs
plus isolated systems (i.e. number of AGN/galaxies in the
bin over the total number of AGN or galaxies in pairs plus
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isolated systems). We estimated the excess for all AGN in
pairs, for only obscured AGN in pairs, and for and only
unobscured AGN in pairs. We find that AGN pairs are more
common than inactive galaxy pairs on average, but we find
a significant correlation between AGN excess and rp only
for obscured AGN (see Figure 6). This suggests that mergers
may impact AGN triggering, especially for obscured AGN,
and reflects the higher obscuration regime for AGN in close
pairs.

– We investigated the relation between the bolometric lumi-
nosity of AGN in AGN-AGN pairs relative to the projected
spatial separation. We find a clear increase in the bolometric
luminosity of the less massive BH in each pair as the inter-
action progresses. Specifically, we find a significant anti-
correlation between Lbol,2 and rp (with a Pearson coefficient
of r ∼ −0.77 and a p-value ∼2 × 10−5, see the top left-hand
panel of Figure 7 and Table 1). We also used simulations
to verify that this anti-correlation is not driven by a possi-
ble bias in AGN selection due to their higher obscuration
at the closest separations (with obscured fractions from our
analysis; see Figure 5), but it could be due to physical mech-
anisms occurring during the merger. This anti-correlation is
not found for the more massive BHs of the pairs (see the
top right-hand panel of Figure 7). These results suggest that
mergers preferentially enhance accretion onto the less mas-
sive BH, leading to more luminous secondary AGN at the
closest separations. The flat trend between BH mass and pro-
jected spatial separation (see the left-hand panel of Figure 8)
suggests that the increase in bolometric luminosity for BH2
is likely due to enhanced accretion processes triggered by
nuclei interaction.

– We find that in most AGN pairs, the less massive BH
accretes at higher Eddington ratio λEdd than its companion
(see Figure 8). There is clear evidence of an increase in the
Eddington ratio of the less massive BH of the pair as the pro-
jected spatial separation between the nuclei decreases (see
the bottom left-hand panel of Figure 7), consistent with the
observed increase in Lbol,2 and the lack of any trend between
MBH,2 and rp. Conversely, the Eddington ratio of the more
massive BH does not increase during the merger phases (see
the bottom right-hand panel of Figure 7). Taken together, our
findings suggest that galaxy interactions in minor mergers
may play an important role in triggering and enhancing AGN
activity in the less massive BH, leading to stronger accretion
and higher luminosity as the nuclei approach each other.

Data availability

The high-level data underlying this article are derived from pub-
lic archives (SDSS, XMM-Newton, and Chandra) through stan-
dard processing and will be shared on reasonable request to the
corresponding author.
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Appendix A: Spectral analysis: tables of results

Tables A.1 and A.2 report the results of X-ray and optical spec-
tral analysis on single sources as described in Section 3.

Appendix B: Hardness ratio simulations

The X-ray HR, defined as (H − S )/(H + S ), being H and S
the counts per second in a hard and in a soft energy band,
respectively, is strictly connected with NH and its variability (e.g.
Severgnini et al. 2012; De Rosa et al. 2023; Cox et al. 2023).
Indeed, the higher the column density is, the more the pri-
mary emission of the AGN is suppressed, mainly decreasing
the counts per second in the softer band, so that HR increases.
Because of the different instrument characteristics, the bands in
which HR is computed are H = 4.5−10 keV, S = 2−4.5 keV
(HR4), and H = 2−4.5 keV, S = 1−2 keV (HR3) for XMM-
Newton, and H = 2−8 keV, S = 0.5−2 keV for Chandra. For
XMM-Newton, HR4 is more sensitive to high obscuration (NH >
1023 cm−2), while HR3 is more sensitive to moderate obscuration
(e.g. the Compton-thin regime, NH = 1022−1024 cm−2). How-
ever, in any band, there is no unique correlation between HR and
NH, since when NH starts to enter the high absorbed regime, HR
starts to decrease again (see Figure B.1).

We performed simulations with Xspec with the aim of deriv-
ing the correlation between XMM-Newton HR3 and HR4 with
NH (that we used to estimate the fraction of absorbed AGN in
the PS). We set the number of simulations to 50,000, in order
to have a high number of data-points. For each simulation, we
generated a fake spectrum from which we extracted the counts
per second in the bands of interest using the BLM described
in Section 3. Each simulated spectrum is created using differ-
ent values for NH, ΓH , ΓS , KH , and KS . NH was varied in order
to have data-points from NH = 1020 cm−2 to NH = 1024 cm−2.
We decided to exclude NH > 1024 cm−2, since in the CT regime
the primary component of the AGN is totally suppressed in
the observed X-ray bands (and, given the low redshift selec-
tion of the candidates, it would be not visible in XMM-Newton
energy range). We varied the ΓH value in the range 1.5−2.2,
based on previous studies of AGN photon index distributions
(Bianchi et al. 2009; Corral et al. 2011; Ge et al. 2022). In the
hard and soft power law, KH and KS were varied in order to
have 0.001 < KS /KH < 0.01. We fixed the Milky Way hydro-
gen column density to NGal

H = 1020 cm−2. Finally, the redshift
was fixed to the mean value for the PS (z ∼ 0.05). This choice
is justified with the fact that although HR evolves with redshift
(Wang et al. 2004), it does not depend on redshift in the range
we are studying. The results of our simulations are shown in
Figure B.1, where the degeneracy in the HR-NH relation is clear,
especially for HR3. Moreover, different values of ΓH and KS /KH

up to NH = 1024 cm−2 produce different curves, as one can notice
looking at the colour-code. Despite the previously described lim-
itations when using HR as a proxy for NH, through our sim-
ulations we found that, depending on the ΓH value, a source
enters the Compton-thin regime for HR3∼−0.2 − 0.1 (left-hand
panel of Figure B.1) and the highly obscured regime (NH >
1023 cm−2) for HR4∼ 0−0.25 (right-hand panel of Figure B.1).
Choosing a typical ΓH = 1.9, we can put a threshold on
HR3≥ 0 and HR4≥ 0.2 to distinguish between un-obscured and
obscured/highly obscured sources, respectively, and use this val-
ues of HR to estimate the fraction of Compton-thin isolated AGN
in the PS.

Appendix C: Simulations for XMM-Newton and
Chandra source detectability

AGN in pairs at close separations (i.e. rp < 30 kpc) were found
to suffer from higher obscuration with respect to that in early
merger stage (see Sections 4.1, 4.2.1). This could mean that
low-luminosity AGN may be not detected by XMM-Newton
and Chandra, especially at the closest separations, if their X-
ray fluxes fall below the detection limit of the available obser-
vations (see Section 2.1) due to a possible high obscuration.
This could consequentially lead to a number of missing low-
luminosity AGN at close separations, resulting in a potential
bias for the correlation between log10(Lbol,2) and rp. In fact,
if such kind of bias were confirmed, this would imply that
the observed linear increase of log10(Lbol,2) with decreasing rp
would be possibly driven by selection effects. To quantify how
a selection bias would affect our dual-AGN sample, we per-
formed simulations in Xspec to reproduce an unbiased popula-
tion of AGN. To this goal, we simulated AGN spectra without
imposing any constraint on the X-ray fluxes, but only requir-
ing that each fake spectrum should satisfy the X-ray definition
to be associated with an AGN source (i.e. intrinsic luminosity
L(2 − 10 keV) ≥ 1040 erg s−1). This ensured us to not exclude
possible sources with X-ray fluxes below 10−15 erg s−1 cm−2 (for
XMM-Newton) and 10−16 erg s−1 cm−2 (for Chandra), which are
the possible missing AGN from our selection (see Section 2.1).
For the simulations, we assumed as fitting model a simple
absorbed power-law, f (E) = e−NHσKE−ΓH

(ztbabs × powerlaw
in Xspec), varying the values of the photon index Γ in the range
1.5 − 2.2, according to previous studies on AGN photon index
distributions (Bianchi et al. 2009; Corral et al. 2011; Ge et al.
2022). The normalisation K was instead varied in order to have
1040 erg s−1 ≤ L(2 − 10 keV) ≤ 1043 erg s−1 (to match the intrin-
sic luminosities of our sample), depending on the simulated NH
value (described below). We used this X-ray luminosity to esti-
mate the bolometric luminosity of each AGN using Duras et al.
(2020). The redshift values for the ztbabs component were var-
ied in the range of our selection (0.01 . z < 0.1). We then
included the effect of obscuration based on our results described
in Section 4.1: we simulated three sets of data points in which
we required the fraction of absorbed AGN to be 70%, 70%,
and 30%, corresponding to the late, middle, and early stage of
merger, respectively (see Figure 5). The value of rp for each
simulated AGN was randomly assigned in each bin of separa-
tion 0 − 30 kpc, 30 − 60 kpc and 60 − 100 kpc, depending on
the belonging set. The NH corresponding to absorbed AGN was
varied in the range 1022 cm−2 ≤ NH ≤ 1024 cm−2. The number of
simulations was set to 500 for each bin of obscuration/separation
both for XMM-Newton and Chandra, so that we had a total num-
ber of 3000 simulated data-points over all the separations, and
an equal number of data-points in each bin. These simulations
thus produced a complete population of AGN at all separations,
that is unbiased against the absorption. Finally, we imposed flux
cuts matching our selection criteria (see Section 2.1), in order
to reproduce our observed AGN sample and include the possi-
ble obscuration bias. If a bias due to absorption exists, we thus
expect that after the flux cut the number of low-luminosity AGN
would be significantly reduced for the separations more affected
by obscuration (i.e. the ones in the late state of merger), mimick-
ing the observed trend between Lbol,2 and rp shown in the left-
hand panel of Figure 7. As a result, in Figure C.1 is shown the
average simulated bolometric luminosity in each bin of projected
spatial separation, after the flux cut on the sources. A slight
increase of the average bolometric luminosity with decreasing
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Fig. B.1. Results from the HR3−NH (left-hand panel) and HR4−NH (right-hand panel) simulations. Data-points are colour-coded based on the ΓH

value (colour bar on the right). The black and red, vertical, dashed lines represent the values NH = 1022 cm−2 and 1023 cm−2, respectively.

Fig. C.1. Average simulated bolometric luminosity in each bin of pro-
jected spatial separation after the cuts on AGN fluxes. The shaded-blue
region represents the errors on the mean bolometric luminosity in each
bin.

rp is visible (as expected after removing low-luminosity sources
that are more distributed in the first and second bin), but this is
only marginal (of the order of ∼ 0.1 dex between the early and
late state of merger) and not statistically significant. As a further
test, we also artificially increased the fraction of obscured AGN
up to 95% in the bin 0 − 30 kpc when performing the simula-
tions, in order to consider a worst-case scenario of obscuration
bias. Again, we did not find appreciable changing on the aver-
age bolometric luminosities between the early and late stage of
merger, after the flux cuts. This means that the obscuration bias
alone is not able to reproduce our observed trend between bolo-
metric luminosity and separation of BH2 (see the upper, left-
hand panel of Figure 8). This is in agreement with the fact that
a merger-driven physical mechanism is affecting the increase of
bolometric luminosity for close pairs.
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Table A.1. Results of the X-ray spectral analysis described in Section 3.

(a)IAUNAME (b)z (c)rp
(d)ΓH (e)ΓS (f)NH

(g)FObs
X

(h)LUnabs(2–10 keV) (i)Net counts (l)Opt. spec.
( kpc) (1022 cm−2) (10−14 erg s−1 cm−2) (1041 erg s−1) (cts)

2CXO J135602.8+182218 0.051 3.9 1.8 ± 0.2 * 54+16
−13 32 ± 4 103+17

−14 1267 ± 36 7
2CXO J135602.6+182217 0.051 3.9 1.9 f 2.5+0.5

−0.4 34+8
−6 22+3

−10 48 ± 6 324 ± 18 7
2CXO J121346.0+024841‡ 0.073 4.8 2.1 ± 0.6 - - 0.9 ± 0.2 1.3 ± 3 15 ± 5 3
2CXO J121345.9+024838‡ 0.073 4.8 1.9 f - < 0.6 0.7 ± 0.2 1.1 ± 4 11 ± 4 7
2CXO J133817.8+481640‡ 0.028 6.4 1.9 f - 6.8 ± 3.8 24.6 ± 2 4.0 205 ± 15 3
2CXO J133817.3+481632‡ 0.028 6.4 1.6 ± 0.3 - > 200 2.2 ± 0.9 130+270

−80 95 ± 11 3
2CXO J121417.8+293143 0.064 7.9 1.9 f 2.0+1.2

−1.3 25+13
−7 140 ± 20 370 ± 60 215 ± 15 3

2CXO J090714.6+520350‡ 0.060 8.9 1.5 ± 0.7 - 2.5+1.4
1.1 13 ± 1 16.0 ± 0.1 121 ± 12 3

2CXO J090714.4+520343‡ 0.060 8.9 1.9 f - 18+16
−12 6.4 ± 1.1 16 ± 3 42 ± 7 3

2CXO J133440.7-232645 0.033 10.5 1.1+1.2
−0.4 - < 1.5 40 ± 7 9.8+2.2

−1.8 91 ± 10 7
2CXO J133439.6-232647 0.034 10.5 1.9 f * 15+3

−2 300 ± 30 170+20
−10 366 ± 20 7

2CXO J032512.9+404152 0.048 12.0 2.0 f - 0.5 ± 0.3 16+3
−2 9.5+0.6

−1.3 152 ± 12 7
2CXO J032512.2+404202 0.048 12.0 1.1 ± 0.4 * 6.7+1.4

−1.0 390+20
−30 280+10

−20 957 ± 31 7
2CXO J110018.0+100257 0.036 12.6 2.4+0.6

−0.5 - < 0.1 3.0 ± 0.5 0.9 ± 0.2 92 ± 10 3
2CXO J145051.5+050652 0.028 12.6 1.9 f 3.3 ± 0.3 182+167

−92 24 ± 10 240 ± 100 224 ± 15 3
2CXO J012357.0-350409 0.019 13.9 1.4 ± 0.5 - < 0.1 6.2 ± 1.4 0.5 ± 0.1 62 ± 8 7
2CXO J012354.3-350355 0.019 13.9 1.5 f - 0.9 ± 0.1 760+40

−20 67 ± 2 4964 ± 70 7
2CXO J020920.8-100759 0.013 15.0 1.9 f * 43+24

−13 32 ± 7 5.7 ± 1.3 81 ± 9 3
2CXO J020924.5-100809 0.013 15.0 2.2 f 3.1+1.6

−1.2 49+27
−17 31 ± 7 7.3 ± 1.5 141 ± 12 7

2CXO J181611.6+423937 0.041 23.2 1.9 f * 3.6+0.4
−0.2 240 ± 10 130 ± 10 4308 ± 66 7

2CXO J181609.3+423922 0.042 23.2 1.9 f - 46+14
−10 33 ± 6 61 ± 10 137 ± 12 7

2CXO J132809.9-271954 0.042 28.0 1.8+0.3
−0.2 - 0.8 ± 0.2 280 ± 20 120 ± 10 770 ± 28 7

2CXO J132807.7-272006 0.042 28.0 1.3 f * 3.9+3
−2 200 ± 30 100 ± 10 412 ± 20 7

4XMM J094548.3-142204 0.008 29.0 1.6 ± 0.1 - < 0.03 28 ± 1 0.4 ± 0.2 2519 ± 51 7
2CXO J094541.9-141934 0.008 29.0 1.1 ± 0.1 - 0.2 ± 0.1 310 ± 10 4.4 ± 0.2 4747 ± 70 7

4XMM J094554.4+423818‡ 0.075 30.3 1.9 f - 24+8
−6 19 ± 2 69 ± 3 1275 ± 37 3

4XMM J094554.4+423840‡ 0.075 30.3 2.4 ± 0.1 - < 0.02 50 ± 3 70 ± 3 21450 ± 150 3
4XMM J120445.3+311130‡ 0.025 31.0 1.9 f - 24+150

−12 3.0 ± 1.1 1.1+0.7
−0.6 154 ± 20 3

4XMM J120443.3+311037‡ 0.025 31.0 1.7 ± 0.4 - 3.7 ± 0.5 263 ± 6 31 ± 1 16517 ± 137 3
4XMM J121958.9-355735 0.057 35.6 3.31.4

−1.2 * > 30 3.0 ± 1.5 16 ± 8 211 ± 17 7
4XMM J121957.3-355801 0.058 35.6 1.8+0.6

−0.5 - < 0.01 1.8 ± 0.4 1.4 ± 0.4 181 ± 16 7
2CXO J091338.8-101919 0.055 38.8 3.1+0.8

−0.7 - < 0.01 0.8 ± 0.2 0.6 ± 0.1 82 ± 9 7
4XMM J103855.9+392157‡ 0.055 42.9 1.9 f - > 100 1.6 ± 1.0 70 182 ± 14 3
4XMM J103853.3+392151‡ 0.055 42.9 1.6 ± 0.1 - < 0.03 55 ± 5 42 ± 2 6534 ± 80 3
4XMM J100135.8+033648‡ 0.043 45.3 1.9 f - 16+31

−10 6.3 ± 1.1 4.6 ± 2 260 ± 29 3
4XMM J162644.4+142253‡ 0.048 51.3 1.9 f - 6+12

−4 1.6 ± 0.8 1.2 ± 0.8 162 ± 15 3
4XMM J162640.9+142243‡ 0.048 51.3 1.9 f - 67+150

−50 2.3 ± 1 8+3
−7 364 ± 20 3

4XMM J145627.4+211956‡ 0.044 59.2 1.9 ± 0.9 - 75+28
−23 8.6 ± 2.0 37+2

−13 602 ± 25 3
4XMM J145631.3+212030‡ 0.044 59.2 1.9 f - > 100 2.3 ± 0.5 70 459 ± 32 3
4XMM J093402.8+100631 0.010 60.1 1.9 f 4.2+2.6

−1.5 18+5
−4 25 ± 4 1.4 ± 0.2 455 ± 25 3

4XMM J093346.0+100909 0.011 60.1 1.8+0.6
−0.3 - < 0.2 5.4 ± 0.7 0.12 ± 0.02 838 ± 32 3

2CXO J201010.8-481713 0.010 76.6 1.9+0.2
−0.1 - < 0.01 15 ± 2 0.33 ± 0.03 496 ± 22 7

2CXO J200954.0-482246 0.010 76.6 1.6 f - < 0.08 11 ± 1 0.24 ± 0.02 1556 ± 39 7
4XMM J165105.6-012748 0.041 82.3 1.8 f * 72+32

−23 31 ± 5 93+17
−15 765 ± 34 7

4XMM J165105.8-012926 0.041 82.3 1.7+1.1
−0.3 1.4+1.9

−1.2 4.8+3.0
−1.3 78 ± 5 41 ± 3 1768 ± 47 7

4XMM J232903.9+033159 0.017 87.8 2.3 f * 45+19
−14 28 ± 5 11 ± 2 1493 ± 47 7

4XMM J232846.6+033041 0.016 87.8 2.0 f - < 0.01 54 ± 2 3.1 ± 0.1 6343 ± 90 7
4XMM J100236.6+324224‡ 0.051 88.1 2.2+0.9

−0.6 - < 0.4 10 ± 1 4.7 ± 1 2359 ± 93 3
4XMM J082321.6+042221‡ 0.031 88.7 3.0+0.5

−0.4 - 0.6+1.4
−0.3 10 ± 1 2.2+0.4

−0.8 8871 ± 125 3
4XMM J102141.8+130551 0.076 94.4 1.9 f - < 0.05 0.4 ± 0.2 0.6 ± 0.3 45 ± 11 3
4XMM J102142.6+130654 0.077 94.4 1.7+0.6

−0.5 - < 0.1 1.4 ± 0.4 2.0 ± 0.5 179 ± 17 3
2CXO J085125.8+393541 0.041 94.6 1.6 ± 0.5 - < 0.01 4.6 ± 1 1.8 ± 0.4 61 ± 8 3

(a) Name of the source; (b) redshift; (c) projected spatial separation between the nuclei; (d) photon index of the primary component;
(e) photon index of the soft power law; (f) hydrogen column density; (g) observed flux in the 2–10 keV band; (h) de-absorbed
luminosity in the 2–10 keV band; (i) net counts of the spectrum in the 0.2–12 keV and 0.5–8 keV bands for XMM-Newton and
Chandra, respectively; (l) check for availability of SDSS optical spectrum. Sources marked with 3/7 have/do not have an optical
spectrum available from SDSS. ‡ sources are the AGN in the De Rosa et al. (2023) sample. The superscripts f for the values of ΓH

and ΓS mean that the value was fixed either at a typical value of 1.9 or at the best-fit value. When the soft photon index was fixed to
the hard photon index value, it is marked with *. If the soft component was not included in the model, or it refers to a source from
De Rosa et al. (2023), we marked it with -.
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Table A.2. Results of the optical spectral analysis described in Section 3.

(a)IAUNAME bF(Hα) (c)F(Hβ) (d)F([OIII]) (e) log10 (MBH/M�) (f)Lbol
(g)X-ray spec.

(10−16 erg s−1 cm−2) (10−16 erg s−1 cm−2) (10−16 erg s−1 cm−2) (1042 erg s−1)

J133817.8+481640 (1.0 ± 0.4) × 103 386 ± 4 619 ± 6 8.9 ± 0.8 6.8 ± 2.4 3

J133817.3+481632 467 ± 5 83 ± 5 537 ± 7 8.2 ± 0.5 350 ± 220 3

J121418.2+293146 60 ± 1 22 ± 1 208 ± 1 8.0 ± 0.4 59 ± 2 7

J121417.8+293143 511 ± 5 182 ± 5 2 × 103 ± 7 7.5 ± 1.7 (1.9 ± 0.3) × 103 3

J090714.4+520343 37 ± 1 10 ± 1 66 ± 1 7.9 ± 0.4 32 ± 6 3

J090714.6+520350 59 ± 1 15 ± 1 49 ± 1 7.0 ± 0.5 55 ± 2 3

J110018.0+100257 123 ± 1 15 ± 1 47 ± 1 8.1 ± 0.4 1.0 ± 0.2 3

J110019.1+100250 39 ± 1 5.6 ± 0.3 40 ± 1 8.0 ± 0.4 94 ± 15 7

J145050.6+050710 17 ± 1 2.5 ± 0.3 4.2 ± 0.4 8.0 ± 0.4 24 ± 11 7

J145051.5+050652 442 ± 2 124 ± 2 821 ± 2 7.8 ± 0.4 (1.1 ± 0.4) × 103 3

J120157.8+295945 6.0 ± 0.4 1.8 ± 0.4 5.9 ± 0.5 8.5 ± 0.4 9.5 ± 7.3 7

J120157.8+295927 11 ± 1 2.9 ± 0.3 6.2 ± 0.4 6.7 ± 0.5 25 ± 9 7

J094554.4+423840 348 ± 2 134 ± 2 74 ± 2 8.8 ± 0.4 212 ± 9 3

J094554.4+423818 141 ± 1 38 ± 1 213 ± 1 7.3 ± 0.4 208 ± 9 3

J120445.3+311130 17 ± 1 5.5 ± 0.6 17 ± 1 7.1 ± 0.4 1.2 ± 0.6 3

J120443.3+311037 412 ± 3 124 ± 3 (1.4 ± 0.4) × 103 7.1 ± 0.4 74 ± 1 3

J011834.4-000939 18 ± 1 4.3 ± 0.5 5.4 ± 0.6 8.1 ± 0.4 63 ± 27 7

J011832.8-000936 2.8 ± 0.3 8.6 ± 0.4 68 ± 1 7.0 ± 0.4 35 ± 1 7

J103853.3+392151 48 ± 1 18 ± 1 55 ± 1 8.2 ± 0.5 109 ± 5 3

J103855.9+392157 30 ± 1 9.1 ± 0.3 138 ± 1 6.4 ± 0.4 212 ± 1 3

J100133.4+033731 2.6 ± 0.4 1.1 ± 0.4 4.6 ± 0.5 7.7 ± 0.4 1.4 ± 0.5 7

J100135.8+033648 71 ± 1 20 ± 1 80 ± 1 7.1 ± 0.4 6.7 ± 3.6 3

J162644.4+142253 4.6 ± 0.5 1.1 ± 0.5 4.2 ± 0.4 7.3 ± 0.4 1.3 ± 0.1 3

J162640.9+142243 43 ± 1 12 ± 1 181 ± 1 7.0 ± 0.4 13 ± 12 3

J145631.3+212030 47 ± 1 9.9 ± 0.8 181 ± 1 7.1 ± 0.4 212 ± 1 3

J145627.4+211956 13 ± 1 4.5 ± 0.4 41 ± 1 6.6 ± 0.4 93 ± 33 3

J015235.9-083139 9.5 ± 0.6 2.7 ± 0.6 6.5 ± 0.7 8.2 ± 0.4 9.6 ± 7.9 7

J015235.2-083233 29 ± 1 10 ± 1 39 ± 1 6.7 ± 0.4 18 ± 1 7

J093346.0+100909 155 ± 2 44 ± 2 73 ± 2 8.4 ± 0.4 0.9 ± 0.1 3

J093402.8+100631 17 ± 1 6.8 ± 1.1 25 ± 1 7.7 ± 0.4 1.6 ± 0.2 3

J161211.2+293428 6.7 ± 0.3 1.9 ± 0.3 6.7 ± 0.4 8.6 ± 0.4 8.2 ± 4.4 7

J161216.7+293423 28 ± 1 8.1 ± 0.6 63 ± 1 7.5 ± 0.4 32 ± 9 7

J160501.3+174632 4.1 ± 0.7 0.9 ± 0.7 4.5 ± 0.8 8.6 ± 0.4 < 2.8 7

J160508.1+174528 9.3 ± 0.5 2.6 ± 0.5 5.8 ± 0.6 8.0 ± 0.4 4.2 ± 2.9 7

J134130.5-002512 33 ± 1 7.3 ± 0.4 5.0 ± 0.5 7.9 ± 0.4 109 ± 21 7

J134133.4-002431 40 ± 2 13 ± 1 123 ± 2 7.5 ± 0.4 58 ± 8 7

J100236.6+324224 11 ± 2 6.8 ± 1.5 3.1 ± 1.3 9.5 ± 0.4 6.8 ± 1.5 3

J100230.8+324248 12 ± 1 3.9 ± 0.7 3.2 ± 0.9 9.0 ± 0.4 9.1 ± 5.7 7

J082321.6+042221 9.2 ± 0.8 5.0 ± 0.8 4.1 ± 1 8.7 ± 0.4 2.7 ± 1 3

J082329.9+042332 11 ± 1 2.7 ± 0.4 22 ± 1 7.2 ± 0.4 4.9 ± 2.9 7

J102142.6+130654 52 ± 2 9.5 ± 0.2 4.4 ± 0.3 6.7 ± 0.4 2.4 ± 0.6 3

J102141.8+130551 23 ± 1 4.8 ± 0.2 17 ± 1 6.6 ± 0.5 0.6 ± 0.3 3

J085135.7+393523 24 ± 1 5.9 ± 0.5 18 ± 1 7.4 ± 0.4 22 ± 7 7

J085125.8+393541 38 ± 1 15 ± 1 50 ± 3 4.6 ± 0.7 2.1 ± 0.5 3

J163102.7+394733 6.0 ± 0.9 2.2 ± 0.9 3.6 ± 0.9 8.3 ± 0.4 1.2 ± 0.5 7

J163103.4+395015 12 ± 1 2.7 ± 0.6 19 ± 1 7.8 ± 0.4 8.0 ± 6.7 7

(a) Name of the source; (b), (c), and (d) narrow Hα, Hβ, and [OIII]5007Å fluxes, respectively; (e) mass of the SMBH, estimated through the
M−σ∗ relation; (f) bolometric luminosity of the AGN, estimated through Duras et al. (2020) when the source had also an X-ray spectral analysis,
and through Netzer (2009) otherwise; (g) check on the X-ray spectral analysis. Sources marked with 3/7 have/do not have an X-ray spectral
analysis.
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